
ABSTRACT 

DE ASSIS, TIAGO. Fundamental Evaluation of The Impact of Cellulosic Fiber Features and 
Manufacturing Technologies on The Performance and Value of Tissue Paper Products (Under 
the direction of Dr. Ronalds W. Gonzalez and Dr. Hasan Jameel). 
 

Tissue papers are low density products manufactured for multiple applications (e.g. 

facial, toilet, towel) and characterized for having high softness, high absorbency and low strength 

when compared to graphic and packaging papers. Consumer acceptance and product value are 

typically proportional to tissue properties (e.g. softness, absorbency). Many variables can be 

tuned to manufacture products with unique properties (e.g. fibers, additives, technologies). Since 

fibers are the major cost driver for tissue manufacturing, it is of great value for the industry to 

understand how to manipulate fibers to reduce costs or increase product value. 

A systematic analysis was developed to investigate the impact of physicochemical fiber 

features and technologies on tissue properties and product value. The results presented here 

contribute to a better understanding about what fiber features are desired to impart a given 

property, what fibers are suitable for a given application, and what is the value associated with 

the performance of a given product. 

In the first study, a literature review presents a discussion about the effects of fibers (e.g. 

hardwood, softwood, non-wood, chemical, mechanical, virgin, recycled) and technologies (e.g. 

light dry crepe, creped and uncreped through-air drying, double re-crepe, advanced tissue 

molding system, new tissue technology) on tissue properties. 

The second study aimed to identify the properties that drive the shelf price of kitchen 

towels and evaluate whether sustainability is important for pricing. Nineteen products were 

compared according to their properties, technologies, and fibers. Metrics to rank products in 

different grades (e.g. economy, premium, ultra) were provided. The results showed absorbency 



and softness are the most significant properties to predict price. Market data indicate there is a 

segment of consumers willing to pay premium price for products marketed as “sustainable”, even 

though their performance is inferior to most samples. 

In the third study, a comparison among ten wood and non-wood pulps using uncreped 

handsheets was performed to evaluate what fiber features are desired for a specific property and 

determine how non-wood pulps can be used to replace wood pulps in tissue products. The results 

showed market pulps with a combination of long fibers, high coarseness, and low fines content 

can provide superior bulk and absorbency. Short fibers with thin cell walls and low fines content 

can impart superior softness. Bleached bamboo soda pulp can replace hardwood and softwood 

pulps to provide excellent combination of absorbency and strength. Bleached bamboo soda pulp 

can replace Northern bleached softwood kraft (NBSK) pulp to impart strength without 

sacrificing softness. Bleached and semi-bleached wheat straw soda pulps presented a similar 

combination of softness and strength as Southern bleached hardwood kraft (SBHK) pulp. The 

wheat straw pulps can be used to replace deinked pulp (DIP) pulp to impart intermediate levels 

of absorbency and strength. 

In the fourth study, a comparison between uncreped and creped handsheets was 

performed to study the effect of fiber morphology and creping process on fiber web structure and 

tissue properties. Creped handsheets were manufactured with a laboratory scale creping 

simulator. SEM images of the fiber web structure showed that the creping process promoted 

fiber buckling and distortion, delamination of the surface fiber layer, development of free fiber 

ends and creation of crepe folds, which enhanced absorbency and softness at the expense of 

reduced strength. Short and thin fibers seemed to be more effectively creped than long and 

coarse fibers. The results indicate that the performance of uncreped handsheets can be used as a 



semi-quantitative indication of the performance of creped handsheets. The performance of the 

creped handsheets were similar to commercial products, indicating that the creping simulator can 

be used as an alternative to study the creping process at laboratory scale. 
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1. INTRODUCTION 

Tissue paper can be defined as bulky and light weight paper products that are 

manufactured for a wide variety of applications, such as, facial tissue, toilet tissue, napkin, hand 

towel, kitchen towel (FAO, 2019). When compared to other paper grades, such as, graphic and 

packaging papers, tissue paper has very distinct characteristics. Tissue paper is designed to have 

high bulk (inverse of apparent density), high softness and high water absorbency, properties that 

are highly desired by tissue paper consumers. These properties define the market value of a given 

tissue paper product. In other words, better properties are typically translated into higher product 

price and product value. 

A vast combination of manufacturing technologies, chemicals additives and fiber types 

can be used to produce tissue paper products with very distinct properties and performance. 

Tissue manufacturers have to choose the right combination of fibers, additives and technologies 

to produce tissue paper products that are capable of delivering the target performance while 

providing the desired profitability. Since fibers are the major cost driver for tissue paper 

manufacturing (Figure 1-1), tissue producers are frequently pursuing alternatives to better utilize 

fibers to increase profitability through cost reduction and/or improvement of product 

performance and consequent increase in product value. 
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Figure 1-1: Manufacturing cash cost of tissue paper mills in the USA. The green bars (Other 
costs) include chemical, energy, labor and operating materials costs. The red bars (Pulp cost) 

represents the costs associated with the purchase of market pulp. The blue bars (Wood & 
recycled paper cost) represents the costs associated with the purchase of recycled paper and 

wood that are converted into pulp in integrated tissue paper mills. On average, fiber cost 
(including the red and blue bars - pulp, wood and recycled paper) accounts for 57% of the total 
manufacturing cash cost of tissue paper, with a maximum of 78% and minimum of 19% (Fisher 

International, 2018). 
 

Different fibers are available in the market and they can be defined according to their 

source (e.g. virgin, recycled), type of process (chemical, mechanical, semi-chemical, bleached, 

unbleached), type of fiber (wood, non-wood) and biomass species (e.g. birch, eucalyptus, acacia, 

pine, spruce). Despite the diverse number of fibers that could be potentially used for tissue paper 

manufacturing, the USA tissue paper industry is remarked by a high instability of the fiber 

supply chain and different factors have contributed to the current status. For example, the high 

demand for product performance and constrains associated with fiber quality and fiber cost 

created a high dependence on few fiber sources (Figure 1-2). Only four different fiber sources 

(sorted office paper - SOP, eucalyptus, northern softwood and southern softwood) represent 

77.6% of the total fiber used for tissue paper manufacturing in the USA. The reduced fiber 

sourcing flexibility makes the manufacturing costs of tissue paper very sensitive to oscillations in 
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the global fiber supply chain. In fact, the price instability of the major fiber sources used for 

tissue paper manufacturing (Figure 1-3) combined with the high competition of tissue producers 

contributed for a reduction in the profitability of tissue paper industry during the last years. 

Additionally, there is a substantial reduction in the availability of SOP due to the constant 

decline in the production of uncoated printing and writing paper (Figure 1-4). The lower 

availability of good quality recycled paper (e.g. SOP) is compensated by an increase in the 

recycling rate and/or utilization of recycled paper of lower quality, which contributes to a 

reduction in the overall quality of recycled fibers. The production of chemical pulp by major 

manufacturing countries, such as, Canada and the USA is stable, with the exception of Brazil, 

where the eucalyptus pulp production is growing (Canada is the major supplier of northern 

bleached softwood kraft - NBSK; USA is the major producer of southern bleached softwood 

kraft - SBSK; and Brazil is the major supplier of bleached eucalyptus kraft - BEK). 

 

Figure 1-2: Market share of fibers purchased by USA mills for the manufacturing of tissue paper, 
including wood, recycled paper and market pulps. SOP (sorted office paper), BEK (bleached 

eucalyptus kraft pulp), NBSK (northern bleached softwood kraft pulp), SS Logs/Chips (southern 
softwood logs and chips), NS Sawdust/Chips (northern softwood sawdust and chips), SBSK 

(southern bleached softwood kraft pulp), Other (other wood, recycled paper and market pulps). 
Recycled paper and wood are converted into pulp in integrated tissue paper mills (Fisher 

International, 2018). 



   

4 
 

 

Figure 1-3: Prices of major fiber sources consumed by tissue paper mills in the USA. SOP 
(sorted office paper), BEK (bleached eucalyptus kraft pulp), NBSK (northern bleached softwood 
kraft pulp), SBSK (southern bleached softwood kraft pulp). List price is defined before customer 

discounts and includes expenses with normal freight for delivery to consuming tissue paper 
mills. FOB (Free On Board) (RISI Inc., 2019). 

 

 

Figure 1-4: Production of chemical pulp and uncoated P&W paper in the USA, Canada and 
Brazil. Canada and Brazil are major producers of NBSK and BEK, respectively. The decrease in 
the production of uncoated printing and writing paper is directly associated with the reduction in 

quality and availability of sorted office paper (FAO, 2018). 
 

In summary, the high importance of fiber for the manufacturing costs, the high 

dependence of tissue market on a few fiber sources, the instability of fiber price, the decrease in 

availability of good quality recycled paper contributes to the creation of an unstable fiber supply 
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chain for tissue paper making that is very sensitive to market effects. In this context, it is of great 

value for the tissue paper industry to understand how to maximize the potential of a given fiber, 

for a given tissue paper application, taking into consideration the fiber attributes, performance 

and economic implications. In this work, a systematic analysis was performed to study the effect 

of different cellulosic fibers (e.g. wood, non-wood and recycled) on tissue paper properties (e.g. 

strength, softness, absorbency) and associated product value. In other words, the results provided 

in this work contribute to a fundamental understanding of how to tune tissue properties and 

associated product value by taking into consideration the unique features of different fibers. 

Although extensive research has been performed by tissue paper producers and suppliers, few 

peer-review works have been published. The lack of publicly available research on tissue paper 

is influenced by the high competition and secrecy among producers and suppliers, lack of 

funding from public and private sectors, and uniqueness of the tissue making process that makes 

it difficult to simulate industrial scale technologies in laboratory experiments. As discussed in the 

next chapters, most of the work presented here has not been previously published and provides 

fundamental knowledge about: a) effect of physical and chemical fiber features on tissue 

properties, b) limitation of use and potential application of fibers based on their inherent 

properties, c) improvement of fiber blend based on distinct fiber features to achieve desired 

product performance, d) effect of creping process on tissue paper structure and properties, d) 

relationship between product performance and product shelf price (product value). The evolution 

of this research is presented in six chapters using a systematic approach to build knowledge 

around cellulosic fibers, tissue making technology, tissue paper properties, product performance 

and product value. 
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Chapter 1 is the introduction of this work hereby presented. Chapter 2 describes the 

objectives of this work. As discussed previously, the observed properties of tissue paper products 

are a function of chemical additives, manufacturing technology and fiber type. Therefore, in 

chapter 3, a review of the current literature brings a qualitative discussion about how tissue paper 

properties can be tuned as a function of different tissue manufacturing technologies (e.g. light 

dry crepe, creped and uncreped through air-drying, double re-crepe, structured fabrics, 

mechanical refining) and fiber types (e.g. hardwoods, softwoods, non-woods, virgin, recycled, 

chemical, mechanical). Every tissue product is designed for a specific application and 

performance, which determines its required properties and associated value. In this context, 

chapter 4 presents a comprehensive analysis about the relationship between product performance 

and value, where a complete characterization of kitchen towels (fiber morphology, physical 

properties, manufacturing technology, and sustainable label) was executed to evaluate what 

product features are the most important drivers for the product shelf price. To better understand 

the effect of morphological and chemical fiber features on tissue paper properties, chapter 5 

presents a quantitative comparison between commonly used pulps (hardwoods, softwoods and 

recycled pulps) with alternative non-wood pulps (wheat straw and bamboo) to evaluate their 

performance for tissue paper application and potential wood pulp substitution. Because the 

creping process is a fundamental unit operation for the development of tissue paper properties, a 

creping simulator unit was used in chapter 6 to study the effect of fiber features, in combination 

with the creping process, on the fiber web structure and tissue paper properties. 

  



   

7 
 

1.1. References 

FAO, F. D. (2018). Forestry production and trade. Retrieved January 1, 2011, from 

http://www.fao.org/faostat/en/#data/FO 

FAO, F. D. (2019). Forest products classification and definitions. Retrieved from 

http://www.fao.org/waicent/faostat/forestry/products.htm 

Fisher International. (2018). FisherSolve. Retrieved from https://www.fisheri.com/products-

services/fishersolve/ 

RISI Inc. (2019). RISI global industry statistics database. Retrieved from 

https://www.risiinfo.com/service/mill-data-costs/ 



   

8 
 

2. OBJECTIVES 

The objectives of the thesis are defined by chapter. 

 

2.1. Chapter 3: Understanding the Effect of Machine Technology and Cellulosic Fibers 

on Tissue Properties - A review 

The observed properties and performance of tissue paper are a function of selected fiber 

type, manufacturing technology and chemical additives. In this context, the goal of this chapter is 

to present a literature review about how tissue paper properties can be tuned as a function of 

fiber type and tissue machine technology. The objectives of this literature review are described 

below: 

a) Review of tissue paper products (e.g. facial tissue, toilet tissue, napkin, hand towel, 

kitchen towel), markets (e.g. consumer, professional), brands (e.g. national brands, private 

labels), grades (e.g. economy, premium, ultra) and major properties (e.g. bulk, absorbency, 

strength, softness). 

b) Review of major tissue machine technologies (e.g. Light Dry Crepe - LDC, Creped 

Through-Air Drying - CTAD and Uncreped Through-Air Drying - UCTAD, Double Re-Crepe - 

DRC, Advanced Tissue Molding system - ATMOS, New Tissue Technology - NTT, structured 

belts) and their effect on tissue paper properties. 

c) Review of the impact of different fibers (hardwood, softwood, non-wood, chemical, 

mechanical, virgin, recycled) on tissue paper properties. 

d) Review of the effect of mechanical refining on tissue paper properties. 
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2.2. Chapter 4: Performance and Sustainability vs. The Shelf Price of Tissue Paper 

Kitchen Towel 

Every tissue paper product is designed for a specific application, which determines the 

required performance and associated product value. The goal of this chapter is to quantitatively 

study the relationship between product performance and product value to evaluate what product 

properties are the most important drivers for shelf price. A complete characterization of 

consumer kitchen towels in the USA market was executed to: 

a) Quantify the impact of different tissue machine technologies (e.g. LDC, CTAD, 

UCTAD, DRC, ATMOS) and fiber type (e.g. softwood, hardwood, virgin, recycled) on kitchen 

towel properties (e.g. apparent density, dry and wet ball burst, dry and wet tensile strength, water 

absorbency, TSA softness). 

b) Study the relationship between performance, sustainability and shelf price of kitchen 

towels. 

c) Create metrics to classify kitchen towels into different tissue paper grades (e.g. 

economy, ultra, premium). 

d) Develop a mathematical model to predict the shelf price of kitchen towels as a 

function of tissue paper properties. 

 

2.3. Chapter 5: Comparison of Wood and Non-Wood Market Pulps for Tissue Paper 

Application 

Morphological and chemical features of cellulosic fibers have a significant impact on 

tissue paper properties. In this chapter, the effect of different fibers on tissue paper properties is 

evaluated to determine what fiber features are desired for a given tissue paper property. A 
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modified TAPPI procedure was used to produce low density handsheets with ten different 

market pulps to: 

a) Quantify the effect of different fiber types (e.g. hardwood, softwood, non-wood, 

recycled) in combination with mechanical refining on tissue paper properties (e.g. apparent 

density, water absorbency, tensile strength, softness). 

b) Evaluate what morphological and chemical fiber features (e.g. length, width, 

coarseness, fines, surface chemistry, swellability) are desired for a given tissue paper property. 

c) Create metrics to compare the water absorbency and softness of different fibers as a 

function of tensile strength. 

d) Compare the performance of commonly used wood pulps and alternative non-wood 

pulps to evaluate their suitability for product application (e.g. product type, product grade) and 

potential wood pulp substitution. 

 

2.4. Chapter 6: Comparison between Uncreped and Creped Handsheets on Tissue 

Paper Properties using a Creping Simulator Unit 

The creping process is a fundamental unit operation used to enhance bulk, absorbency 

and softness of tissue paper products. In this chapter, a comparison between of uncreped and 

creped handsheets is performed to study the effect of fiber morphology and creping process on 

fiber web structure and associated tissue paper properties. A creping simulator unit was used to 

crepe handsheets made with different market pulps to: 

a) Compare the performance between uncreped and creped handsheets made with wood 

and non-wood fibers to study the effect of fiber morphology and creping process on fiber web 
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structure (e.g. crepe folds, fiber free ends, web delamination) and tissue paper properties (e.g. 

tensile strength, bulk, water absorbency and softness). 

b) Characterize the handsheets before and after creping using Scanning Electron 

Microscopy (SEM) to illustrated how the creping process changes the fiber web structure. 

c) Compare the creped handsheets results with the performance of commercial products 

to evaluate the reliability and significance of the creping simulator results. 
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3. UNDERSTANDING THE EFFECT OF MACHINE TECHNOLOGY AND 

CELLULOSIC FIBERS ON TISSUE PROPERTIES – A REVIEW 1 

3.1.  Abstract 

Hygiene tissue paper properties are a function of fiber type, chemical additives, and 

machine technology. This review presents a comprehensive and systematic discussion about the 

effects of the type of fiber and machine technology on tissue properties. Advanced technologies, 

such as through-air drying, produce tissue with high bulk, softness, and absorbency. 

Conventional technologies, where wet pressing is used to partially dewater the paper web, 

produces tissue with higher density, lower absorbency, and softness. Different fiber types 

coming from various pulping and recycling processes are used for tissue manufacturing. 

Softwoods are mainly used as a source of reinforcement, while hardwoods provide softness and a 

velvet type surface feel. Non-wood biomass may have properties similar to hardwoods and/or 

softwoods, depending on the species. Mechanical pulps having stiffer fibers result in bulkier 

papers. Chemical pulps have flexible fibers resulting in better bonding ability and softness. 

Virgin fibers are more flexible and produce stronger and softer tissue. Recycled fibers are stiffer 

with lower bonding ability, yielding products that are weaker and less soft. Mild mechanical 

refining is used to improve limitations found in recycled fibers and to develop properties in 

virgin fibers. At the same time that refining increases strength, it also decreases bulk and water 

absorbency. 

                                                 
1 The material in this chapter has been published as: 
de Assis, T.; Reisinger, L. W.; Pal, L.; Pawlak, J.; Jameel, H.; Gonzalez, R. W. Understanding the Effect of Machine 
Technology and Cellulosic Fibers on Tissue Properties – A Review. BioResources 13:2, p. 4593-4629 (2018). 
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3.2. Introduction 

Hygiene tissue paper products are manufactured to meet the desired performance 

according to a specific application inside a market segment. Overall, water absorbency, softness, 

strength (dry or wet), and disintegration are the most important properties used to evaluate the 

performance of tissue products. The observed properties of commercial tissue products are 

basically a function of fibers, chemistry, and manufacturing technology. There is a vast number 

of fiber types, tissue machine technologies, and chemical additives available in market for 

manufacturing of tissue products. Inside this complex environment, tissue paper manufacturers 

have to choose the right combination of fibers, additives, and technologies to produce specific 

tissue products capable of achieving the desired performance while providing enough 

profitability to the producer. Motivated by the complexity of this task, the main objective of this 

review is to present a discussion about how tissue paper properties can be tuned as a function of 

fiber type and tissue machine technology. This review brings a comprehensive description about 

a) tissue products, grades, and their properties, b) a comparison of product performance from 

different tissue machine technologies, c) properties of different type of fibers, an d) the effect of 

mechanical refining on tissue properties. Even though chemical additives (e.g. softeners, 

surfactants, strength additives) are commonly used in tissue manufacturing to improve tissue 

properties, this article will not cover this topic. Information about the use of chemical additives 

in tissue manufacturing can be found elsewhere (Neal 1990; Forbess 1997). 

 

3.3. Tissue Paper Definitions, Products, Market and Grades 

Based on their function, paper products can be placed in three main categories: i) 

packaging - defined as packaging materials, ii) printing and writing - defined as graphic papers, 
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and iii) wiping and absorbing - defined as household and sanitary papers. Products in the third 

category, also known as tissue and hygienic papers, have a wide range of types and applications, 

including facial tissue, toilet tissue, napkin, kitchen towel, hand towel, and wipes. Some tissue 

papers are also used in the manufacturing of baby napkins and sanitary towels (Hubbe 2006; 

Kilby and Crevecoeur 2014; FAO 2017a). Nowadays, tissue paper, together with packaging 

products, are the most promising sectors in the paper industry due to the constant increase in 

demand. The global production of tissue paper has been in constant growth for the past ten years 

(average annual growth rate is 2.6%), reaching a global production of 32.8 M tonnes with a total 

market value of $ 72.8 billion in 2015 (Euromonitor 2017; FAO 2017b). 

This diverse assortment of tissue products is commercialized in two market segments: i) 

Away From Home (AFH), professional or institutional segment; ii) At Home (AH), domestic or 

consumer tissue segment (Tprint 2011). AFH products are designed and sold for non-domestic 

consumption. Consumers typically use those products in workplaces, catering services and 

public places (e.g. offices, industries, restaurants, arenas, hotels, malls, parks) (Wrap 2005). The 

customers of AFH products are institutions that buy tissue products from manufacturers or 

resellers and decide what products they want to buy to satisfy their customer’s (consumer) needs. 

Therefore, the consumption of those products, from the final consumer perspective, comes as a 

secondary need. In other words, if consumers want to go out to have a nice dinner, it is more 

likely that they would prefer to go to a restaurant that offers their favorite food than going to a 

place with premium napkins. On the other hand, AH products are designed for domestic 

consumption and are usually found at wholesalers or retailers. The consumption of those 

products come as the primary need for consumers. In this case, consumers will decide about 

what tissue product to buy based on the desired performance and price. For example, if 



   

15 
 

consumers prefer to use very soft, white, and strong bath tissue, it is more likely that they would 

prefer to buy a premium product than a basic bath tissue, even though they would have to spend 

more money to satisfy their needs. 

Tissue products are manufactured and sold in a variety of brands that can be divided into 

two major groups: a) National Brands (NB) and b) Private Label Brands (PLB). NB are brands 

owned by the manufacturers and PLB are brands owned by wholesalers or retailers. After its 

appearance more than a century ago, PLB became very popular among retailers and consumers 

(Hyman et al. 2010). In 2015, the PLB market share in the tissue market was approximately 27% 

in the USA (with a growth of 9% over the last ten years in the USA) and 67% in Western Europe 

(Pöyry 2015). With the commercialization of PLB products, retailers have the potential to 

increase their overall profits. PLB products are typically purchased by retailers at prices slightly 

above the marginal costs (8% to 10% margin), and usually retailers spend much less on research 

and development, product launching, selling and advertising. As a result, by commercializing 

PLB products, retailers would have higher gross margin and higher bargaining power when 

compared to NB products. Additionally, PLB products contribute to building retailer’s chain 

image and boosting customers’ loyalty, especially when PLB products have constant and good 

quality. Manufacturers can also benefit with the production of PLB products. PLB production 

has the potential to reduce manufacturer’s unit fixed costs via economy of scale when NB and 

PLB are produced together. Additionally, PLB production will reduce the participation of 

competitors in the market place and will increase cooperation with retailers. However, PLB 

production can result in losses to manufacturers due to insufficient profit, cannibalization of their 

own NB products. Usually, non-leading NB manufacturers benefit the most with PLB 

production. Typically, PLB consumers are price-sensitive and value-oriented, willing to pay less 
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in a given product category. On the other hand, consumers that are more influenced by 

advertising and are less price-sensitive, relying on unquantifiable experience attributes, tend to 

choose NB products (Hyman et al. 2010). 

As a function of fiber properties, chemistry, process conditions, and technology, tissue 

products can be classified in three major grades or categories: a) Economy and Value products 

(EV); b) Premium products (PR), and c) Ultra products (UL). EV products are the most 

affordable products, capable of meeting minimum performance requirements. Those products 

have 1 or 2 plies and are manufactured with conventional technology, such as wet-creped and 

dry-creped technologies. EV products have high content of recycled and low quality fibers (such 

as mixed office waste, old corrugated containerboard). PR products can also be manufactured 

with conventional technology. However, they usually have a lower content of recycled fibers 

when compared to EV products. UL category accounts for more expensive and high-

performance products, manufactured with a minimum amount of recycled fibers. UL products 

are usually manufactured combining advanced technologies, such as through-air drying (TAD), 

high content of virgin and high-quality fibers, multiple plies (2 or 3), and chemicals (softeners, 

debonders, wetting agents) (Fisher 2016; Zou 2017). 

Table 3-1 presents a matrix that illustrates the type of fiber and technology used to 

manufacture AFH products in the European market. The likely content of recycled fibers in AFH 

products may range from up to 100% to as low as 20% as product category moves from EV 

products (manufactured with conventional technology) to UL products (manufactured using 

advanced technology). As a result of type of fiber and technology, the final properties of tissue 

products improve as one goes from the left to the right side of the matrix. For example, the 

combination of proper virgin fibers and advanced technology would result in a high bulk and soft 
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tissue product with good absorbency. On the other hand, the use of the high content of recycled 

fibers and conventional technology would result in a denser tissue paper with lower softness and 

lower absorbency (Wrap 2005). 

 

Table 3-1: The Matrix of Fiber Types and Technology Used to Make a Range of AFH Tissue 
Products and Grades in the European Market (adapted from Wrap 2005). 

Tissue Grade Economy                                                               Premium 

Machine Format 
Wet 

Crepe 

Dry 
Crepe 

TAD 

Recycled 
Fiber 

Content 

Likely 
Recycled 
Content 

100% 50%-100% 50%-100% 40%-80% < 20% 

Possible 
Recycled 
Content 

100% 100% 100% 100% 50%-70% 

Paper 
Application 

Toilet Tissue 
(rolls and 

packs) 
 usually, 100% 

recycled 
>60% 

recycled 
20% - 100% 

recycled  

Hand Towels 
(folded and 

rolled) 
 usually, 100% 

recycled 
Usually, 100% 

recycled 

usually > 
80% 

recycled 

Very limited 
available 

Facial Tissue  40% - 100% 
recycled 

<60% 
recycled 

Max 60% 
recycled, 
often 0% 

 

Napkins and 
Serviettes  

80% - 100% 
as found in 

fast food retail 

80% - 100% 
as found in 

fast food retail 
0% - 80%  

 

 Most common paper type used for this application/product 

 Some products will fall into this grade 

 Rarely used 

 

3.4. Tissue paper products 

Tissue properties are much more influenced by consumer desires than by manufacturing 

needs (Novotny 1988). Every tissue product is designed for a specific application and 

performance, which will determine their primary, essential or functional properties. For example, 
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kitchen towels are mainly used for cleaning and absorption purposes (Council of Europe, 2004). 

When consumers use a kitchen towel, they usually expect to have a strong product, especially 

under wet conditions, capable of cleaning a dirty wet surface without breaking apart. Another 

important property for kitchen towels is absorbency. Consumers expect that kitchen towels 

would be capable of absorbing and holding as much water as possible when they have to dry a 

wet surface. Therefore, wet strength and absorbency could be considered as the primary, 

essential or functional properties of kitchen towel products (Kim et al. 1994; Loebker and 

Sheehan 2011; Kan and Wong 2015). Other properties, such as softness, brightness, appearance, 

could be considered as secondary properties because those usually do not have a significant 

contribution to the main purpose of kitchen towels (cleaning and drying surfaces). However, it is 

important to highlight that the distinction between primary and secondary properties is based on 

the functionality of the products and it is not based on particular needs of a different group of 

consumers in different market segments and geographic regions. For example, softness has 

become an important property for the marketing of kitchen towels. Even though a soft towel will 

not help to dry a wet surface better, consumers that are sensitive to softness would still seek for 

such products to satisfy their needs of experiencing a better hand feel comfort (Kim et al. 1994; 

Kan and Wong 2015). 

According to Zou (2017a), target properties for tissue products in the American market 

change among different applications. Softness and strength are desirable for bath tissue, while 

absorbency is also important for facial tissue. For napkins, strength and absorbency are target 

properties, while bulk is also important for towels. According to Novotny (1988), softness, 

absorbency and brightness are very important for bath and facial tissue, while absorbency and 

strength are more essential for towel and napkin. Table 3-2 presents the suggested primary 
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properties of some AFH tissue products in the European market and Table 3-3 presents a 

benchmark comparison among all the national brands of kitchen towels in the USA market. 

 

Table 3-2: Summary of Primary or Essential Properties of AFH Tissue Products in the European 
Market (Adapted from Wrap 2005) 

Products and 
Properties 

Strength 
Wet 

Strength 
Softness Absorbency 

Brightness 
and Color 

Toilet Tissue   +  + 

Facial Tissue   ++  + 

Hand Towels + +  ++  
Napkins and 
Serviettes   +  ++ 

 

Table 3-3: Summary of Machine Technology and Properties for All National Brands of Kitchen 
Towels in the USA Market (Adapted from Gonzalez et al. 2018) 

Samples Nº Plies 
Machine 

Technology 

Basis 
Weight 
(g/m2) 1 

Bulk 
(cm3/g) 2 

Wet Tensile 
Energy 

Absorption 
(J/m2) 3 

Water 
Absorbency 

Capacity 
(g/m2) 4 

Softness 
(Tissue 

Softness 
Analyzer) 5 

A 2 CTAD 6 51.4 6.5 9.8 828 17.4 

B 1 DRC 7 63.4 6.1 9.9 711 18.7 

C 1 UCTAD 8 55.6 6.5 10.7 622 19.5 

D 2 CTAD 49.8 7.1 9.0 685 22.7 

E 1 CTAD 40.6 6.6 8.0 567 22.3 

F 1 UCTAD 38.7 6.1 6.6 466 25.6 

G 2 LDC 9 47.3 4.6 3.5 462 26.0 
1 Basis Weight (TAPPI T 410) 
2 Bulk (TAPPI T 411) 
3 Wet Tensile Energy Absorption (ISO 12625-4) 
4 Water Absorbency Capacity (ISO 12625-8) 
5 Softness (Tissue Softness Analyzer): real softness measured with Tissue Softness Analyzer - EMTEC. The 
lower value, the softer is the sample. 
6 CTAD: Creped Through-Air Drying (Advanced technology) 
7 DRC: Double Re-Crepe (Advanced technology) 
8 UCTAD: Un-Creped Through-Air Drying (Advanced technology) 
9 LDC: Light Dry-Crepe (Conventional technology) 
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 Bulk 

Bulk is defined as the volume occupied by a given weight of paper. It is the inverse of 

apparent density and can be correlated with many other mechanical properties of paper (Thorp 

1991). Bulk is an important property for tissue products because paper thickness and bulk 

correlates well with absorbency and bulk softness (Novotny 1988). Compaction of the fiber 

network is an unwanted effect if the target is to produce a very bulky product. A higher bulk can 

be achieved when tissue product is manufactured with advanced technologies (e.g., TAD 

process), where wet pressing of the paper web is minimized. Other process conditions, such as 

the use of lower pressure in the press nips, milder refining of fibers, and paper creping will also 

contribute to higher bulk (Kullander 2012). Besides technology, fiber type also plays an 

important role in tissue bulk. Cellulosic pulps, such as eucalyptus and southern hardwood, 

produced from species having high Runkel ratio ( 2 x cell wall thickness / lumen diameter) are 

more rigid and less prone to collapse, resulting in a thicker and bulkier paper product. 

Additionally, high yield pulps can also be used to produce a higher bulk tissue product. High 

yield pulps are less flexible than low yield pulps due to their higher content of lignin and lower 

porosity, resulting in a more rigid structure (Nanko et al. 2005). Recycled bleached kraft fibers, 

with a history of drying, tend to be stiffer and less conformable, which will result in a higher 

bulk paper product that is desirable for tissue production. However, many recycled fibers already 

have been refined extensively, tending to produce a relatively dense sheet of paper (Hubbe 

2006). 
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 Absorbency 

Absorbency is an important property for toweling and other tissue products with the 

purpose of wiping liquids. Absorbent tissue products should be capable of readily absorbing 

water (absorbency rate) and retaining a high level of absorptivity (absorbency capacity) until the 

end of the task (Kullander 2012). The ability to absorb liquid depends on having a high capillary 

pressure to suck the liquid and high permeability to allow the fluid to quickly flow away from 

the point of insult. The arrangement of hydrophilic fibers in a low density paper structure is 

responsible for the absorbent behavior of tissue products (Beuther et al. 2010). When paper 

products get in touch with water, the first phenomenon is surface wetting, followed by the 

penetration of water inside the paper structure. The penetration phenomenon is a very complex 

process because it will cause swelling of fibers as water is absorbed into the fiber cell wall, 

resulting in changes in volume and pore structure of the paper (Thorp 1991). Absorbency 

properties are influenced by chemical properties of fiber surface and porosity of the paper web 

structure (Kullander 2012). Absorbent products have large amounts air-filled spaces among the 

fibers in the paper structure (Hubbe 2006). Absorbency can be controlled by fiber type, refining, 

creping, plies, and additives (Kullander 2012).  

Fibers containing high content of lignin have lower water absorbency. For example, due 

to its high content of lignin, mechanical pulps can absorb about 1 gram of water per gram of 

pulp, while bleached fibers, such as kraft fibers, can typically absorb 5 to 10 grams of water per 

gram of fiber. Lignin removal increases hydrophilicity, porosity, and swellability of bleached 

kraft fibers, resulting in improved water uptake. The extractives present in cellulosic fibers also 

have a hydrophobic behavior. On the other hand, absorbency of cellulosic fibers is positively 

correlated with the content of hemicellulose (Hubbe et al. 2013). Tissue products manufactured 
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with curly fibers are bulkier and more absorbent (Trepanier 2017). Bath tissue and towel 

products are made from lightly refined fibers to maintain initial relative stiff and tube-like nature 

of fibers that are necessary to achieve a high level of absorptivity (Thorp 1991; Hubbe 2006). 

Typically, in a saturated tissue product, water is located in the spaces between plies, 

spaces between fibers, in the fiber lumen, and inside the cell wall. Within the cell wall, water can 

be located in micro, meso, and macropores. Water present in micropores is classified as non-

freezing and freezing water. Non-freezing water corresponds to the first layers of water 

associated with the biomass surface. Freezing water corresponds to the water that has a 

depressed melting temperature due to the curved interfaces in micropores. The water present in 

macropores has similar thermodynamic properties to those the bulk that is also present in the 

lumen, between fibers, and between plies (Kullander 2012). Most of the absorbed water is 

located in the spaces between fibers, and machine technology is an important variable to create 

inter-fiber spaces. TAD machines produce tissue products with higher bulk and higher 

absorbency than conventional machines. The number of plies also influences the absorbency, but 

to a lower degree when compared to the type of technology. The space between plies improves 

not only the absorbency capacity due to the creation of inter-ply water storage, but it also 

improves the absorbency rate. Lamellar flow channels are created between the plies, and such 

channels reduce the viscous flow resistance and improves absorbency rate. The absorbency 

capacity gained with the additional ply is usually greater than the capacity held within a single 

ply (Loebker and Sheehan 2011). 
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 Strength 

Tissue products are exposed to stresses and strains during the manufacturing of tissue 

jumbo rolls (e.g. paper machine, creping, winding), conversion of the jumbo rolls into the 

consumer size products (e.g. unwinding, embossing, perforation, rewinding, log sawing) (Brown 

1991), and final use by the consumers (e.g. pulling, tearing, scrubbing, drying). Under those 

conditions, tissue has to be designed to develop strength properties necessary to meet stresses 

and strains requirements during manufacturing and while used by consumers. 

Basically, the strength of paper is a function of three factors: i) strength and arrangement 

of fibers in the tissue web; ii) level of molecular bonding among fibers; iii) presence of strength 

additives. The first two factors are affected by processes variables and feedstock type. Chemical 

processes, such as bleaching, can reduce fiber strength, while refining and wet pressing usually 

improve bonding between fibers (Thorp 1991). Tissue products manufactured in tissue machines 

where pressing is used to partially dewater the tissue web (e.g. dry-creped) are stronger than 

tissue products produced in a TAD machine where minimal pressing is applied. However, the 

pressing increases the density of the tissue web, making it less absorbent and less soft (Liu 

2004). In the same direction, refining increases the density of the tissue web which decreases 

absorbency and softness (Kullander et al. 2012). Long fibers promote higher strength because 

they have higher capability of forming bonds with multiple fibers. Fibers having high curl 

(curvature) will form tissue paper with lower tensile strength due to the reduction of number of 

inter-fiber bonds. However, more entanglement among fibers is observed when curly fiber are 

present in the tissue web, which contributes to higher wet strength and higher tear strength. For a 

given strength, increasing fiber length or decreasing fiber curl will result in higher bulk 

(Trepanier 2017). Higher hemicellulose content also improves bonding strength (Liu 2004). 
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Because of better bonding ability, virgin and chemical pulps yield stronger tissue products than 

recycled and mechanical pulps, respectively (Novotny 1988). 

Strength is dependent on the orientation of the tissue with respect to the applied stress 

(e.g. machine direction, cross direction, thickness direction). Machine and cross direction tensile 

strengths are usually higher than thickness direction tensile. Due to fiber orientation and creping 

process, tissue that is evaluated in the machine direction usually has higher strength and higher 

elongation than when evaluated in the cross direction. This behavior permits tissue products with 

high elongation capacity to respond better to converting shocks than a stronger tissue with low 

elongation (Thorp 1991). Tensile strength measurements performed in commercial kitchen 

towels shows that products presenting higher elongation capacity usually have better tensile 

strength (Kan et al. 2016). 

Tensile failure of a paper products happens due to a combination of inter-fiber bonding 

failure and fiber failure. For paper products where the inter-fiber bonding is well developed, such 

as printing and packaging products, it is expected that the failure of the paper will involve a 

substantial proportion of fiber failure. On the other hand, in paper products where the inter-fiber 

bonding is not so well developed, such as tissue products, the failure is more likely to happen as 

a result of bonding failure (Page 1969). Therefore, if someone develops a tissue product with 

very high bonding strength, the tensile failure is more likely to happen as a result of fiber failure. 

However, bonding strength typically is much less than fiber strength in the case of tissue paper. 

Therefore, the strength of tissue paper is mostly limited by the strength of the inter-fiber 

bonding. Many process variables influence the strength and elongation of tissue paper, including, 

pulping conditions, refining, fiber orientation, formation uniformity, wet pressing, drying 

tension, creping, converting. Formation uniformity (sometimes called "uniform randomness") is 
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an important factor. The basis weight of tissue paper is not the same at all points. As a result, the 

measured strength represents the strength of the weakest point in the sample. Products having 

poor formation will be weaker than products with same structural aspects but presenting better 

formation (Thorp 1991). In other words, the non-uniform formation can create weaker points in 

the paper web that will be more susceptible to failure. As a result, papermakers constantly look 

for process and chemical alternatives to enhance bonding strength (e.g. refining, strength 

additives) and uniformity of web formation (Hubbe 2006). 

Paper tissue under stress will exhibit visco-elastic behavior. At low strain levels paper 

behaves elastically (reversibly), where the force increases linearly with strain. Most of the 

elasticity observed in tissue paper comes from the wet and dry creping processes. When the 

strain goes beyond the elastic region, tissue paper changes irreversibly, and a slower increase in 

force is achieved with an additional increase of strain. Force increases to a point where the 

strength reaches a maximum, called the tensile strength, and this is followed by the failure of the 

tissue paper at the weakest point. The area calculated bellow the stress and strain curve 

represents the energy absorbed by the sample during the tensile test (Thorp 1991). The energy 

absorbed is an important property for tissue products. Those products are usually designed to 

have low density to maximize softness and absorbency. As a result, bonding among fibers is not 

as well developed as it is in the case of other paper products (e.g. printing, packaging). However, 

tissue products have to be strong enough to withstand papermaking, converting, and use. Even 

though those products do not present very high tensile strength (maximum force before failure), 

they are manufactured to have high elongation capacity, which will give them the capacity to 

absorb energy during various conditions. 
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 Wet strength 

Paper structure and strength are highly dependent on the level of molecular bonding 

(hydrogen bonding) among fibers. Due to the hydrophilic behavior of cellulosic fibers, inter-fiber 

hydrogen bonds are not resistant to moist conditions. However, as mentioned earlier, some tissue 

products, such as kitchen and hand towels, need to be moisture resistant to be capable of drying 

and cleaning wet surfaces. In order to maintain some of their strength when wetted, wet strength 

additives can be used to supplement or replace hydrogen bonding (Hubbe 2014). Wet strength 

performance of paper products depends on having a coherent network of fibers reinforced with a 

crosslinked network of wet strength additives that repress fiber swelling and inhibit fiber-fiber 

separation. Some wet strength additives, such as urea-formaldehyde, will self-crosslink, forming 

an insoluble network around contacts among fibers that preserves some of the original dry 

strength. Besides self-crosslinking, other additives, such as azetidinium resins, will form water-

resistant covalent bonds in the cell wall of fibers or between fibers that will reinforce fiber 

bonding (reinforcement mechanism) (Espy 1995). The content of fines in the furnish is an 

important variable because cationic wet strength additives will be preferentially adsorbed on 

fines, and high levels of fines can be a problem limiting high wet strength performance (Nanko 

et al. 2005). Typically, if a paper product can retain more than 15% of its dry strength, it can be 

regarded as a wet-strength grade. Efficient wet strength additives can retain up to 50% of the dry 

strength. Besides paper strength improvements in wet conditions, those wet strength additives are 

known to increase dry strength (Lindström et al. 2005). 
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 Softness 

Softness can be defined as a human sensory response to a texture that is pleasing to touch 

and provides a feeling of delicate and smooth texture lacking stiffness. In other words, softness is 

the sensory response obtained when someone strokes the surface with fingers and crumples the 

tissue by hand. Perceived softness is a result of a combination of several sensorial reactions, 

including not only tactile perception, but also the audio and visual (color, embossing) 

perceptions. Softness is a very important property, especially in sanitary applications, where 

consumers are very sensitive to softness acceptance. Softness is usually divided into surface 

softness and bulk softness. Surface softness is related to the velvet-like feeling of the paper 

surface that is perceived by human fingerprints, which depends on fiber type, smoothness and 

finishing of paper surface (e.g. addition of softeners/lotions, wire marks, creping, embossing). 

Short and flexible fibers are desirable for surface softness. Bulk softness is an indication of how 

easily the paper yields when crumbled, which depends on paper stiffness, bulk, and the ability of 

fibers to move within the fiber web. Bulky and flexible fibers with low bonding ability are 

desirable for bulk softness (Mckinney 1995; Bhatia et al. 2004; Hollmark and Ampulski 2004; 

Liu 2004; Kullander 2012). 

Human panels are traditionally used to access softness. The results obtained can be 

considered as being subjective to the group of people involved in the study, which could be 

paper specialists or consumers. Because different individuals have different opinions and 

sensitivity to softness, a large number of people and testing is necessary to obtain valid results. 

To reduce time and resources, many analytical methods involving physical measurements related 

to surface or bulk properties have been developed to access softness. Basis weight, thickness, 

bulk, flexibility, stiffness, compressibility, elongation (stretching), draping, crumple, penetration, 
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sound emission, sound attenuation, and thermal conductivity are some of the bulk properties 

evaluated in the literature. Some of the surface properties evaluated include smoothness, friction, 

roughness, and fiber free ends. Yet, there is not an acceptable analytical method that can be used 

to fully mimic the human perception of softness. Analytical methods that combine measurements 

related to surface and bulk properties usually have better performance (Bhatia et al. 2004; 

Hollmark and Ampulski 2004; Kullander 2012). 

High bulk paper products tend to have superior bulk softness because bonding strength 

and bonding area among fibers are not as fully developed. The creping process softens the paper 

by improving the bulk softness when fibers bonds are broken and sheet extensibility is improved. 

Creping can also increase the surface smoothness. The number of plies also tends to increase 

bulk softness (Boudreau 2013). Calendering can be used to improve surface smoothness 

(Novotny 1988). Tissue products made with low coarseness fibers having a large number of free 

and flexible fiber ends protruding up from the surface present better surface softness. Fibers 

having higher coarseness are more desirable to give better bulk softness (Kim et al. 1994; 

Axelsson 2001). Higher softness is achieved with the use of curly fibers (Trepanier 2017). Sulfite 

and kraft pulps are softer than recycled and mechanical pulps (Novotny 1988). 

 

3.5. Tissue facilities and machine technology 

 Tissue facilities 

Tissue products are manufactured in facilities having different configurations and levels 

of integration. Tissue facilities can be differentiated in terms of pulping and recycling 

capabilities (integrated and non-integrated) and fiber type (virgin and recycled). Integrated 

facilities have assets for on-site pulp production and tissue manufacturing. In those mills, the 
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starting raw material can be wood or non-wood when tissue is manufactured with virgin pulps or 

recycled paper in the case of recycled tissue production. Usually, virgin integrated facilities are 

more complex, having all the assets necessary to convert wood and non-wood into the paper (e.g. 

pulping, washing, bleaching, stock preparation, paper machine, chemical recovery, steam and 

power production, and effluent treatment). Due to process capabilities and high level of process 

integration, it is common to have virgin integrated facilities that produce not only tissue products 

but also market pulp and other paper products. Recycled, integrated facilities have the assets to 

reprocess recycled paper into tissue products (e.g. hydro pulping, washing, deinking, bleaching, 

stock preparation, paper machine, steam and power generation). Non-integrated facilities do not 

have any pulping or recycling capabilities. The starting raw material is market pulp (virgin or 

recycled fibers), and the process configuration is simpler (stock preparation, paper machine, 

steam, and power production). Recycled integrated and non-integrated facilities are usually more 

dedicated plants, although facilities that also produce other paper products can be found 

(FisherSolve International 2017). 

 

 Tissue machine technologies 

The final properties of tissue products are highly dependent on the tissue machine 

technology. Light Dry Creped (LDC) (Figure 3-1) is the most conventional technology. The 

main differences between an LDC machine and a conventional, non-sanitary paper machine are 

the shorter length, Yankee cylinder drier (large steam heated drum), and creping processes. 

Headboxes used in tissue machines are designed for low consistencies (0.1% to 0.5%), and they 

are similar to headboxes used in conventional paper production. The basic purpose of a headbox 

is to evenly distribute the stock on the forming fabric (often called the “wire”) and prevent fiber 
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flocculation by applying turbulence to achieve relatively uniform paper formation. Control of 

fiber orientation is performed by adjusting the ratio of jet speed and wire speed (Kullander 

2012). Headboxes can also be layered to allow for distribution of different types of furnishes in 

the center and surfaces of the paper web (Tysén 2014). For example, the internal layer can be 

made with long fibers (softwoods) to provide strength, machine runnability and bulk softness, 

while the external layer can be made of short and thin fibers (hardwoods) to improve surface 

softness (Axelsson 2001; Pavan 2011). 

There are four main types of forming section used in tissue machines, crescent former, 

twin-wire, suction breast roll, and Fourdrinier. Nowadays, the most common forming section for 

tissue grades is the crescent former (Figure 3-1), where the stock jet is directed between a 

forming fabric that promotes the drainage and a felt. Crescent formers provide superior 

runnability at high speeds (up to 2400 m/min) because no transfer between wire and felt is 

needed. The second most common forming section is the twin-wire (2000 m/min), where the 

stock is sprayed in between two wires, promoting efficient dewatering and good control of fiber 

orientation. In a suction breast roll former (up to 1500 m/min), dewatering is controlled by 

suction, such that water is drained from the space between the top of the headbox and the wire. A 

suction breast roll former does not allow good control of fiber orientation. The last and oldest 

type of forming section is the Fourdrinier former. The Fourdrinier is limited in speed (up to 1000 

m/min) and dewatering happens in one direction through the web by gravity and suction (Pavan 

2011; Kullander 2012). 
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Figure 3-1: Sketch of light dry crepe (LDC) tissue machine composed by a crescent former, 
pressing section, Yankee cylinder and creping blade (Tysén 2014). 

 

Vacuum systems, such as suction boxes or suction rolls, are usually used to increase the 

consistency to the range of 15% to 25%. Before the LDC drying step at the Yankee cylinder, the 

paper web is pressed at the press nip (2 to 4 MPa) by a roll press or shoe press to reach a 

consistency of 40% to 45%. The shoe press has a longer nip and applies lower pressure than a 

roll press roll, resulting in a bulkier web. The level of pressure used at the press nip is crucial. 

Minimum pressing is desired for the production of a higher bulk and soft tissue. After pressing, 

the paper web is dried at the surface of Yankee drier up to a solids content of 94% to 98%. The 

drying process is performed by the steam-heated Yankee cylinder surface and by hot air flow 

from the hood above and surrounding the Yankee cylinder (Kullander 2012). A coating is 

sprayed on the Yankee surface to promote the adhesion between the sheet and the Yankee and to 

protect the metal surface of the Yankee from the creping blade (Forbess 1997). 

The creping process is a very important step for the production of tissue products with 

higher bulk, absorbency, softness and stretch. During the creping process, the doctor blade 

scrapes the paper web off from the Yankee surface. Creping delaminates the internal physical 
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structure of the paper web, forcing the fiber bonds to be weakened/broken and forcing the fibers 

to buckle, become distorted or even broken. Micro-folds also are created and piled up on top of 

each other, and when the pile is high enough, it falls and creates a macro-folded and structured 

end product (Figure 3-2) (Kullander 2012; Peters 2016). The delamination process tends to 

produce a thicker, more absorbent, and cushiony tissue product with higher water-holding 

capacity than does the folding type of creping (Nanko et al. 2005). 

Good adhesion between the Yankee surface and the paper web results in a finely creped 

product that is bulkier, more absorbent, and softer. Good adhesion promotes the proper breakage 

of fiber bonds and higher frequency of creping folds. Additionally, more fibers are pulled from 

the paper surface creating more fiber ends that enhances the hand feel (Boudreau 2013). High 

adhesion might cause defects or web breaks. Low adhesion may result in low creping frequency 

and low quality (Sundholm and Huostila 1980). Good adhesion is achieved with pulps having 

better bonding ability (Zou 2017b). Refined pulps having higher hemicellulose and higher fines 

content will promote better adhesion. A tissue web having higher basis weight and higher 

moisture will also present better adhesion to the Yankee surface (Boudreau and Germgard 2014). 

Kraft pulps gives the best adhesion, followed by sulfite and mechanical pulps (Novotny 1988). 

Among different mechanical pulps, chemi-thermomechanical pulps (CTMP) have better 

adhesion to Yankee dryer than Thermomechanical Pulp (TMP) and Groundwood Pulp (GWP) 

(Sundholm and Huostila 1980). Typically, the Yankee side of the tissue paper is softer than the 

felt side. The Yankee side has small valleys that give a softer sensation, while the felt side has 

peaks that provides a rougher sensation. Therefore, it is recommended to put the Yankee side of 

the sheet on the outside of tissue products (Boudreau 2013). 
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Figure 3-2: Creping process and the formation of micro-folds and macro-folds as a function of 
the angle between the top surface of the creping blade and Yankee surface. Left: small angle. 

Right: large angle (Raunio & Ritala 2012). 
 

The angle between the top surface of blade and the surface of the Yankee drier influences 

the amount of micro- and macro-folds created in the tissue paper. Values between 40 to 100 

degrees are observed, especially in the range of 80 to 90 degrees. Smaller angles creates higher 

number of macro-folds (piles of micro-folds). This creping process yields a super creped product 

that is unusual. At higher angles, the macro-folds are not significantly formed (Raunio and Ritala 

2012). 

Another important paper machine technology used for tissue manufacturing is the 

Through-Air Drying (TAD) process. Different from the dry creped machine, the TAD machine 

does not have a press section, and this helps to preserve the three-dimensional structure of the 

paper web. Dewatering before the drying section is achieved with vacuum on suction boxes to a 

consistency of about 20% to 27%. The paper web is transferred to a perforated through-air 

drying cylinder, where hot air is blown through the tissue web. An imprinting TAD fabric can be 

used to imprint a knuckle pattern on the tissue web. (Sanford and Sisson 1967). Usually, the 

imprinting is performed by sucking the tissue web against the TAD fabric, before the through-air 
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dryer and while the tissue web is in a wet state. In a through-air dryer, the hot air can be blown to 

the web from the inside of the cylinder or from the outside of the cylinder while the imprinted 

structure is maintained (Klerelid 2002). As a result of the low level of pressing and through-air 

drying, the final tissue product has higher bulk, softness, and absorbency, which makes TAD an 

ideal technology for the production of premium and ultra grades (Sanford and Sisson 1967; 

Klerelid 2002). However, a TAD machine has higher energy costs (gas and electricity) and 

around three times higher capital costs than a conventional machine (Kullander 2012). 

In the Creped Through-Air Drying machine (CTAD) (Figure 3-3) the through-air system 

dries the tissue web until a consistency of about 40% to 80%. The partially dried web is finally 

transferred to a Yankee cylinder, where it is fully dried to about 96% consistency and creped 

(Sanford and Sisson 1967). 

 

 

Figure 3-3: Sketch of creped through-air drying (CTAD) tissue machine composed by twin wire 
former, through-air dryer, Yankee cylinder and creping blade (Tysén 2014). 

 

In early CTAD processes, the weave of the TAD fabric molds the sheet and then the 

knuckles contact the Yankee, but leaving the pillows un-compressed. This sets a coarser creping 

pattern on the Yankee (Figure 3-4). The pillows remain as absorbent capillary bundles, as 
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compared to the compressed knuckle areas, resulting in a product with good tensile strength but 

having better softness and absorbency relative to dry crepe tissue paper (Table 3-4) (Sanford and 

Sisson 1967). 

More recently, other types of paper machines technologies have been developed, 

especially in the USA market, such as UCTAD (un-creped TAD), DRC (double re-crepe), 

ATMOS (Advanced Tissue Molding System), and NTT (New Tissue Technology). UCTAD was 

developed to decrease limitations in tissue machine speed caused by variable crepe in the TAD 

process at higher speeds (Figure 3-5). The formed sheet is transferred to the molding fabric at 

about 22% consistency and then on to the TAD dryer to dry to 97% solids content. The lack of a 

creping process initially resulted in a harsher sheet, but recent advances in surface treatments 

have ameliorated that (Wendt et al. 1998). 

 

 

Figure 3-4: Early TAD tissue product (MD = machine direction) (Adapted from Sanford and 
Sisson 1967). 
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Table 3-4: Comparison between Early TAD Products and Conventional or Dry Crepe Products 

Properties Products TAD LDC TAD/LDC 

Dry Density (g/cm3) Towel and Bath 0.08 0.14 0.6 

Dry CD Stretch (%) Towel and Bath 12 6 2 

Wet/dry thickness ratio (-) Towel - - 1.6 

Softness (-) Towel and Bath - - 2.2 

Absorbency Capacity (g/g) Towel 23 14 1.6 

Absorbency Rate (g/sec) Towel 0.5 0.2 2.5 

 

 

Figure 3-5: Un-creped through-air drying (UCTAD) tissue machine composed by twin wire 
former and through-air dryer (Adapted from Wendt et al. 1998). 

 

DRC was developed to produce a product that is similar to a two-ply product from a 

single tissue sheet (Figure 3-6). The process is similar to an LDC machine prior to Yankee #1, 

but then it is creped at 70% consistency (called wet-creped) to delaminate the formed layers, and 

then imprinted with a latex scrim on each side before sending to Yankee #2 for creping on the 

other side. This process produces a very soft surface feel but is very expensive (Gentile et al. 

1975). 
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ATMOS was developed in the early 2000's (Figure 3-7). The goal of the newer, more 

energy efficient process is to use mechanical means to dewater the sheet to 34% to 38% prior to 

contacting the Yankee with 25% of the sheet as is done with CTAD processes. Transferring at 

such low consistencies to the Yankee with only 25% contact area puts a significant burden on the 

Yankee Hood, which must operate at very high temperatures to achieve competitive speeds 

(Voith, n.d.). 

 

 

Figure 3-6: Double re-cepre (DRC) tissue machine composed by a fourdrinier former, two 
Yankee cylinders and latex imprinting stations (Adapted from Gentile et al. 1975). 
NTT was designed to overcome some of the limitations of ATMOS by pressing at even 

higher pressures before transferring to the Yankee (Figure 3-8). A shoe press is used in the first 

pressing section between the Crescent Former felt and a belt with cells designed to provide 

absorptive capacity and increase strength. Initial production has indicated the ability to achieve 
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up to 45% consistency before transferring to the Yankee, which has reduced the Yankee Hood 

drying load as compared to ATMOS. However, the high pressures compress the "pillows" of the 

sheet, which have decreased absorptive capacity as compared to CTAD (Valmet 2014). 

 

 

Figure 3-7: Advanced tissue molding system (ATMOS) tissue machine (Voith, n.d.). 
 

 

Figure 3-8: New tissue technology (NTT) machine (Valmet 2014). 
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In the late 1980's, Procter & Gamble patented a belt to replace the fabric in CTAD. It has 

the advantage of designing the structure of the molded tissue based on the product’s intended 

use. The initial belt for a kitchen roll towel is shown in Figure 3-9. The lower left schematic is a 

side view of the belt. It shows a woven “secondary” fabric for belt strength inside a cast urethane 

belt. A photosensitive urethane resin is extruded around the woven fabric, and the desired pattern 

is developed by catalyzing the areas that are to remain on the belt. The picture on the right shows 

one version of the belt after casting. One can see the individual cells for absorbency as well as 

the secondary fabric that is now part of the belt. The result is a molding belt that provides 

uncompressed pillows of fiber while also providing lines of high compression that are pressed 

against the Yankee for tissue strength. This is analogous to replacing the “spot welding” 

provided by the woven fabric with “continuous welding” with the belt (Smurkoski et al. 1992). 

 

 

Figure 3-9: CTAD belt used to manufacture kitchen towel (Adapted from Smurkoski et al. 1992) 
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When the various technologies above are compared to each other, they have their 

advantages and disadvantages as shown in Table 3-5. 

 

Table 3-5: Comparison Among Different Tissue Machine Technologies Highlighting Differences 
in Products Attributes and Machine Performance (Adapted from Reisinger 2016). 

 

 

The final step in the tissue manufacturing is the converting process. Converting includes 

several processes (unwinding, embossing, printing, perforation, winding and tail sealing, log 

sawing, folding, wrapping, and packaging). Products with two or more plies have inter-ply space, 

which contributes to higher absorbency capacity. The number of plies also improves tissue 

strength and softness. The tissue plies are pressed together completely or just at the edges during 

the embossing process. Embossing is the process where tissue sheet passes in between two 

engraved steel or rubber rolls having a matched pattern that provides texture to the sheet. During 

the conversion of tissue having multiple plies, embossing can be applied to each ply separately 
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that are later glued together. The plies can also be embossed simultaneously. The simultaneous 

embossing can be performed in a foot-to-foot or nested configuration. In the foot-to-foot 

configuration, the embossing patterns of both plies are aligned to each other, resulting in the 

creation of suction pockets with superior water absorbency. In the nested configuration, the 

embossing patterns of one ply are positioned in between the embossing patterns of the other ply. 

In other others, the “valleys” of one ply fits the “bumps” of the other ply in the nested 

configuration (Brown 1991; Enderby and Straten 2001; Kullander 2012). Printing is done for 

appearance purposes and perforation makes the sheets easier to separate. Some final products, 

such as, bath tissue and kitchen towels, are wound onto a paper core and sealed at the tail. After 

the winding process, the formed rolls are cut into the desired width (10 to 60 cm). Folding is 

performed on products that are commercialized as individual sheets, such as, facial tissue and 

paper towel. Packaging is the final converting step in which the products are wrapped in plastic, 

paper, and boxes (Kullander 2012). 

 

3.6. Tissue paper fibers 

Different fiber types are available in the market for tissue production, and they can be 

defined according to their source (virgin or recycled), type of process (chemical, mechanical, 

semi-chemical, bleached, unbleached), type of biomass (hardwood, softwood, non-wood), and 

biomass species. All those variables will influence the characteristics of the fibers and properties 

of tissue products. A vast mixture of hardwoods (eucalyptus, northern, southern, tropical), 

softwoods (northern, southern), and non-woods (straw, bamboo, bagasse) are used for tissue 

manufacturing. The main sources of recycled fibers are papers originated from offices (SOP - 

sorted office paper), magazines (OMG - old magazines), newspapers (ONP - old newspaper), 
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boxes (OCC - old containerboard; DLK - doulble lined kraft), and other mixed recycled papers 

(MP - mixed paper) (FisherSolve International 2017). 

 

 Hardwood and Softwood Pulps 

Paper products are usually manufactured with a blend of hardwoods and softwoods. 

There are two main types of softwood pulps in the USA, southern and northern. Southern 

softwood pulps are mostly produced from southern pines and radiata pine. Northern softwood 

pulps are produced from a variety of species (pines, spruces, firs, hemlocks, cedars, Douglas-firs, 

larches). On the other hand, hardwood pulps are made from a much more diverse group of 

species and can be divided into two categories, single species, and mixed species. Hardwood 

pulps will range from 100% aspen, maple or birch to mixed northern or southern species and 

100% eucalyptus. Some examples of hardwood pulps include: a) Northern hardwoods: aspen, 

maples, birches, beech; b) Southern hardwoods: gums, oaks, poplar, ash, beech; c) Eucalyptus 

species including: grandis, urophylla, globulus, caldulamensis, and hybrids; d) Tropical 

hardwoods: acacia, mixed tropical) (Nanko et al. 2005). The benefits of hardwood pulps made of 

single species, such as eucalyptus in Brazil, have caught the attention of the pulp and paper 

industry. Brazilian eucalyptus trees are harvested from well-monitored plantations, resulting in a 

very uniform furnish having narrow particle size distribution and low content of fines. Those 

characteristics allow better control of paper characteristics and papermaking process, including 

easier drainage and drying, which are usually limiting factors for high speed tissue machines 

(Hall 1983; Pavan 2011). The third main type of pulp is mechanical pulps, such as chemi-

thermomechanical (CTMP), which have a balance of properties from hardwood and softwood 

species (Figure 3-10) (Nanko et al. 2005). 
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Softwood pulps have long fibers that provide a strong fiber network to increase wet web 

strength and runnability of the paper machine and subsequent converting operations. Softwood 

fibers are primarily used as reinforcement fiber in many different paper grades, including tissue 

products. A strong and continuous fiber network is achieved with softwood fibers that are thin 

and long (low coarseness to length ratio). Due to its low coarseness to length ratio, NBSK is 

highly desirable as a source of long fibers and strength without loss of softness that comes with 

other softwoods (Byrd and Hurter 2013). Softwood pulps containing low amounts of fines will 

contribute to maximize the performance of long fibers, minimize chemical usage, lower drainage 

resistance, increase retention, and reduce paper dusting. Additionally, softwood pulps with 

higher fiber strength can maximize paper strength, however, tissue products usually require 

relatively low tensile strength, and fiber strength is not a critical issue. Softwood fibers with a 

thick cell wall are less likely to collapse during papermaking process and more prone to form 

thicker and bulkier tissue products with improved structure openness and water absorbency 

(Nanko et al. 2005). However, softwoods that are finer having thin cell wall are flexible and 

capable of providing good softness (Zou 2017a). Higher stretch values are also desired in 

softwood fibers because they improve paper web runnability and result in lower stiffness and 

higher softness, although most of the stretch observed in tissue products comes from the creping 

process. Tissue products made of softwood pulps with low bonding strength are more prone to 

delamination during the creping process, resulting in a bulkier and softer structure. Higher 

freeness is better but not a major issue because pulp freeness is already high enough in 

softwoods. Softwood pulps with high unrefined strength are preferred to maximize bulkiness and 

achieve desired strength (without or with minimum refining) at same time (Nanko et al. 2005). 
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Figure 3-10: Morphology of unbleached hardwood and softwood market pulps. BEK: bleached 
eucalyptus kraft; NBHK: northern bleached hardwood kraft; NCTMP: northern 

chemithermomechanical pulp; SBHK: southern bleached hardwood kraft; SCTMP: southern 
chemithermomechanical pulp; TBHK: tropical bleached hardwood kraft; NBSK: northern 

bleached softwood kraft; SABRPK: South American bleached radiata pine kraft; SAURPK: 
South American unbleached radiata pine kraft; SBSK: southern bleached softwood kraft; SUSK: 

southern unbleached softwood kraft (Adapted from Nanko et al. 2005) 
 

Hardwood pulps are primarily used for their ability to provide good formation, a smooth 

surface, finer pore structure, and high opacity. In tissue products, hardwood fibers also provide 

bulk, softness, and a velvet type surface feel. Hardwood pulps are used in most tissue grades at 

levels ranging up to 100%, but more typically 50% to 80% of the fiber furnish (Nanko et al. 

2005; Zou 2017). To develop strength without losing softness provided by hardwoods, refining 

can be applied only on softwoods (Mckinney 1995). Among different types of hardwood pulps, 

eucalyptus pulp is capable of achieving tissue with high bulk, absorbency and softness (Byrd and 

Hurter 2013). Eucalyptus pulp has low fines content, a high population of short fibers with thick 

cell wall, and low coarseness, which complement the softwood matrix by providing sufficient 
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strength with many free fibers ends to give a soft velvet feel preferred by consumers. The high 

fiber population of eucalyptus fibers provides a uniform paper structure that facilitates uniform 

drying (Hall 1983; Nanko et al. 2005). On the other hand, high fiber population results in 

limitations for papermakers in terms of fiber retention on machine wire and dusting and linting in 

converting operations (Nanko et al. 2005). As reported by Foelkel (2007), to achieve high bulk, 

tissue makers should seek eucalyptus pulps having: a) high coarseness to minimize fiber 

collapsibility and sheet densification; b) low content of fines to avoid densification, build up in 

the paper machine white water, and reduction in drainability; c) low hemicellulose content for 

reduced bonding ability; and d) high fiber deformation (e.g. curl, kinks) to improve bulk, sheet 

porosity and absorbency. Another advantage of eucalyptus pulp is the low content of extractives, 

which results in improved absorbency and lower deposition of extractives on paper machine. At 

the same drainage rate, eucalyptus fibers provide good wet web strength when compared to other 

hardwoods. Eucalyptus is suitable for the production of high quality tissue paper, for which light 

refining is recommended (22 < Schopper Riegler degrees < 35). The content of eucalyptus in 

those products can vary from 50% to 60% in napkins, bath tissue and towels to 100% in facial 

tissue (Hall 1983). 

Mechanical pulps can be used to provide increased void volume (bulk) and water holding 

capacity to tissue products. The higher content of lignin gives mechanical pulps a more rigid 

structure in the wet state when compared to low yield pulps, which contributes to maintaining the 

water holding capacity (Nanko et al. 2005; Yuan et al. 2016). On the other hand, a high content 

of fines present in mechanical pulps will increase the density of tissue paper and give problems 

with dusting and linting (Axelsson 2001). A self-sizing mechanism can reduce absorbency rate 

during storage. Peroxide bleaching can be used to overcome the self-sizing phenomenon and 
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improve absorbency rate due to reduction of extractives content. Peroxide-bleached mechanical 

pulps also have higher brightness, lower fiber stiffness, better fiber bonding, lower dusting, 

better brightness stability, and lower slushing time (Johnsson 1978; Norwegian Pulp and Paper 

Research Institute 1983). Mechanical pulps have small impact in bulk softness but a negative 

effect on surface softness. In order to minimize the negative impact on softness, it is 

recommended the use of mechanical pulps having the least amount of shives (Norwegian Pulp 

and Paper Research Institute 1983). Because mechanical pulps lack the desirable properties for 

tissue products (e.g. softness, strength) to some extent, they are usually blended with other fibers 

for tissue manufacturing. Up to 50% of mechanical pulp can be used in tissue products without 

significant change in strength (Johnsson 1978). Bulk and absorbency of towel and bath tissue can 

be increased with fibers blends having from 5% to 30% of mechanical pulps without significant 

reduction of softness, strength, and brightness. However, brightness reversion can still be a 

problem (Yuan et al. 2016; Zou 2017). A comparison between different types of mechanical 

pulps for tissue applications shows that CTMP provides better strength than Thermomechanical 

Pulp (TMP) and Groundwood Pulp (GWP) due to better bonding ability. GWP presents the 

lowest strength. Better absorbency rate and capacity is expected for CTMP pulp. On the other 

hand, due to the self-sizing phenomenon, absorbency of TMP and GWP is negatively affected 

(Sundholm and Huostila 1980; Norwegian Pulp and Paper Research Institute 1983). TMP is 

softer than GWP (Novotny 1988). 

It is important to highlight that the properties observed in tissue products are a result of 

the morphological and physicochemical characteristics of the fibers used. In other words, fiber 

composition and morphology are determinant for tissue properties (Muller and Teufel 1973). As 

it can be seen from Figure 3-10, there is a significant difference in morphology among different 
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types of biomass (e.g. softwood, hardwood, non-wood). Additionally, pulps coming from 

different biomass species will also have different morphologies to some extent. For example, 

different softwood and hardwood pulps produced in different geographic regions from different 

species have different fiber morphology. Each one of those particular morphological features 

will defined their performance in different tissue products (Nanko et al. 2005; Zou 2017a). 

 

 Non-Wood Pulps 

Typically, woody biomass is the preferential raw material used for pulp and paper 

production due to low cost, wide availability, little content of the non-fibrous material, ease of 

processing, and uniformity (Roncero et al. 2003). Although the world production of non-wood 

pulp in 2016 was only 6.5% of world wood pulp production (FAO 2017b), non-wood biomass 

has a long history in pulp and paper industry and can also be considered an important source of 

raw material. Non-wood fibers can be used as an alternative to: a) provide local raw material 

security against imported market pulp, b) develop “green” products for consumers with 

environmental preferences, c) minimize environmental pressure and impacts related to handling 

of agricultural residues (e.g. burning and landfill practices), d) develop local markets where 

wood fibers are scarce and expensive, e) reduce pulp costs where non-wood biomass is 

abundantly available and cheap, and f) improve desired properties or give different 

characteristics to paper products (Byrd and Hurter 2013; Phillips et al. 2015a,b; Zou and Liu 

2016). For example, in Europe and the Americas, where wood fibers are more readily available 

than in Asia, the production of non-wood pulp represents only 12.3% and 8.4% of the world 

production, respectively. On the other hand, Asia, mainly represented by China and India where 

wood biomass is scarce, produces around 77.4% of world’s non-wood pulp (FAO 2017b). 



   

48 
 

However, non-wood fibers are also being used for tissue manufacturing in other regions, such as 

North America, as a part of sustainability programs (Byrd and Hurter 2013; Zou and Liu 2016). 

Non-woods usually provide higher raw material yield than wood and can be obtained 

from annual plants (planted and harvested annually) or perennial plants (planted once and 

harvested in multiple years). Non-wood fibers can be obtained from agricultural residues 

originated from cereal and grain plantations or from fiber crops that are specifically planted as a 

source of fiber (Byrd and Hurter 2013). Non-wood feedstocks usually have a much wider range 

of fiber lengths among different species. Many non-wood species, such as straw, bagasse and 

other agricultural residues, have similar fiber length as hardwoods. Other species, such as flax, 

hemp and kenaf, have a fraction of long fibers that have to be shortened before papermaking. 

Some non-woods, such as abaca, flax, hemp, sisal, and kenaf have same or better properties than 

softwoods. Regarding morphological features, some substitutes for NBSK include abaca, 

bamboo, hemp, hesperaloe, kenaf, and sisal, while some substitutes for BEK include bamboo, 

bagasse, corn stalks, sorghum stalks, and wheat straw. Therefore, a careful selection of the raw 

material is necessary to achieve the desired paper properties, considering the wide range of fiber 

characteristics found in non-wood biomass. Some of the problems associated with the processing 

of non-wood biomass are: a) high costs and logistic problems (harvesting, transportation, 

storage) associated with the bulky raw material, b) control of material decay during the storage in 

between harvesting seasons, c) high content of silica that makes the chemical recovery difficult, 

d) poor drainage of produced pulps due to the high content of fines, e) high raw material 

chemical and physical variability, f) agricultural residues tend to have low strength. However, 

some non-woody biomass, such as, bamboo, reed, and switch grass are denser, allowing easier 

processing and transportation. Additionally, non-wood fibers usually have a lower content of 
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lignin and are easier to a pulp (lower temperature and chemical charge). Straw, bamboo, and 

sugarcane are among the most used sources of non-wood biomass (Leponiemi 2011; Byrd and 

Hurter 2013; Zou and Liu 2016). 

Wheat straw is a byproduct of wheat production. Approximately 3 tons of wheat straw 

are generated per acre. While about 0.5 tons are necessary to contribute to soil quality and to 

control erosion, the excess may cause problems with subsequent field operations (e.g., no-till 

seedling, fungal diseases). Some of the alternatives used to avoid those concerns are the practice 

of burning the straw and tilling it into the soil. Therefore, wheat straw represents an opportunity 

for wood fiber substitution. Wheat straw is composed of leaves (9% w/w), nodes (11% w/w), and 

internodes (80% w/w). Fibers present in each fraction of wheat straw have different fiber length 

(internodes = 1.20 mm; leaves = 0.79 mm; nodes = 0.65 mm) and number of fine particles 

(internodes = 24%; leaves = 49% mm; nodes = 51%) (McKean and Jacobs 1997). Moreover, 

only about 1/3 of the cells in wheat straw are fibers. The remaining cells are non-fibrous cells 

(vessels, parenchyma cells, epidermal cells) that are shorter (less than 0.5 mm) and wider (up to 

150 µm) than fibers (Singh et al. 2011). The whole wheat straw has a weighted fiber length 

around 1.0 mm, with a width around 46 µm having a very low coarseness (4.5 mg/100 m) 

(McKean and Jacobs 1997). On the other hand, wheat straw fibers have weighted fiber length 

around 1.2, with a fiber width around 15 to 20 µm (McKean and Jacobs 1997; Singh et al. 2011). 

Wheat straw fibers have high slenderness ratio (fiber length/fiber width = 87), low flexibility 

coefficient (100 x lumen diameter/fiber width = 42), and high Runkel ratio ( 2 x cell wall 

thickness / lumen diameter = 1.4), resulting in a low degree of collapsing and conformability, 

which gives more porosity and bulk to the paper web. Wheat straw has a high content of 

extractives, which decreases the pulping yield, and high content of hemicelluloses, which 
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contribute to strength properties (Singh et al. 2011). Wheat straw required 1/3 of the refining 

energy applied to eucalyptus to achieve similar burst and tensile strength and higher bulk. Wheat 

straw has a much higher drainage resistance due to the high content of fines. Unrefined wheat 

straw presented 37° Schopper Riegler (SR), which is a higher value than the usual drainage 

resistance used in tissue machines (25° SR) Roncero et al. (2003). Additionally, the high content 

of primary fines may result in low fiber yield, higher paper density, lower paper strength. The 

high content of inorganics found in wheat straw, especially silica, causes problems with chemical 

recovery and deposits/corrosion of equipment. Preprocessing can be used to separate wheat straw 

components with less desirable properties (dirt, inorganics, leaves, nodes, pith/parenchyma 

cells), which will decrease the content of fines and inorganics, and improve pulping yield, 

recovery process, drainage, and paper strength (McKean and Jacobs 1997). 

Sugar cane bagasse is a byproduct of the sugarcane industry. After crushing sugarcane 

stalks to extract sucrose juice, the remaining fibers are called sugarcane bagasse. Typically, 1 

tonne of sugarcane stalks (70% moisture content) generates about 135 kg of bagasse. The 

majority of bagasse is usually burned inside sugarcane mills to generate steam and power (CTBE 

2011). The excess bagasse can be used as a source of fiber for paper products. Around 60% to 

70% of bagasse mass is composed of useful fibers. The remaining mass is represented by non-

fibrous parenchyma cells (pith) and soluble matter (Agnihotri et al. 2010; Lois-Correa 2012). 

Due to its high content of pith, bagasse has high dewatering resistance and poor paper properties 

(Rainey 2012). Depithing is a known preprocessing step used to remove the majority of the non-

fibrous fibers before pulping. Depithing not only removes non-fibrous material but also reduces 

the amount of dirt and inorganics and produces paper with better quality (Lois-Correa 2012). 

Depithing improves dewatering, strength and pulping yield of bagasse (Rainey 2012). The fiber 
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length of depithed bagasse is around 1.5 mm, and they have a width of about 20 μm. Parenchyma 

cells and vessels have a wide range of particle sizes and are shorter and wider than fibers. When 

compared to hardwoods, bagasse fibers have high Runkel ratio (2.5), high slenderness ratio (71), 

and low flexibility coefficient (29), resulting in low flexibility, low fiber bonding, and high bulk. 

The high content of extractives and ash contributes to lower pulping yield and operating process 

associated with inorganics. The high quantity of ashes cannot be considered so problematic since 

the silica-based salts are negligible. High hemicellulose content benefits the paper strength 

(Agnihotri et al. 2010). 

Bamboo is a non-wood biomass with a high growth rate (up to 27 OD tonne/year acre) 

having long and semi-long fibers with properties in between hardwood and softwood fibers. 

Bamboo has lower content of fines, higher density, and is better resistant to storage degradation 

than other non-woody biomasses. Bamboo is composed by culms or internodes (most desirable 

source of fibers), nodes, and branches that rise from nodes and leaves (Phillips et al. 2015a). The 

average length of bamboo fibers is around 2.0 mm. The average width of bamboo fibers is 

around 18 μm, and fiber coarseness is around 5 to 9 mg/100m. However, the weighted average 

fiber length of bamboo pulp is reported to be around 1.2 mm due to the high content of short 

fibers (Nanko et al. 2005; Cao et al. 2014; Phillips et al. 2015a). There are differences in the 

morphology of fibers found in internodes and nodes. Nodes have much shorter (0.7 mm) and 

wider (30 μm) fibers than internodes (length = 2.5 mm; width = 11 μm). Nodes have a much 

higher content of fines. Therefore, the presence of the nodes significantly reduces the average 

fiber length which negatively impacts drainage and paper properties. De-knotting before pulping 

using suitable screening techniques is a process alternative to improve paper quality (Cao et al. 

2014). Different values for Runkel ratio (1.5 to 3.5), slenderness ratio (70 to 160), and flexibility 
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coefficient (20 to 40) have been reported in the literature (Singh et al. 2011; Cao et al. 2014). 

Bamboo has lower lignin content than softwoods and hardwoods requiring milder pulping 

conditions. The hemicellulose content of bamboo is also higher than wood biomass. Bamboo 

nodes have a higher content of lignin, inorganics, and silica than bamboo internodes (Cao et al. 

2014). Bamboo can present pulping yields similar to hardwoods. Bamboo pulps can have fiber 

properties, such as, fiber length and coarseness, and paper properties, such as, softness, bulk, and 

strength that area in between the observed properties of hardwoods and softwoods pulps (Byrd 

and Hurter 2013; Phillips et al. 2015b; Zou and Liu 2016). 

 

 Virgin and Recycled Fibers 

Virgin fibers are fibers that were never converted in paper products and are fresh from 

wood pulping. On the other hand, reprocessed fibers that have been converted into paper 

products one or more times are called recycled or recovered fibers. The properties and 

characteristics of virgin and recycled fibers are different, although most of those differences are 

subtle. Physical and chemical changes occur as a result of various processes involved during 

papermaking, paper use, and paper recycling (e.g. additives, pressing, drying, printing, storage, 

converting, repulping, deinking, and bleaching). Detailed reviews on the impact of recycling 

process on fiber and paper properties were published by Mckinney (1995) and Hubbe et al. 

(2007). An overview of these and other works is presented here. 

It is expected that a recycled paper would have fibers with a wide range of age or 

recycling cycles (Göttsching and Stürmer 1978; Hubbe et al. 2007). The physical characteristics 

of recycled fibers will be changed with the number of recycling cycles, reaching a plateau after 

about four or five cycles of repulping and drying (Mckinney 1995; Hubbe et al. 2007). However, 
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the first recycling cycle contributes to major changes in the properties of cellulosic fibers 

(Mckinney 1995). 

During the papermaking process, a significant portion of wet-end additives will tend to 

remain associated with the fibers even after recycling. A portion of the fillers that are highly 

present in some recycled paper grades will not be completely eliminated during the recycling 

process (Muller and Teufel 1973). Hydrophobic effects of sizing agents may partially survive 

after recycling and can reduce the wettability and strength of paper products (Mckinney 1995; 

Hubbe et al. 2007). Dry strength additives, such as cationic starch, can still contribute to the 

strength of paper after recycling. However, the impact of recycled additives in paper properties 

will practically be eliminated when fibers are recycled multiple times. Wet pressing will decrease 

water-holding ability due to closure of voids inside the cell wall (Mckinney 1995). Irreversible 

loss of swelling is observed when fibers are pressed at consistencies above 30% to 35% 

(Maloney et al. 1997). The drying process renders a hydrophobic character to cellulosic fibers, 

and there is a reduction of swellability or hornification (Muller and Teufel 1973; Mckinney 

1995). This behavior is more pronounced in chemical pulps, especially when they are refined. 

The porosity, fibrillation, and cell wall delamination of refined chemical pulps are partially 

reversed during the drying process, which contributes for reduction in swellability. Because 

mechanical pulps are not as porous and fibrillated as chemical pulps, their swellability loss 

caused by the drying process is much less pronounced. Paper drying semi-irreversibly closes 

nano-sized pores, decreases external surface area, decreases flexibility and conformability, and 

makes the fibers more susceptible to breakage when they are further refined. Calendering can 

reduce fiber swelling capacity and fiber damage (Mckinney 1995; Hubbe et al. 2007). Printing 

also has a negative effect on recycled fibers. The presence of black or colorful dots in the final 
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product is related to the incomplete elimination of ink fragments during the recycling process 

(Muller and Teufel 1973; Mckinney 1995). Additionally, inks are usually hydrophobic materials 

that will reduce the bonding ability and increase the cationic demand of fiber furnish (Hubbe et 

al. 2007). Converting processes, such as gluing, will increase the content of contaminants in 

recycled fibers. High levels of wax, adhesives, and wet-strength agents can cause various 

problems during the recycling and papermaking process. Deposits on wires, felts and cylinders 

may cause holes and weak points in the tissue web (Muller and Teufel 1973; Grivas 1992). The 

storage of paper products at high temperatures will cause embrittlement of fibers and accelerate 

the decomposition of cellulosic chains (Hubbe et al. 2007). 

Recycling operations may or may not interfere in the quality of recycled fibers. 

Mechanical processes executed at high consistencies (e.g. pulping, dispersion, bleaching) 

increases fiber curl which yields a bulkier paper web with reduced strength. The removal of 

fillers during the recycling process (e.g. deinking, cleaning) increases drainage rate, tissue 

strength, bulk, and absorbency (Mckinney 1995). Fiber recycling may reduce the content of 

hemicellulose, which will hurt the strength of recycled paper. Recycling can also cause 

redistribution of extractives on fiber surfaces, resulting in lower wetting ability and reduced 

strength. Despite the high level of energy used during aqueous repulping of recycled paper, little 

damage to fibers is expected to occur during that operation (Hubbe et al. 2007). The use of 

sodium hydroxide during pulping improves fiber bonding ability due to cleaning of fiber surface 

and enhancement of fiber swellability (Mckinney 1995; Hubbe et al. 2007). Deinking processes 

may have positive and negative effects. Deinking reduces the level of inks, stickies, dirt, and 

fines, and deinking per se does not significantly damage or degrade physical properties of fibers. 

However, some of the chemicals used during deinking (e.g. fatty acids, surfactants, dispersants, 
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bleaching chemicals) will remain with the fibers. Some deinking chemicals can improve inter-

fiber bonding by removing oleophilic particles from fibers. Nonionic surfactants used for 

deinking tend to act as wetting agents (Hubbe et al. 2007). Surfactants lower surface tension and 

reduce the bonding between fibers (Mckinney 1995). The use of fatty acids and calcium as 

deinking chemicals can reduce paper strength and operating efficiency of the paper machine. It is 

important to point out that generally, the better the cleaning and deinking processes, the better 

will be the properties of recycled fibers. Cleaner pulps can be achieved with a higher reject rate 

during cleaning and deinking. In other words, recycled pulps with better properties and operating 

characteristics can be obtained by sacrificing some of the fiber yield (Hubbe et al. 2007). 

The papermaking and recycling processes causes surface and bulk changes on cellulosic 

fibers. Recycled fibers have lower swelling ability and wet-flexibility, especially in the case of 

once-dried kraft fibers, resulting in reduced inter-fiber bonded area and bonding strength. 

Recycled fibers are shorter and have higher content of fines than virgin fibers (Mckinney 1995; 

Hubbe et al. 2007). Additionally, when kraft fibers are refined before been dried during the 

papermaking process, a subsequent larger loss in fiber bonding is expected when the same fibers 

are recycled (Hubbe et al. 2007). In the case of mechanical pulps, the recycling process increases 

the collapsibility and flexibility of fibers, resulting in better inter-fiber bonding and improved 

paper strength (Mckinney 1995; Hubbe et al. 2007). Among different types of mechanical pulps, 

CTMP pulp has a faster response to recycling process than TMP and GWP pulps. CTMP pulp 

has lower wall rigidity than other mechanical pulps (Mckinney 1995). 

In order to improve the strength limitations found in recycled fibers, mechanical refining 

is a common approach used by papermakers. However, refining of recycled fibers has to be 

considered with caution. Most of the recycled fibers have been refined once, and recycled fibers 
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are expected to be more prone to fragmentation than virgin fibers. Refining of once dried fibers 

will only recover part of strength lost. Losses of bonding ability are observed even when 

recycled fibers are refined again to the same level of freeness reached before they were first dried 

(Mckinney 1995; Hubbe et al. 2007). When recycled fibers are refined to reach similar strength 

of virgin fibers, significant decrease in drainage rate is observed (Mckinney 1995). The use of 

high-intensity refining can be expected to exceed tensile strength of some fibers, increase a 

number of fines and decrease the drainage rate. The use of high consistency refining can be 

considered a better alternative for refining recycled fibers. High consistency refining will reduce 

the likelihood of contact between the refiner surface and fibers that tend to cause fiber 

fragmentation (de Ruvo and Htun 1983). Another usual approach to minimize the limitations of 

recycled fibers is to blend them with flexible and fibrillated virgin fibers. High pH conditions can 

also be used to restore the swelling and flexibility of fibers, although this approach will cause 

significant delignification. Limitations in inter-fiber bonding can also be overcome by wet end 

additives (e.g. cationic starch) (Mckinney 1995; Hubbe et al. 2007). 

Recycled fibers generally contribute to reduced bulk and surface softness when compared 

to virgin fibers. Recycled fibers are stiff and are not able to provide the desired flexibility 

necessary for good surface softness. Although the recycling process reduces fiber bonding 

ability, recycled fibers have been previously refined and they have higher bonding ability than 

unrefined hardwoods, resulting in reduced bulk softness (Mckinney 1995). 

However, the differences between recycled and virgin fibers can also be advantageous for 

tissue products. Recycled fibers have lower swellability and are stiffer and more dimensionally 

stable, resulting in a paper with higher bulk and absorbency (Mckinney 1995; Hubbe et al. 2007). 

Recycled fibers can potentially be used to decrease the inter-fiber bonding (Muller and Teufel 
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1973). It is important to understand that different types of recycled fibers will be suited for 

applications where they perform well and are more economical (Hubbe et al. 2007). 

Tissue layering and multiple plies are alternatives to maximize the performance of tissue 

products containing recycled fibers. For example, the use of multilayer headboxes allows the 

application of recycled fibers at the inner side of the ply. On the same direction, three-ply tissue 

can have recycled fibers in the center to give strength and virgin fibers in the outer plies to give 

softness (Grivas 1992). In the case of products manufactured with 100% recycled fibers, 

improved performance can be achieved using advanced technology (e.g TAD), embossing, and 

additives (Mckinney 1995). 

 

 Mechanical and Chemical Pulps 

Cellulosic pulps can also be obtained by chemical (e.g. kraft, sulfite) and mechanical 

processes (e.g. thermomechanical) or a combination of both methods. Mechanical pulping, 

especially when carried out at higher temperatures, usually separates fibers at the lignin-rich 

middle lamella. As a consequence, the external surfaces of mechanical fibers tend to be rich in 

lignin, which is somewhat hydrophobic. By contrast, removal of lignin and extractives during 

chemical pulping and bleaching results in fiber surfaces that are rich in carbohydrates and 

capable of forming stronger inter-fiber hydrogen bonding. Mechanical pulping also tends to 

separate fibers into a wide range of sizes due to partial breakage of tracheids and fibers, which 

tends to increase the content of fine particles. On the other hand, chemical pulping tends to leave 

the fibers relatively intact. Porosity is also different between chemical and mechanical fibers. 

Mechanical fibers usually have pores larger than 1 nm, while never-dried chemical fibers have 

pore sizes in the range of 2 nm to 100 nm due to the selective removal of lignin domains during 
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pulping and bleaching (Hubbe et al. 2007). As a result of those differences, chemical pulps are 

more flexible and conformable; more readily flatten into ribbon-like fibers that tend to form 

stronger inter-fiber bonding. Chemical pulps can also be bleached to higher brightness. On the 

other hand, mechanical pulps are bulker, stiffer and less conformable; the lumen structure tends 

to be more resistant to the papermaking process (Johnsson 1978; Hubbe et al. 2007). Increase in 

tissue bulk is expected when mechanical pulps are used to replace northern pulps, such as birch 

and pine. However, increase in bulk will be negligible if mechanical pulp is used to replace BEK 

(Norwegian Pulp and Paper Research Institute 1983). 

Chemical pulps tend to be more expensive than mechanical pulps because of the pulping 

yield. The pulping yield of chemical pulps is around 45% to 55%, while mechanical pulps can 

have pulping yields as high as 98% (Johnsson 1978; Norwegian Pulp and Paper Research 

Institute 1983; Yuan et al. 2016). 

Mechanical pulps are much less susceptible to changes during drying and recycling. On 

the other hand, chemical pulps are more susceptible to those changes, especially when they are 

bleached and refined. The opening of voids within the cell wall, by removal of lignin and 

application of mechanical refining, make the cellulosic fibers more susceptible to changes during 

drying process, which causes a reduction of strength. On the other hand, recycling of mechanical 

fibers can increase their flattening tendency which may result in denser and stronger paper (Jang 

et al. 1995; Hubbe et al. 2007). 

As a result of the mechanical action, mechanical pulps have higher content of fines and 

lower freeness than chemical pulps (Johnsson 1978). The high content of fine particles present in 

mechanical pulps affects the final properties of tissue products. Higher content of fines typically 

improves the strength of tissue. On the other hand, fine particles that are present in mechanical 
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pulps or created during the refining process can significantly decrease absorbency rate of tissue 

paper made with CTMP and 60% northern softwood kraft. The decrease in absorbency rate can 

be even higher when the effect of fine particles is combined with dissolved organics, such as 

extractives and lignin, due to its hydrophobic behavior. This can be a problem, especially for 

tissue mills operating with high content of recycled water. On the other hand, fines improves dry 

and wet strength due to better inter-fiber bonding and better formation, while dissolved organics 

have a negative effect on strength (Springer and Pires 1988). Redistribution of wood components 

is also an important factor when mechanical and unbleached fibers are recycled. Those fibers 

have a higher content of wood resins that may cause self-sizing when redistributed in the fibers 

during recycling, resulting in increased resistance to wetting and strength reduction. However, 

surfactants can be used to overcome self-sizing effect. Additionally, deinking operations and 

successive recycling cycles will tend to decrease the extractives content of recycled fibers 

(Hubbe et al. 2007). 

 

3.7. Importance of Mechanical Refining 

Mechanical refining is an important step to prepare fiber for papermaking. The goal of 

mechanical refining is to apply compression and shearing forces so that fibers will develop the 

required conformability, bonding capability, and tendency to form bulky or compact paper 

structures. On a typical refiner, the fiber stock passes between a rotor and a stator, causing 

fibrillation at the fiber surface and detachment of fines. Additionally, refining also promotes 

delamination within the cell wall which increases the wet-flexibility of fibers. The refining action 

also opens submicroscopic spaces within the cell wall and increases swelling and flexibility 

(Hubbe et al. 2007). As a result of the physical modifications, refining will improve bonding 
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ability and conformability of fibers, which will result in a denser and stronger paper product. 

However, refining has to be used with caution during the manufacturing of tissue paper. Tissue 

products usually require relatively low levels of strength that can be achieved with moderate 

mechanical refining. The energy input in tissue refiners is normally lower than in conventional 

papermaking. Low refining energy not only contributes to the production of a bulkier, softer 

(Kullander 2012), and more absorbent paper structure but also avoids excessive reduction of 

water drainage rate and paper machine speed due to the increased fiber capacity to hold water. 

Typically freeness values for tissue machines are about 500 mL (Canadian Standard Freeness) 

(Watson and Janssen 2014).  

Besides the total amount of energy used during refining, the refining intensity is another 

important variable. Refining intensity or specific edge load is a function of the design of the 

refining plates and can be defined as how hard the fibers are hit during the refining process. 

Coarse refining plates give higher specific edge load. Refining can also be performed at low 

consistencies or high consistencies. Low consistency refining is the most common refining 

option used for tissue manufacturing. However, the interest for high consistency refining is 

increasing. During the high consistency refining, fibers experience less interaction with the 

surfaces of the refiners when compared to low consistency refining (Peters 2016; Zou 2017b). 

The target for tissue products would be to achieve the desired strength applying minimum 

refining energy without compromising softness and absorbency (Gigac and Fišerová 2008). 

Another important aspect of mechanical refining is how different pulp types and fiber 

species respond to refining action. It can be seen from Figure 3-11 that there are significant 

differences in freeness and refining requirements among different types of market pulps. For 

example, for the same CSF (Canadian standard freeness), NBSK pulps yield stronger paper web 
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than SBSK pulps on average. However, refined NBSK pulps result in lower paper bulk than 

SBSK pulps. When hardwood pulps are refined, SBHK pulps yield stronger paper web than BEK 

pulps. On the other hand, SBSK pulps tend to form a denser paper web than BEK pulps. A 

comparison between softwood and hardwood pulps shows that, although hardwood pulps are not 

as strong as NBSK pulps, their strength can approach the strength of SBSK pulps and weak 

NBSK pulps. Therefore, paper properties can be adjusted with proper combination and refining 

of hardwood and softwood pulps (Nanko et al. 2005). 

 

 

Figure 3-11: Breaking length and bulk, as a function of freeness. NBSK: northern bleached 
softwood kraft; SBSK: southern bleached softwood kraft; SABRPK: South American bleached 
radiata pine kraft; SAURPK: South American unbleached radiata pine kraft; NBHK: northern 

bleached hardwood kraft; SBHK: southern bleached hardwood kraft; BEK: bleached eucalyptus 
kraft; TBHK = tropical bleached hardwood kraft; DIP: deinked pulp (Adapted from Nanko et al. 

2005). 
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3.8. Effect of Mechanical Refining on Tissue Properties 

Water absorbency, softness, and strength can be defined as the most important properties 

for tissue products. As discussed before, those desired properties are a function of technology, 

fibers, chemical additives, and mechanical treatment used during the tissue making process. 

Refining is a very common mechanical method used to modify the characteristics of fibers and 

achieve the desired properties of paper products. 

Kullander et al. (2012) and Gigac and Fišerová (2008) evaluated the impact of refining 

on strength, water absorption capacity and bulk softness (measured as flexural rigidity) of 

bleached kraft softwoods (spruce, pine), bleached kraft hardwoods (birch, eucalyptus), and 

bleached sulfite spruce. Refining results in fibrillation and fiber straightening, which increases 

flexibility, bonding ability and bonding area of fibers, resulting in stronger and denser paper 

webs. Refining significantly reduced the weighted fiber length of spruce sulfite. No significant 

fiber shortening was observed for kraft fibers because kraft fibers tend to be stronger than sulfite 

fibers. 

A comparison between wood types shows that kraft hardwoods presented similar or 

better dry and wet tensile indexes than kraft softwoods at the low refining levels (< 1000 PFI 

revolutions), which may seem to be unexpected. However, fiber length is not the only 

morphological aspect impacting tensile index. The increasing number of fibers in hardwood can 

compensate for the shorter fiber length. On the other hand, based on the same dewatering 

resistance, kraft softwoods presented higher dry and wet tensile indexes. Kraft spruce and pine 

presented the best tensile index, followed by birch and eucalyptus. Sulfite spruce showed the 

lowest tensile index. The advantage of softwood fibers on tensile strength diminishes as the 

grammage decreases, probably due to structural differences at low grammage. Additionally, the 
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probability of encountering a weak spot in softwood sheets is higher due to the presence of a 

more open or porous fiber web. The relative bonded area might also be higher in hardwoods 

sheets due to better fiber coverage (Kullander et al. 2012; Gigac and Fišerová 2008). 

Unbeaten softwoods presented higher water absorption capacity. Eucalyptus showed the 

lowest absorption capacity due to the more closed porous structure among all unrefined samples. 

Water absorption decreased for all pulps evaluated within the refining range of 20° to 45° SR 

due to the lower content of air spaces between fibers. Hardwoods (birch and eucalyptus) 

presented better absorption than spruce at same dewatering resistance. Spruce kraft showed 

better water absorption than spruce sulfite. It is usually observed that kraft pulps have better 

water absorption than sulfite pulps (Kullander et al. 2012; Gigac and Fišerová 2008). 

The response of refining on bulk softness depends on many factors, such as wood type, 

fiber species, and the types of pulping and bleaching. Overall, hardwood pulps presented similar 

or better bulk softness than softwood pulps. Among the hardwoods, TCF bleached birch kraft 

showed to have better bulk softness than ECF bleached eucalyptus kraft. Refining increased 

birch softness in the refining range evaluated (20° to 45° SR), however bulk softness for 

eucalyptus and spruce decreased at low refining degree (less than 25° SR), followed by an 

increase at higher refining degree (25° to 45° SR). Sulfite spruce presented better bulk softness 

than kraft spruce due to a higher flexibility of sulfite pulps. TCF bleached kraft spruce kraft 

presented better bulk softness than ECF. However, no significant differences in bulk softness 

were observed between TCF and ECF bleached spruce sulfite (Gigac and Fišerová 2008; 

Kullander et al. 2012). 

Refining consistency was studied at laboratory and mill scale by Wang and Chen (2015). 

Non-wood and wood fibers were refined at low (1.6% to 4.3%) and high (18% to 30%) 
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consistency. Because of the lower number of shearing and compressive interactions experienced 

between fibers and refining plates, high consistency refining reduces fiber cutting and fines 

production, yielding more fiber deformations (curl and kink). High consistency refining resulted 

in same bulk, better strength (tear and tensile), and lower refining energy consumption when 

compared to low consistency refining at same freeness level. 

Mechanical refining of non-woods (bagasse, wheat straw and rice straw) has also been 

studied. Very light refining has shown to increase the number of fines for the whole non-wood 

pulps due to loosening of parenchyma cells aggregates. Fines content also increased when only 

longer fiber fractions (fibers retained at 200 mesh and 50 mesh screening) of the pulps were 

refined. However, the source of the fines depends on the type and strength of the fibers. External 

fibrillation has caused an increase in fines content in the case of bagasse and wheat straw fibers, 

while fiber shortening was the main source of fines production during the refining of rice straw 

fibers. The removal of non-fibrous fines yielded a stronger sheet at a given freeness (Roy et al. 

1994). The level of energy applied during the refining of non-wood fibers is also an important 

variable. The use of high specific edge loads during the refining of wheat straw and bamboo 

caused the disaggregation and disintegration of parenchyma cells, resulting in rapid decrease of 

drainage and denser paper web. Parenchyma cells have thin cell wall that can be more easily 

disintegrated than fibers under mechanical action. On the other hand, refining at lower specific 

edge loads shown better bulk and strength due to better preservation of the physical integrity of 

fibers (Subrahmanyam et al. 2000). 

The effect of refining intensity on wood pulps for tissue making has also been studied. 

However, the results are contradictory. Zou (2017b) showed that low specific edge load gives 

better tensile strength and bulk at a given refining energy or drainage for NBSK pulp. On the 
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other hand, Gigac and Fišerová (2008) showed that higher specific edge load improves bulk 

softness and absorbency for different bleached hardwood and softwood kraft pulps. 

Trepanier (2017) has discussed the impact of refining energy on fiber length and curl 

(fiber curvature) and kink (abrupt change in fiber curvature). The use of low energy (60 

kWh/o.d. metric ton of pulp) during low consistency refining does not change the fiber length, 

but it significantly reduces fiber curl and kink, which increases tissue paper density. Subsequent 

increase of refining energy does not change fiber curl and kink significantly, but a reduction of 

fiber length is observed. 

 

3.9. Final Considerations 

Although there is a vast number of publications evaluating the use of different fibers on 

writing, printing and packaging paper grades, fewer peer-review works have been published 

dealing with tissue manufacturing. As noticed by other authors (e.g. Hall 1983), the lack of 

scientific research on tissue paper is probably a result of high competition and secrecy among 

different tissue producers and suppliers. There is a lot of opportunity to explore the effect of 

fibers, especially non-wood fibers, chemical additives, and process alternatives on tissue 

properties. Additionally, there is a need for standard procedures to make and test tissue products. 

Several works on tissue products use pressing to form handsheets at laboratory scale. Pressed 

handsheets will present much higher apparent density than the usual values found in tissue 

products (from 150 kg/m3 to 350 kg/m3), resulting in poor absorbency and softness. In order to 

better mimic the tissue making process, standard handsheets can be lightly pressed or not pressed 

at all. As discussed before, density is a very important property for tissue products and can be 

considered as the major difference between tissue and other paper grades. 
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3.10. Summary statements 

1. Machine technology and fiber type significantly affect the final properties of tissue 

products. Conventional technology, such as dry-crepe, uses pressing to partially dewater the 

paper web, which promotes the reduction of bulk resulting in poor softness and absorbency. 

Advanced technologies, such as Through-Air Drying (TAD), produce tissue products with high 

bulk, softness, and absorbency. 

2. Different types of fibers and pulping process contribute to different aspects of tissue 

products (Table 3-6). Softwoods are mainly used as a source of reinforcement, while hardwoods 

provide softness. Non-wood biomass has a wide range of fiber morphology with properties 

similar to hardwoods and softwoods, depending on the species. Mechanical pulps have stiff 

fibers and can be used to create a bulkier paper web. Chemical pulps are flexible and 

conformable, resulting in better bonding ability combined with better softness. Virgin fibers are 

more flexible and produce stronger and softer tissue products. On the other hand, recycled fibers 

are stiffer with lower bonding ability and have higher content of short fibers and fines, yielding 

tissue products that are weaker and less soft. 

 

Table 3-6: Properties of Fibers Used in Tissue Products. 

Fiber  Strength Softness Water Absorbency Bulk 

Hardwood + +++ ++ + 
Softwood +++ ++ ++ + 
Non-wood + ++ ++ ++ 

     

Pulping Process Strength Softness Water Absorbency Bulk 

Chemical +++ +++ +++ ++ 
Mechanical + + +++ +++ 
Recycled ++ + + + 
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3. Mechanical refining is commonly used to improve the limitations found in recycled 

fibers and to develop desired properties in virgin fibers. At the same time that refining increases 

tissue strength, it also decreases bulk and water absorbency. 
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4. PERFORMANCE AND SUSTAINABILITY VS. THE SHELF PRICE OF TISSUE 

PAPER KITCHEN TOWELS 2 

4.1. Abstract 

This study aimed to identify the performance properties that drive the shelf price of 

kitchen paper towels and evaluate whether sustainability is an important driver for pricing. 

Nineteen products were compared according to their performance (softness, absorbency, and 

strength), technology, and fiber morphology. Metrics to rank the products in different grades 

(economy, premium, and ultra) according to their performance were provided. A multiple linear 

regression showed that absorbency and softness are the most significant properties used to 

predict the price. Market data indicate that there is a segment of consumers willing to pay a 

premium price for products marketed as “sustainable”, even though their performance is 

comparatively inferior to the majority of the samples. Sustainable products are up to 85% more 

expensive than regular products. The metrics obtained in this work can contribute to 

improvement in market transparency and aid companies in deciding strategies for product 

development and new investments. 

 

4.2. Introduction 

The tissue paper industry is a highly competitive industry worth USD 100 billion globally 

(Euromonitor 2017). Companies in this industry have been in the middle of a perfect storm, 

characterized by huge increase and volatility in raw material cost (due to the decrease in 

availability of post-consumer fibers) and price erosion of finished products (due to heavy 

                                                 
2 The material in this chapter has been published as: 
de Assis, T.; Reisinger, L. W.; Dasmohapatra, S.; Pawlak, J.; Jameel, H.; Pal, L.; Kavalew, D.; Gonzalez, R. W. 
Performance and Sustainability vs. the Shelf Price of Tissue Paper Kitchen Towels. BioResources 13:3, p. 6868-
6892 (2018). 
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competition and evolving consumer preferences) (Essity 2017; Terlep 2018). Identifying product 

features driving the market shelf price allows companies to formulate (via value stream 

mapping) efficient strategies for capital investment and research and development (R&D) 

expenditure. In a previous publication, the authors reviewed how different tissue paper features 

(absorbency, softness, and strength) can be manipulated to drive the performance and value of 

tissue paper products by using different types of fibers, technologies, and chemicals (de Assis et 

al. 2018). Additionally, there is a growing interest in sustainable practices in the manufacturing 

of these massive consumer products (Lewis 2016). This study focused on identifying and 

quantifying the product features (properties) that influence the value of tissue paper products. 

Additionally, this study sought to identify whether sustainability is an important driver for 

pricing. To gather evidence to answer these questions, a case study is presented for the paper 

kitchen towel product category. 

Paper towels can be defined as tissue paper products used for drying and cleaning 

(Council of Europe 2004). To fulfill its purpose, toweling products should have high water 

absorbency. Because towels are mainly used under wet conditions, they also need to have high 

wet strength to maintain the integrity of paper structure during use. Consequently, absorbency 

and wet strength are among the essential or functional properties that define the performance of 

paper towels (Kim et al. 1994; Gigac and Fišerová 2008; Kullander  et al. 2012). Other 

properties, such as softness, brightness, and appearance (e.g., embossing design, graphic 

printing), are not so essential because they do not directly contribute to the main purpose 

(performance) of toweling products (drying and cleaning surfaces). However, these additional 

properties are frequently explored by manufacturers to reach various segments of consumers. For 

example, it is common to find kitchen towels in the market place that are advertised for having 
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superior softness, which are designed for consumers looking for hand feel comfort (Kim et al. 

1994; Kan and Wong 2015). Another product feature that has been explored by the tissue paper 

industry to develop a new consumer market segment is the use of an environmental sustainability 

label (Seventh Generation 2018). In a previous study developed for clothing and electronics, 

Luchs et al. (2012) reported that consumers’ choice is based on a trade-off between performance 

and sustainability. A major segment of the consumers tended to choose products with better 

performance (and average sustainability) over products with superior sustainability (and average 

performance). However, there is a minimum threshold of performance that shifts the preference 

of consumers toward products with superior sustainability. In other words, when a minimum 

difference in performance is achieved, the majority of consumers tends to choose products with 

superior environmental sustainability (Luchs et al. 2012). Another aspect related to the 

commercialization of labeled products (e.g., social label, environmental sustainability label) is 

the willingness of consumers to pay a premium price. A small segment of consumers is willing 

to pay a premium price for labeled products (e.g., food, clothing, toys, candles) (Székely and 

Knirsch 2005; Basu and Hicks 2008; Roheim et al. 2011). Additionally, the number of 

consumers that choose labeled products decreases with an increase in premium price. Many 

factors might explain consumers’ resistance to choosing labeled products and paying a premium 

price (e.g., label credibility, label transparency, label information, product category, product 

brand, product quality, product aesthetics, market segment, consumer social/environmental 

value, and the consumer’s understanding of sustainability) (de Boer 2003; Basu and Hicks 2008). 

In this work, the relationship among performance, price, and market size for kitchen towels that 

are advertised as sustainable products was evaluated. 
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The properties observed in tissue paper products, including kitchen paper towels, are 

typically a function of manufacturing technology, raw material (Gigac and Fišerová 2008), and 

the chemistry used (de Assis et al. 2018). Paper machine technologies (e.g., wet pressing, 

creping, structured fabrics) have an important influence on tissue paper properties. Conventional 

machine technologies (e.g., dry crepe), where wet-pressing is used to partially dewater the tissue 

paper web, produce denser and stronger tissue paper products with lower bulk, softness, and 

absorbency. However, advanced technologies (e.g., through air drying – TAD), where minimum 

pressing is applied on the wet tissue paper web, enable the production of higher quality tissue 

paper products with enhanced properties (high bulk, absorbency, and softness). However, TAD 

is a more expensive technology with higher energy consumption (Sanford and Sisson 1967; 

Ramaswamy and Cui 1999; Ramaswamy et al. 2001; Klerelid 2002; Weineisen and Stenström 

2005; Ryan et al. 2007). The creping process is commonly used to enhance tissue paper 

properties. During the creping process, the creping blade scrapes the tissue sheet of the Yankee 

dryer surface, resulting in a delaminated tissue paper structure with higher bulk, softness, and 

absorbency (Nanko et al. 2005; Raunio and Ritala 2012; Boudreau and Germgard 2014). 

Structured fabrics can be used to enhance tissue paper properties by imparting compressed and 

uncompressed areas in the tissue paper web. The uncompressed areas (pillows) provide softness 

and absorbency, while the compressed lines provide strength to the tissue paper web (Smurkoski 

et al. 1992).  

Another variable related to the production of tissue paper products is the converting 

process. Many different process steps are used to convert tissue machine jumbo rolls into final 

products (e.g. unwinding, embossing, printing, perforation, winding, tail sealing, log sawing, 

wrapping, packaging). Among these processes, embossing is used to provide texture and 



   

80 
 

improve appearance of tissue products. Additionally, embossing is known to affect other tissue 

properties, such as softness and absorbency (de Assis et al. 2018). Two major embossing 

technologies are used when two LDC plies are embossed together, nested embossing and knob to 

knob embossing. In the nested embossing configuration, the embossing projections of one ply 

are positioned between the embossing projections of the other ply. In the knob to knob 

configuration, the embossing projections of both plies are aligned to each other. The knob to 

knob embossing provides superior bulk, absorbency and compressibility. However, exact 

registration is more difficult on knob to knob embossing and the roll wear is higher. Therefore, 

nested embossing is used to increase converting efficiency (Enderby and Straten 2001). A third 

embossing technology, top sheet embossing, is used when two TAD plies are combined. The 

space created between plies improves water absorbency capacity and rate due to the creation of 

inter-ply channels that increase water storage and reduce water flow resistance (de Assis et al. 

2018). 

Different types of fibers impact the final properties of tissue paper. Recycled fibers have 

lower wet-flexibility and are stiffer than virgin fibers. As a result, paper products made from 

recycled fibers tend to have lower strength and softness. On the other hand, stiffer fibers yield 

products with reasonable bulk and absorbency. Chemical pulps are more flexible, conformable, 

and more prone to readily flatten into ribbon-like fibers that tend to form stronger inter-fiber 

bonding. Conversely, mechanical pulps are stiffer and less conformable, and the lumen structure 

tends to be more resistant to the papermaking process (Hubbe et al. 2007). Mechanical pulps 

provide good bulk and absorbency while chemical pulps are a source of softness. Softwood 

fibers are primarily used as a source of reinforcement of the paper structure, while hardwood 

fibers are used to provide bulk, smooth surface, and softness for tissue paper products. 
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Additionally, different species will present various morphological characteristics that 

impact tissue paper properties. For example, northern bleached softwood kraft (NBSK) is a 

softwood pulp that is highly desired as a source of strength due to the low fiber coarseness to 

fiber length ratio (Nanko et al. 2005). NBSK presents better softness than other softwoods (Byrd 

and Hurter 2013). Among hardwood fibers, eucalyptus is capable of producing tissue paper 

products with sufficient strength, high bulk, and high softness due to its low content of fines, and 

its high population of short and low coarseness fibers having a thick cell wall (Hall 1983; Nanko 

et al. 2005). 

Wet end chemistry also plays an important role in tissue paper properties. Various 

chemicals (e.g., wet strength, dry strength, surfactants, softeners) are used to improve tissue 

paper performance (Forbess 1997). Wet strength additives are used in paper towels to promote 

resistance to wet conditions. Wet strength performance depends on having a coherent network of 

fibers reinforced with a crosslinked network of wet strength additives that repress fiber swelling 

and inhibit fiber-fiber separation. Some wet strength additives, such as urea-formaldehyde, will 

self-crosslink and form an insoluble network around fiber contacts that preserves some of the 

original dry strength (protection mechanism). Besides self-crosslinking, other wet strength 

additives, such as azetidinium resins, will also form water-resistant covalent bonds in the cell 

wall of fibers or between fibers that will reinforce fiber bonding (reinforcement mechanism) 

(Espy 1995). 

Because of their properties, tissue paper products are usually qualitatively classified into 

three major grades: economy, premium, and ultra products (Fisher 2016; Zou 2017). Economy 

products are manufactured with conventional technology and have a high recycled fiber content. 

Premium products can also be manufactured with conventional technologies. However, they 
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have a lower recycled fiber content than economy products. Ultra products are manufactured 

using advanced technologies and chemicals (e.g. softeners) and have a high virgin fiber content 

(Fisher 2016; Zou 2017). 

Previous publications have evaluated the various properties of paper towels related to 

absorbency, softness, and strength (Hollmark 1983; Kim et al. 1994; Kan and Wong 2015; Kan 

et al. 2016; Ko et al.  2017). However, to the authors’ knowledge, there are no published works 

presenting a comprehensive discussion about the impact of technology and fiber on towel 

properties, and about the relationship between performance, sustainability, and shelf price. 

Additionally, there are no defined standards or metrics in the literature to quantitatively classify 

the different tissue paper grades based on their physical properties. It is of great value for the 

tissue paper industry to have metrics that can be used to understand how tissue paper products 

are compared to each other according to their features (e.g., physical properties, sustainability) 

and relationship to price. This information would improve market transparency, aid companies in 

deciding on product targets, and contribute to further development of tissue paper products. 

The objective of this work is to understand which physical properties can be used to 

classify kitchen towels among the different tissue paper grades (i.e., economy, premium, ultra) 

and understand the relationship between performance, sustainability, and shelf price. The 

physical properties (e.g., basis weight, apparent density, dry and wet strength, water absorbency, 

softness), paper machine technology, embossing technology and fiber morphology (fiber length, 

width, and coarseness) of different samples and grades of kitchen towels were evaluated. A 

multiple linear regression was executed to evaluate which physical properties can be used to 

predict the shelf price of kitchen towels. 
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4.3. Experimental 

 Kitchen Towel Samples 

Nineteen samples of kitchen towels were sourced across the USA and evaluated in this 

work. All major consumer brands and most private labels were included in this study, 

representing more than 80% of the total consumer market for kitchen towels in the USA. The 

samples were purchased in different stores across the USA. The shelf price for each sample was 

collected from major retailers in different locations across the USA, excluding any price 

discount. The USA map was divided in four regions (northeast, south, midwest, west) and four 

major cities in each region were selected for price collection. Finally, the average price for all 

regions and cities was calculated for each sample. The deviation between the minimum and 

maximum prices observed for each sample represents less than 15% of the corresponding 

average price. Because the size of the packages (e.g., number of rolls, number of sheets per roll, 

total area) influences the product price, careful attention was given to select packages with 

approximate same total area (tissue paper area). Table 4-1 describes each sample, including the 

market segment, number of plies, paper machine technology, embossing technology, and content 

of recycled fibers of each sample. Machine and embossing technologies used to produce the 

towels were determined by a tissue paper machine specialist (ReiTech 2018). The content of 

recycled fibers was collected from the packages when the information was available. 
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Table 4-1: Description of Kitchen Towel Samples. 

Sample Market Segment* Nº Plies 
Tissue Paper 

Machine Technology** 
Embossing 

Technology*** 
Recycled 

Fibers - %**** 

A Consumer National Brand 2 CTAD structured belt Top Sheet - 

B Consumer National Brand 1 DRC No Embossing - 

C Consumer National Brand 1 UCTAD No Embossing - 

D Consumer Private Label 2 CTAD Top Sheet - 

E Consumer Private Label 2 CTAD Top Sheet - 

F Consumer National Brand 2 CTAD Top Sheet - 

G Consumer Private Label 2 LDC Nested - 

H Consumer Private Label 2 LDC Nested - 

I Consumer Private Label 2 LDC Nested - 

J Consumer National Brand 1 CTAD structured belt Embossing - 

K Consumer Private Label 2 CTAD Top Sheet - 

L Consumer Private Label 2 LDC and CTAD Nested - 

M Consumer National Brand 1 UCTAD Embossing - 

N Consumer National Brand 2 LDC and ATMOS Top Sheet 100 % 

O Consumer Private Label 2 LDC Nested - 

P Consumer National Brand 2 LDC Nested - 

Q Consumer National Brand 2 LDC Knob to Knob - 

R Consumer Private Label 2 LDC Nested 100 % 

S Consumer National Brand 2 LDC Knob to Knob 100 % 

*Market Segment (Consumer = products designed and sold for domestic consumption; National Brand = 

brands owned by tissue paper manufacturers; Private Label = brands owned by wholesalers or retailers). 

**Tissue Paper Machine Technology (LDC = Light Dry Crepe; UCTAD = Un-Creped Through Air 

Drying; CTAD = Creped Through Air Drying; DRC = Double Re-Crepe; ATMOS = Advanced Tissue 

Molding System). A specialist in tissue paper manufacturing reviewed each sample to determine the 

technology used (ReiTech 2018). Details on each tissue machine technology can be found elsewhere (de 

Assis et al. 2018). ***Embossing Technology (Top Sheet Embossing: only 1 ply is embossed; Knob to 

Knob Embossing = the plies are embossed such that the projections of both plies are aligned to each 

other. Nested Embossing = the plies are embossed together and the projections of 1 ply are positioned 

between the projections of the other ply). A specialist in tissue manufacturing technology reviewed each 

sample to determine the technology used (ReiTech 2018). Details about embossing technology can be 

found at (Enderby and Straten 2001). ****Recycled Fiber - % (The information about the content of 

recycled fibers was collected from the package of each kitchen towel sample. Out of the 19 samples, only 

samples N, R and S presented information about the content of recycled fibers. Although other samples 

might have recycled fibers in their formulation, no information about it was presented. 
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Only three samples provide the information about their content of recycled fibers. These 

products are advertised as having superior sustainability because they are manufactured with 

100% recycled fibers (products N, R, and S), whitened with chlorine-free chemicals (products N 

and R) and for being unbleached (product S). In addition, product N has a “FSC Recycled” label, 

which is a certification provided by the Forest Stewardship Council to assure that all the paper in 

the product comes from reclaimed (re-used) material. The other two products (R, S) do not 

display any sustainable label. It is important to note that our analysis indicates that other products 

evaluated were also manufactured with a high content of recycled fibers; however, they are not 

advertised as sustainable products and they do not display any type of sustainable label. 

In this work, the term “sustainable product” refers to kitchen towels that are advertised as 

having superior sustainability because they are manufactured with recycled fibers. It is important 

to note that the authors have not compared products in terms of their sustainability. This aspect 

will be evaluated in future works. The objective in this study is to evaluate if the perceived 

sustainability (by consumers) influence the price of kitchen towels. 

 

 Physical Properties 

The presented values for all measured properties are the average of a minimum of five 

measurements. Before the evaluation of physical properties, all kitchen towel samples were 

properly conditioned in a room maintained at 50% relative humidity and temperature of 23°C for 

24h (TAPPI T 402 sp-08 2013). 

Basis weight, defined as mass of paper per unit of surface area, was determined according 

to TAPPI T 410 om-08 (2013). Thickness was measured according to TAPPI T 411 om-97 
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(1997). Basis weight and thickness were used to calculate paper apparent density, defined as 

mass of paper per unit of apparent volume. 

The maximum tensile force per unit of width that a sample can withstand before breaking 

in a tensile test was measured under dry conditions (tensile strength) and after soaking the 

samples in water (wet tensile strength), according to ISO 12625-4 (2005) and ISO 12625-5 

(2005), respectively. Tensile strength was divided by basis weight to calculate tensile index. Wet 

tensile energy absorption (wet TEA), defined as the amount of energy absorbed per unit of 

surface area when a sample is stretched until the onset break (moment of maximum wet tensile 

force) in a tensile test, was calculated as the integral of the wet tensile force over the range of wet 

tensile strain from zero to the strain at the maximum wet tensile force. The stretch at break was 

calculated as the ratio of the elongation of a sample, over its initial length, at the moment when 

the maximum tensile force was reached during the tensile test. Because fiber orientation is 

significantly present in industrial tissue paper making, tensile strength, energy absorption, and 

stretch at break were measured for both directions (paper machine direction and cross direction) 

and the values presented in this work were the arithmetic mean of both directions. 

Water absorbency capacity, defined as the mass of water absorbed per unit of sample 

mass, was measured according to ISO 12625-8 (2010). Basis weight was used to calculate water 

absorbency capacity, defined as the mass of absorbed water per unit of surface area.  

Ball burst strength, defined as the maximum penetration force that a sample can 

withstand when a perpendicular force is applied by a ball, was measured under dry conditions 

(bursting force) and wet conditions (wet bursting force) according to ISO 12625-9 (2005) and 

ISO 12625-11 (2012), respectively. Bursting force was divided by basis weight to calculate the 

burst index. 
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Softness, smoothness, and stiffness were assessed using a Tissue Softness Analyzer 

(TSA) manufactured by EMTEC Electronic GmbH (Leipzig, Germany) (Grüner 2016). This 

equipment performed two measurements. In the first moment, a vertical force of 0.1 N was 

applied to the sample surface by a moving part containing a group of vertical lamellas. Those 

lamellas rotated horizontally on the sample surface, producing vibration, and a sensor captured 

the sound spectrum generated. Two peaks of the sound spectrum were analyzed. The peak in the 

range 200 Hz to 2000 Hz (TSA smoothness, also called TS750) is mainly related to the surface 

structure and geometry, and it is influenced by surface finishing, creping, embossing. This peak 

is an indication of surface smoothness, defined as the degree to which a surface contains short-

span or fine irregularities. A lower TS750 peak indicates higher surface smoothness. The second 

peak around 6500 Hz (TSA softness, also called TS7) is mainly related to the flexibility of the 

fibers and micro compressibility of the creping waves. This peak is an indication of “real” 

softness and it is influenced by many variables (e.g., type of fibers, fiber bonding strength, free 

fiber ends, internal structure, machine technology, creping chemicals). A lower TS7 peak 

indicates higher softness. During the second measurement, the moving part applied a vertical 

force from 0.1 N to 0.6 N while the vertical displacement of the sample was measured. Stiffness, 

defined as the degree which a paper sample resists to bending when subjected to a bending force, 

was calculated as the ratio between the displacement and applied vertical force. Stiffness can be 

used as an indication for bulk softness. Stiffness is influenced by type of fiber, machine 

technology, and chemicals. Because significant differences may exist between the top and 

bottom sides of tissue paper products (e.g., layered tissue paper, embossing, plies with different 

fibers and technology, Yankee dryer side vs. wire side), the softness measurements were 
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performed on both sides of each sample and the values presented in this work are the arithmetic 

mean of both sides. 

 

 Fiber Morphology 

The HiRes Fiber Quality Analyzer (FQA) from OpTest Equipment Inc. (Hawkesbury, 

ON, Canada) was used to measure fiber length, width, and coarseness. Before FQA analysis, 

each sample was chemically treated with sodium hypochlorite (NaOCl) at 65°C for 30 min to 

break the wet strength additives and properly disperse the fibers. Different amounts of NaOCl 

were used for each sample as needed, ranging from 10% to 25% w/w. After chemical treatment, 

samples were disintegrated using a British disintegrator (Manufacturer, City, Country) for 15,000 

revolutions and diluted to about 1 mg/L to 5 mg/L. Fiber length was measured for fibers longer 

than 0.2 mm, and at least 10,000 fibers were analyzed for each FQA run. A distribution of fiber 

length was obtained and the fiber length weighted was calculated. Fiber width was measured for 

fibers longer than 0.2 mm for width values ranging from 7 µm to 60 µm. The arithmetic mean of 

fiber width was calculated. Separate experiments were executed for coarseness measurement. 

One gram handsheets were made using the disintegrated fibers (TAPPI T205 sp-02 2006). 

Handsheets were dried in a room maintained at 50% relative humidity and temperature of 23°C. 

After drying the hand sheets, moisture content was measured (TAPPI T550 om-08 2013). About 

30 to 40 mg of the handsheets on a dry basis was disintegrated and diluted in 5 L of water. 

200 mL of the dilute fiber suspension was collected, diluted to about 2 mg/L, and used for 

coarseness measurement. During coarseness measurements, all fibers in the dilute suspension 
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were measured. Coarseness was calculated by dividing the total mass of fibers by the total length 

of fibers measured. 

 

 Multiple Linear Regression 

A Multiple linear regression was performed using the software SAS 9.4 from SAS 

Institute Inc. (Cary, NC, USA) to evaluate which physical properties (thickness; basis weight; 

apparent density; dry/wet tensile strength; wet tensile energy absorption; dry/wet bursting force; 

water absorbency capacity; TSA hand feel factor; TSA softness; TSA smoothness; TSA 

stiffness; fiber length; fiber width; fiber coarseness) can be used to predict the shelf price of 

kitchen towels. For the multiple linear regression, stepwise procedures were executed using 

forward, backward and stepwise methods to evaluate what variables are statistically significant 

to the model at 95% confidence. Prior to running the regression models, a correlation analysis 

among all variables was performed to eliminate input variables that had strong linear 

relationship. 

 

 Performance Ranking 

As discussed in the introduction section, the current literature shows that absorbency and 

wet strength are the most important or essential properties for kitchen towels to fulfill its purpose 

(drying and cleaning surfaces). However, it is common to find kitchen towels in the market place 

that are advertised for having superior softness. These products are designed for consumers that 

are sensitive to hand feel comfort. Therefore, absorbency, softness and wet strength were the 

properties selected to create the performance ranking. 
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After testing, samples were ranked, on a scale of 1 to 10, according to their water 

absorbency capacity (g/m2), TSA softness (TS7 - dB), and wet TEA (J/m2). Samples presenting 

the best performance for each one of the three properties were given a score of 10 points. 

Samples presenting the worse performance for each property were given a score of 1 point. The 

scores for samples with intermediate values were proportionally calculated based on the scale (1 

to 10) used. Table 4-2 brings the ranking created for water absorbency capacity. Similar tables 

were also built to rank the products according to TSA softness and wet TEA, as presented in 

Table 4-3. The final score for each sample was calculated as the summation of the individual 

scores for each one of the three properties. No weighting factor to differentiate the relative 

importance of each property was applied in the calculation of the final score. Sample A had the 

highest final score among all samples. Sample S had the lowest final score. It was assumed that 

sample A had the best performance, while sample S was the sample with the lowest 

performance. 

It is important to highlight that the main purpose of the performance ranking is not to 

absolutely compare the relative performance of each product. Consumer panels are probably the 

best way to assess the relative performance of different samples. However, consumer panels 

were not employed in this work. The main purpose of the performance ranking is to create a 

systematic method that could be used to easily compare the different samples in terms of the 

observed properties, manufacturing technology and fiber type. 
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Table 4-2: Performance Ranking Based on Water Absorbency Capacity. 

Sample Water Absorbency Capacity (g H2O/m2) Score 
1 828 ± 13 10.0 
2 798 ± 7 9.5 
3 784 ± 4 9.3 
4 711 ± 5 8.1 
5 685 ± 6 7.7 
6 639 ± 5 7.0 
7 622 ± 13 6.7 
8 567 ± 12 5.8 
9 531 ± 8 5.2 

10 527 ± 6 5.2 
11 517 ± 17 5.0 
12 480 ± 7 4.4 
13 466 ± 8 4.2 
14 462 ± 7 4.1 
15 449 ± 6 3.9 
16 379 ± 7 2.8 
17 379 ± 13 2.8 
18 353 ± 4 2.4 
19 268 ± 3 1.0 

Sample 1 had the best absorbency with a score of 10 points. Sample 19 had the worse absorbency with a 

score of 1 point. The scores for samples 2 to 18 were proportionally calculated. 
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Table 4-3: Final Performance Ranking Based on Water Absorbency Capacity, TSA Softness, and 
Wet Energy to Break. 

Sample 

Individual Scores 

Total Score Absorbency 
Capacity  

(g H2O / m2) 

TSA Softness 
(dB) 

Wet Energy to 
Break (J/m2) 

A 10.0 8.9 9.2 28.0 
B 8.1 7.8 9.3 25.1 
C 6.7 7.1 10.0 23.8 
D 9.3 6.1 8.2 23.6 
E 9.5 5.7 7.8 23.0 
F 7.7 4.3 8.5 20.5 
G 5.2 10.0 4.7 19.9 
H 4.4 9.1 5.1 18.7 
I 5.2 8.2 4.8 18.2 
J 5.8 4.6 7.6 18.0 
K 7.0 5.0 5.4 17.3 
L 5.0 6.8 4.8 16.6 
M 4.2 1.8 6.3 12.2 
N 3.9 2.0 5.8 11.8 
O 2.8 3.2 3.0 9.0 
P 4.1 1.4 3.5 9.0 
Q 2.8 4.1 1.0 7.9 
R 2.4 1.0 3.9 7.3 
S 1.0 1.9 2.5 5.4 

The total score was calculated as the summation of the individual scores obtained for water absorbency 

capacity, TSA softness and wet energy to break. Sample A had the highest total score and was assumed to 

have the best performance. Sample S had the lowest total score and was assumed to have the worst 

performance. 

 

4.4. Results and Discussion 

 Characterization of Kitchen Towels 

Basis weight varied from 37.6 g/m2 to 63.4 g/m2, and the most common values were 

between 40 g/m2 to 50 g/m2 (Figure 4-1). Apparent density varied from 0.14 g/cm3 to 0.27 g/cm3, 

and a significant difference in apparent density was observed between samples manufactured 

with conventional technology (LDC) and advanced technology (TAD, DRC). The average 

apparent density for samples manufactured with LDC technology (G-H-I-O-P-Q-R-S) was 

0.24 g/cm3, while samples manufactured with advanced technology (A-B-C-D-E-F-J-K-M) were 
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bulkier, having an average apparent density of 0.16 g/cm3. Products having multiple plies 

manufactured with LDC technology and advanced technology (L-N), presented intermediate 

apparent density of 0.19 g/cm3. 

 

 

Figure 4-1: Basis weight in grams per square meter of sample and apparent density in grams per 
cubic centimeter of sample. 

 

Bursting force and index ranged from 3.0 N to 11 N and from 79 mN m2/g to 

213 mN m2/g, respectively (Figure 4-2). However, most of the samples had bursting forces 

within 6 N to 8 N and burst indexes within 125 mN m2/g to 175 mN m2/g. Bursting forces and 

indexes that were measured at wet conditions followed the same pattern as dry bursting. Samples 

with a high bursting force and index tended to present high wet bursting and vice-versa. Wet 

bursting force varied from 0.4 N to 4.6 N and wet burst index varied from 11 mN m2/g to 

90 mN m2/g. Most of the samples had a wet bursting force between 2 N to 3 N and a wet burst 

index between 25 mN m2/g to 75 mN m2/g. Samples manufactured with 100% recycled fibers 

tended to have lower dry and wet burst resistance. 
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Figure 4-2: Ball bursting force in newtons and ball burst index in milli-newtons square meter per 
gram measured at dry and wet conditions. A) Ball bursting force B) Ball burst index. 
 

A very broad group of values for tensile strength was observed, ranging from 192 N/m to 

500 N/m (Figure 4-3). Nevertheless, the tensile strength for most of the samples ranged between 

350 N/m and 450 N/m. The tensile index varied from 3.0 Nm/g to 11.3 Nm/g, and values 

between 7.5 Nm/g to 9.5 Nm/g were observed for most of the samples. The wet tensile strength 

and index of the samples also presented a broad range of values (from 20 N/m to 136 N/m and 

from 0.5 Nm/g to 3.1 Nm/g, respectively). The wet tensile strength values of most of the samples 

were between 75 N/m to 120 N/m, and the wet tensile indexes were between 1.5 Nm/g and 

2.5 Nm/g. 
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Figure 4-3: Tensile strength in newtons per meter and tensile index in newtons meter per gram 
measured at dry and wet conditions. Values are the arithmetic means of paper machine direction 
and cross direction. A) Tensile strength. B) Tensile index. Values are calculated as the arithmetic 

mean of machine and cross directions. 
 

An interesting trend was observed for wet tensile energy absorption and water 

absorbency capacity, where paper machine technology contributed to differentiation among the 

samples evaluated (Figure 4-4 and Figure 4-5). The average absorbency and wet tensile energy 

absorption for the samples that were manufactured with LDC technology (G-H-I-O-P-Q-R-S) 

was 8.9 g H2O/g paper and 3.6 J/m2, while the samples that were manufactured with advanced 

technology (A-B-C-D-E-F-J-K-M) were more absorbent and stronger in wet conditions, 

presenting average values of 13.7 g H2O/g paper and 8.5 J/m2.  

Products containing plies that were manufactured with different technologies (L-N) 

presented intermediate absorbency (10.7 g H2O /g paper) and wet tensile energy absorption 

(5.5 J/m2). The maximum and minimum observed values were 16.1 g H2O/g and 7.1 g H2O/g for 

absorbency, and 10.7 J/m2 and 0.8 J/m2 for tensile energy absorption. On the other hand, water 

absorbency capacity, calculated as a function of paper surface area, and the wet tensile energy 

absorption index presented a broader range of values (from 268 g H2O/m2 to 828 g H2O/m2 and 
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0.02 J/g to 0.20 J/g). It was also observed that samples made of 100% recycled fibers presented 

the lowest absorbency and wet tensile energy absorption. 

 

      

Figure 4-4: Wet tensile energy absorption in joules per square meter, wet tensile energy 
absorption index in joules per gram and wet stretch at break as a percentage. A) Wet tensile 

energy absorption and index. B) Wet tensile energy absorption and wet stretch at break (values 
are calculated as the arithmetic mean of machine and cross directions). 

 

 

Figure 4-5: Water absorbency capacity in grams of water per gram of sample and grams of water 
per square meter of sample. 
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A relationship between wet tensile energy absorption and the wet stretch at break was 

also noted (Figure 4-4). Samples with high stretching capability tended to have higher wet tensile 

energy absorption. The average wet stretch at break for samples that were manufactured with 

advanced technology (A-B-C-D-E-F-J-K-M) was 11.5%, while samples that were manufactured 

with conventional technology presented 5.6% as an average value for the wet stretch at break. 

Products containing plies that were manufactured with different technologies (L-N) had an 

intermediate average wet stretch at break (7.0%). 

The results obtained with the Tissue Softness Analyzer are presented in Figure 4-6. TSA 

smoothness displayed a very broad distribution of values (from 36.4 to 160.9) and did not 

present any particular behavior among samples. On the other hand, machine technology 

correlated well with TSA softness and stiffness. Except for samples G, H, and I, the average 

stiffness and TSA softness for the samples manufactured with conventional technology (O-P-Q-

R-S) were 2.0 mm/N and 25 dB, while samples manufactured with advanced technology were 

more flexible (2.4 mm/N) and softer (21.1 dB). Most of the samples had stiffness between 2.0 

mm/N and 2.5 mm/N with the exception of samples B (3.4 mm/N) and C (2.7 mm/N), which had 

higher flexibility. Samples manufactured with 100% recycled fibers were stiffer. 

Figure 4-7 presents the results obtained with the Fiber Quality Analyzer. The average 

fiber length weighted among all samples was around 1.6 mm. Many samples (D-E-F-G-H-I-K-P) 

had a high content of long fibers, presenting fiber lengths that were longer than 1.8 mm. Some 

samples (A-C-J-L-M) had an intermediate content of long fibers, presenting fiber lengths 

measured between 1.3 mm and 1.5 mm. Samples made with 100% recycled fibers (N-R-S) had a 

high content of short fibers, presenting the lowest measured fiber length (1.0 mm to 1.2 mm). 

Other samples (O-Q) also have high content of short fibers (1.1 mm and 1.1 mm, respectively) 
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and are likely to have very high amount of recycled fibers. The distribution of fiber length 

showed that the samples that were manufactured with advanced technology tended to have a 

higher content of short fibers (hardwood) as can be seen by the narrow fiber length distribution, 

with the exception of samples D and E. On the other hand, samples manufactured with 

conventional technology tended to have a broader distribution of fiber lengths, which indicated a 

higher content of long fibers (softwood) and higher content of very short fibers (length < 

0.5 mm). Most of the samples had fiber widths and coarseness of around 17 µm to 21 µm and 

9 mg/100m to 12 mg/100m, respectively. 

 

      

Figure 4-6: Tissue Softness Analyzer results. A) TSA softness in decibels (lower values translate 
into better softness). B) TSA smoothness in decibels (lower values translates into better 

smoothness) and paper stiffness in millimeters per newton (lower values translate in to higher 
stiffness). High TSA softness indicates low softness. High TSA smoothness indicates low 

surface smoothness. 
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Figure 4-7: Fiber quality analyzer results: A) Average fiber length weighted in millimeters for 
fibers longer than 0.2 mm; average fiber width in millimeters for fibers longer than 0.5 mm and 
width values between 7 and 60 µm; fiber coarseness in grams per 100 meters reported as fiber 

mass per fiber length. B), C), D) Distribution of fiber length based on the frequency of particles. 
 

 Effect of Manufacturing Technology and Fiber Type on Kitchen Towel 

Performance 

The final properties of tissue paper products are a function of manufacturing technology, 

raw material (Gigac and Fišerová 2008), and the chemistry used (de Assis et al. 2018). In 

conventional tissue paper machines, such as the Light Dry Crepe (LDC) machine, dewatering is 

accomplished by pressing the paper web to a consistency of 40% to 55% before the final thermal 

drying at the steam-heated Yankee cylinder surface. On the other hand, in advanced processes, 

such as Creped Through Air Drying (CTAD), dewatering is performed by vacuum until a 

consistency of about 27% (Weineisen and Stenström 2005). After vacuum dewatering, the paper 

web is transferred to the through air drying section, where the passage of high temperature air at 

moderate velocity throughout the paper web contributes to enhance product attributes. 

Additionally, the use of structured fabrics also plays a significant role. Besides supporting and 

carrying of the paper web, the structure of TAD fabrics impart quality attributes to tissue paper 

products (Ramaswamy and Cui 1999). TAD fabrics will imprint patterns on tissue paper web 
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creating knuckles (dense and strong areas) and pillows (bulk, absorbent, and soft areas) resulting 

in a final product with good strength, enhanced softness, and absorbency (Sanford and Sisson 

1967). At the end of the through air drying process, the partially dried paper web is transferred to 

a Yankee cylinder at a high consistency (up to 90%) where the final thermal drying is performed 

(Kullander 2012). The combination of structured fabrics, lower level of pressing, and through air 

drying results in tissue paper products that are bulkier, softer, and more absorbent (Weineisen 

and Stenström 2005). Another variation of through air drying technology is the Un-Creped 

Through Air Drying (UCTAD), where the tissue paper web is dried in the through air drier from 

about 25% consistency to final dryness (Wendt et al. 1998). Tissue paper products manufactured 

with Double Re-Crepe (DRC) technology are creped once, imprinted with latex on both surfaces, 

and then creped for the second time. DRC tissue paper products are very soft, absorbent, and 

stretchable (Gentile et al. 1975). The Advanced Tissue Molding System (ATMOS) uses 

mechanical ways to dewater a structured tissue paper web to about 40% before the final drying at 

the Yankee dryer (Voith 2018). Therefore, it is expected that kitchen towels manufactured with 

advanced technologies (A-B-C-D-E-F-J-K-M) would have better softness and absorbency than 

kitchen towels manufactured with conventional technology (G-H-I-O-P-Q-R-S). Different 

embossing technologies (e.g. top sheet embossing, nested embossing, knob to knob embossing) 

are used by producers to provide the best appearance, firmness and performance combined with 

their tissue paper machine technology. Embossing was applied in 1 ply products (J-M) to 

improved firmness and appearance. However, other 1 ply products (B-C) do not present any type 

of embossing probably because their paper machine technologies already provide the desired 

appearance. In the case of 2 ply products, the space created between the plies is known to 

improve water absorbency capacity and rate due to the creation of inter-ply channels or 
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capillaries. These channels increase the volume available for water storage and reduce the 

viscous flow resistance. All the 2 ply samples manufactured with TAD technology (A-D-E-F-K) 

had only the top sheet embossed. The unique structure provided by TAD technology and 

structured belts produces enough bulk that nested or knob to knob embossing would provide very 

little improvement in absorbency. Indeed, the embossing reduces absorbency on the portions of 

the top sheet that became flattened, but it provides a more dramatic top sheet appearance. The 2 

ply products produced with LDC technology (G-H-I-O-P-Q-R-S) were embossed using nested or 

knob to knob technologies. No conclusion about the effect of embossing technology (nested or 

knob to knob) on LDC samples can be established probably due to effect of other variables (e.g. 

fiber type, basis weight). 

According to the results of this study, there was an interesting trend among apparent 

density, softness, and absorbency. From sample S to sample A, there was a decrease of apparent 

density, decrease of stiffness, and increase in absorbency. Tissue paper products with low 

apparent density, with a porous paper web structure filled with large amounts of air spaces 

among fibers, are more likely to have high water absorbency capacity (Hubbe 2006). Softness is 

also proportional to apparent density. The inter-fiber bonding in tissue paper products with low 

apparent density is not well developed, which results in better bulk softness (Kullander 2012; 

Boudreau 2013). Figure 4-8 shows a good correlation between bulk (inverse of apparent density) 

and absorbency. Although the correlation between apparent density and stiffness was not strong, 

it is possible to see a trend from Figure 4-1 and Figure 4-6. Basis weight also increased from 

sample S to sample A. 
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Figure 4-8: Correlation between bulk in cubic centimeters per gram of sample and water 
absorbency capacity in grams of water per gram of sample. 

 

Stretchability is also an important property of tissue paper products. The stretch-ability 

can indicate softness (Hollmark and Ampulski 2004). Additionally, tissue paper products with 

higher stretchabilities tend to have higher wet tensile energy absorptions (Kan et al. 2016). 

Machine technology and the creping process have a significant impact on the stretchability of 

tissue paper products. During the creping process, the creping blade scrapes the tissue sheet of 

the Yankee dryer surface, resulting in a delaminated and stretchable tissue paper structure. 

(Nanko et al. 2005; Raunio and Ritala 2012; Boudreau and Germgard 2014). Advanced 

technology also contributes to higher stretchability in tissue paper products because the inter-

fiber bonding is not well developed. As shown in Figure 4-4, tissue paper products manufactured 

with advanced technology are more stretchable and have higher wet tensile energy absorption. 

The measured stiffness (Figure 4-6) can be used as an indication of the perceived softness 

(Hollmark and Ampulski 2004) and stretch-ability. An upward trend can be observed from 

sample S to sample A, which indicated an increase in stretchability. Among all samples, B 

showed the best stretchability, which was likely the result of the DRC machine technology, 

where the paper web was creped twice. 
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Another important factor that influences tissue paper properties is the type of fiber. 

Toweling products have different amounts on short, long, virgin, and recycled fibers depending 

on the type of product. TAD towels are typically produced with 65% of NBSK and 35% of 

bleached eucalyptus kraft (BEK) pulps. This combination provides high bulk and absorbency 

with good strength and softness. LDC towels are typically made with a very high content of 

softwood fibers to provide good absorbency and strength. LDC towels are also manufactured 

with high content of recycled fibers, which results in a product with lower absorbency and 

minimal strength (Nanko et al. 2005). Among the studied samples, the samples with high TSA 

softness tended to have higher contents of hardwood fibers, while samples with higher contents 

of softwood fibers tended to have lower TSA softness. However, it is possible to find some 

samples having high content of softwood fibers and good softness. No conclusions can be drawn 

about strength or TSA smoothness in relation to the content of hardwood and softwood fibers, 

probably due to the influence of many other variables (strength additives, creping, embossing). 

The content of recycled fibers is also an important factor for tissue paper properties. 

Recycled fibers are less flexible and stiffer than virgin fibers, resulting in paper products with 

lower strength and softness. Mechanical refining is usually used as an alternative to improve the 

strength of recycled fibers. However, refining of once dried fibers will only recover part of the 

lost strength. Additionally, most of the recycled fibers have been refined at least once and it is 

expected that they would be more prone to fragmentation than virgin fibers, which would 

increase the content of fines and small fibers (Hubbe et al. 2007). Because of their stiffness, 

recycled fibers are not able to provide good flexibility, which is necessary for surface softness. 

Additionally, recycled fibers have been refined before, which gives them a higher bonding 

ability than unrefined hardwoods, resulting in reduced bulk softness (McKinney 1995). It is 
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possible to see from the results that samples made with 100% recycled fibers tended to have 

higher content of small fibers, low strength (ball bursting and tensile strength), and softness. 

 

 Classification of Kitchen Towel in Different Grades 

Kitchen towels should have high water absorbency capacities and high wet strength in 

order to effectively clean and dry surfaces (Kim et al. 1994; Gigac and Fišerová 2008; Kullander 

et al. 2012). Therefore, these products are typically made from lightly refined fibers to maintain 

the initial relative stiff and tube-like nature of fibers that are necessary to achieve high bulk, 

water absorbency, and softness (Thorp and Kocurek 1991; Hubbe 2006).  

Because of the tissue paper making process, inter-fiber bonding in tissue paper is not as 

well developed as it is in the case of other paper products (e.g., packaging, printing). However, 

tissue paper products have to be strong enough to withstand papermaking, converting, and use 

applications. Even though these products do not present very high ball bursting or tensile 

strength, they are manufactured in such a way to have high stretchability, which will give them 

good capacity to absorb energy during various conditions. Therefore, the total energy that a 

tissue paper product can absorb under stress is more important than the maximum force that a 

tissue paper product can withstand. Although softness would not be classified as an essential 

property for kitchen towels, tissue paper manufacturers frequently use softness to add additional 

value to their products. In essence, most would try to reach a balance between strength, 

absorbency, and softness, i.e., tissue paper makers perhaps attempt to get to the minimum 

required strength to optimize absorbency and softness. 

Figure 4-9 maps the properties of kitchen towels and compares their overall performance 

in terms of wet strength, water absorbency, and softness. Water absorbency capacity is 
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represented as a function of wet TEA and TSA softness (Figure 4-9). Sample A had the best 

combination of absorbency, wet TEA and softness, and therefore, sample A was considered to 

have the best performance among all samples. Performance decreased from sample A to S, and 

sample S was considered as the sample with the worst performance. This map of properties 

(Figure 4-9) was used to arbitrarily separate the samples studied among three different zones or 

grades (Table 4-4). Samples with water absorbency smaller than 450 g H2O/m2, wet TEA smaller 

than 4 J/m2, and TSA softness bigger than 23 dB, were defined as “economy” kitchen towels. 

“Premium” products had values between 450 g H2O/m2 and 650 g H2O/m2 for absorbency, 4 

J/m2 to 7.5 J/m2 for wet TEA and 19.5 dB to 23 for dB for softness. Products with absorbencies 

bigger than 650 g H2O/m2, wet TEA bigger than 7.5 J/m2, and TSA softness lower than 19.5 dB, 

were defined as “ultra” kitchen towels. 

 

      

Figure 4-9: Relationship between water absorbency capacity in grams of water per square meter, 
wet tensile energy absorption in joules per square meter, and TSA softness in decibels and their 

relationship to price in USA dollars per square meter. A) Relationship between water absorbency 
capacity and wet tensile energy absorption. B) Relationship between water absorbency capacity 

and TSA softness. Samples represented by triangles (N-R-S) are manufactured with 100% 
recycled fibers and advertised as sustainable products 
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Table 4-4: Classification of Kitchen Towels Grades Based on Water Absorbency Capacity, Wet 
Tensile Energy Absorption, and TSA Softness 

Kitchen Towel 
Grades 

Water Absorbency 
Capacity (g water/m2) 

Wet Tensile Energy 
Absorption (J/m2) 

TSA Softness 
TS7 (dB) 

Economy Absorbency < 450 Wet TEA < 4 TS7 > 23 

Premium 450 < Absorbency < 650 4 < Wet TEA < 7.5 19.5 < TS7 < 23 

Ultra Absorbency > 650 Wet TEA > 7.5 TS7 < 19.5 

 

 Evaluation of the Relationship among Performance, Sustainability, Price 

and Market Size 

A correlation between performance and price was expected. In other words, products 

with better performance should have a higher market price (Weineisen and Stenström 2005). 

Figure 4-9 also presents the price per square meter at the retailer shelf for all samples considered. 

A reasonable trend was observed from sample A to sample S between some performance 

characteristics (properties) and price. In other words, samples having better performance tended 

to have higher price, and vice-versa. However, there were three samples (N-R-S) that did not 

follow the trend between performance and price. Samples N, R, and S were more likely to be 

“economy” products (lower performance and lower manufacturing costs relatively). However, 

their prices were similar or even higher than “ultra” products (higher performance and higher 

manufacturing costs relatively). This behavior can probably be explained by the segment of 

consumers targeted for those products. Samples N, R, and S were made with 100% recycled 

fibers and were advertised by their manufacturers as “environmental friendly” or “sustainable” 

products. There were two aspects that must be taken into consideration to better understand the 

relationship between performance, sustainability, shelf price, and market size. 

The first aspect is the trade-off between performance and sustainability. Typically, the 

majority of consumers choose products with better performance over products with improved 
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sustainability, as long as the difference in performance outweighs consumers’ sustainability 

value (Luchs et al. 2012). Because the difference in performance among sustainable kitchen 

towels (N-R-S) and regular kitchen towels was significant, it was expected that a very small 

fraction of consumers would choose to buy such sustainable products. The second aspect to be 

evaluated is the willingness of consumers to pay a premium price for sustainable products. 

Literature shows that there are real cases where consumers are willing to pay a premium price for 

sustainable products (Roheim et al. 2011). However, a small segment of consumers choose to 

pay more for sustainable products, and the number of these consumers decreases with the 

increase in premium price (Basu and Hicks 2008). Because there was a significant difference in 

price among the sustainable kitchen towels (N-R-S) and kitchen towels with similar performance 

that are also manufactured with high content of recycled fibers (O-Q), once again, it was 

expected that few consumers would prefer to pay a premium price for such sustainable products. 

The data in this study show that there is a segment of consumers willing to pay a premium price 

for sustainable kitchen towels with inferior performance. However, the market size for those 

sustainable products is expected to be very small relative to the total market size of kitchen 

towels in the USA. Nevertheless, the sustainable products represent a high margin opportunity 

for tissue paper manufacturers because their manufacturing cost is relatively low (LDC 

technology and recycled fibers). The authors do believe that there is an opportunity for 

manufacturers to capture additional consumers and value by offering sustainable products with 

improved performance. 
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 Prediction of Kitchen Towel Price as a Function of Performance 

A multiple linear regression was performed to predict the shelf price of kitchen towels 

with respect to their physical properties. Samples N, R, and S were excluded from the regression 

because they were considered outlier samples (anomalous observations), given the previous 

discussion. Two linear models were developed to predict the shelf price, one on the mass basis 

(USD/ton) and one on the area basis (USD/m2). Price on mass basis is an important reference for 

manufacturers because it relates to the perspective of profitability (difference between selling 

price and production cost). However, the final selling unit of tissue paper products is defined by 

the total area in a package. For example, the selling unit for kitchen towels is defined by the 

number of rolls in a package, number of sheets per roll, and size of each sheet. Therefore, price 

on area basis is perhaps a more important consideration than price on a mass basis. 

Among all physical properties evaluated, water absorbency capacity (g H2O/m2) and TSA 

softness (dB) were the most significant variables that can be used to predict the shelf price of 

kitchen towels on area basis (USD/m2) with 95% confidence. Prior to the multiple linear 

regression, a correlation analysis was performed to evaluate whether water absorbency capacity 

(g H2O/m2) and TSA softness (dB) have strong linear correlation, which would require the 

elimination of one of the variables. The results show that water absorbency capacity (g H2O/m2) 

and TSA softness (dB) have low degree of linear correlation, and therefore, both variables were 

used in the model. Figure 4-10 presents the correlation between the actual price and predicted 

price and the respective coefficient of determination (adjusted R2). 
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Figure 4-10: Kitchen towel price versus predicted price using multiple linear regression. A) 
Predicted price in USA dollars per square meter [P (USD/m2)] calculated as a function of water 

absorbency capacity in grams of water per square meter [A (g H2O/m2)] and TSA softness in 
decibels [S (dB)]. B) Predicted price in USA dollars per ton [P (USD/ton)] calculated as a 

function of water absorbency capacity in grams of water per gram [A (g H2O/g)]. Samples N, R 
and S were not included in the multiple linear regression 

 

Water absorbency capacity (g H2O/m2) was more significant than TSA softness (dB). The 

partial contribution of water absorbency capacity (g H2O/m2) to the model R2 was 0.76. Water 

absorbency capacity (g H2O/g) was the most significant variable that can be used to predict the 

price of kitchen towels on a mass basis (USD/ton). The linear equations used to predict the shelf 

price are illustrated in Figure 4-10, where P (USD/m2 and USD/ton) is the predicted price of 

kitchen towels, A (g H2O/m2 and g H2O/g) is the water absorbency capacity measured according 

to ISO 12625-8, and S (dB) is the intensity of the peak around 6500 Hz (TSA softness - TS7) 

obtained from the TSA sound spectrum. 

Among all properties evaluated in this study, absorbency was the most important variable 

to determine the final shelf price of kitchen towels. Figure 4-11 shows the price of kitchen towels 

as a function of water absorbency capacity for all samples. There was a positive relationship 

between price and absorbency. As previously discussed, samples N, R, and S were outlier 

observations that did not follow the same relationship between performance and price as the rest 
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of the samples. Their price was much higher than the regular price for a product with average 

absorbency. For example, the price of sample N (USD 0.40/m2) was 85% more expensive than 

the average price of samples that were not marketed as sustainable products (0.22/m2). Although 

the market size for environmentally friendly products is small, it represents a high margin 

opportunity for tissue paper manufacturers in an industry that is approaching commoditization. 

 

      

Figure 4-11: Water absorbency capacity a function of kitchen towel price. A) Price in USA 
dollars per square meter (USD/m2) as a function of water absorbency capacity in grams of water 
per square meter (g H2O/m2). B) Price in USA dollars per ton (USD/ton) as a function of water 

absorbency capacity in grams of water per gram (g H2O/g). Samples represented by triangles (N-
R-S) are manufactured with 100% recycled fibers and advertised as sustainable products 

 

The metrics classifying kitchen towels among different grades, and their relationship to 

price add significant value for the tissue paper industry. Based on those metrics, tissue paper 

companies can easily understand what the actual value of their products is and how they can be 

compared with other products within their category in the marketplace. The results of this study 

also provide valuable information to evaluate the upgrade potential of a product within their 

grade category or even upgrades to a higher grade category. Manufacturers can identify what 

changes could be made in terms of type and content of fibers, technology, or chemistry to 
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upgrade a product, and what types of tradeoffs are necessary between incurred cost and product 

price. 

 

4.5. Conclusions 

1. The value of kitchen towels is determined by how consumers evaluate the 

relationship between performance (absorbency, softness, and wet strength) and price. The 

analysis showed that products having higher performance were manufactured with higher 

contents of virgin fibers and advanced technology and were more expensive. However, some of 

the samples did not follow the same observed relationship between performance and price as the 

rest of the samples. These samples were made with 100% recycled fibers and advertised as 

“sustainable products”, which attracted the attention of a segment of consumers that seemed to 

be willing to pay more for sustainable products. Some of the sustainable products evaluated were 

85% more expensive than the average price of regular kitchen towels. Among all properties 

studied, water absorbency capacity was the most significant variable used to predict the shelf 

price of kitchen towels, followed by softness. 

2. The properties observed on the kitchen towels were a function of manufacturing 

technology, raw material, and chemistry. This work showed an interesting trend among tissue 

machine technology and the type of fiber with kitchen towel properties (apparent density, TSA 

softness, and water absorbency capacity). Kitchen towel samples with lower apparent density, 

higher TSA softness, and higher absorbency were usually manufactured with advanced 

technologies (e.g., CTAD, UCTAD, DRC) having higher content of hardwood fibers. On the 

other hand, samples having higher apparent density, lower TSA softness, and lower absorbency 
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were typically manufactured with conventional technology (LDC) using higher content of 

softwood and recycled fibers. 

3. Kitchen towels are tissue paper products used for cleaning and drying surfaces, and to 

do so, high levels of water absorbency capacity and wet strength are expected by consumers. 

Although softness would not be classified as an essential property, tissue paper manufacturers 

frequently use softness to reach different slices of the market. For most of the cases, the best 

products presented high absorbency, wet TEA, and high softness. A map of properties (Figure 

4-9) was used to classify kitchen towels into three grades (economy, premium, and ultra) 

quantitatively (Table 4-4). Economy products have low performance because they are 

manufactured with conventional technology and a high content of recycled fibers. Premium 

products can also be manufactured with conventional technology; however, they have lower 

content of recycled fiber. Ultra products have the best performance because they are 

manufactured with advanced technology and virgin fibers. 
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5. COMPARISON OF WOOD AND NON-WOOD MARKET PULPS FOR TISSUE 

PAPER APPLICATION 3 

5.1. Abstract 

A comparison among ten market pulps at a laboratory scale using uncreped tissue 

handsheets was performed to study the performance of wood and non-wood pulps for tissue 

manufacturing, evaluate what fiber features are desired for a specific tissue property, and 

determine how non-wood pulps can be used to replace or complement wood pulps in tissue 

products. A characterization of the fiber morphology and handsheet properties (softness, water 

absorbency, and strength) was performed at different mechanical refining levels. The results 

showed that the fiber morphology had a major impact on tissue properties. Market pulps with a 

combination of long fibers, high coarseness, and low fines content can provide superior bulk and 

water absorbency. Short fibers with thin cell walls and low fines content can impart superior 

softness. Bleached bamboo soda pulp can replace hardwood and softwood pulps to provide an 

excellent combination of water absorbency and strength. Bleached bamboo soda pulp can also 

replace Northern bleached softwood kraft (NBSK) pulp to impart strength without sacrificing 

softness. Bleached and semi-bleached wheat straw soda pulps presented a similar combination of 

softness and strength as Southern bleached hardwood kraft (SBHK) pulp. The wheat straw pulps 

can be used to replace deinked pulp (DIP) pulp to impart intermediate levels of water absorbency 

and strength. 

 

                                                 
3 The material in this chapter has been published as: 
de Assis, T.; Pawlak, J.; Pal, L.; Jameel, H.; Venditti, R.; Reisinger, L. W.; Kavalew, D.; Gonzalez, R. W. 
Comparison of Wood and Non-Wood Market Pulps for Tissue Paper Application. BioResources 14:3, p. 6781-6910 
(2019). 



   

120 
 

5.2. Introduction 

The tissue paper industry is a well established and global business that has experienced 

constant growth over the last ten years (2.6% average annual growth rate) (Euromonitor 2017; 

FAO 2017). Despite the optimistic scenario for market growth, the tissue paper industry has 

faced some profitability challenges. The intense competition among tissue paper manufacturers, 

constant evolution of product performance, consumer preference, increase in market pulp price, 

and a well-known decrease in the availability of recycled paper have contributed to decreased 

profitability (Essity 2017; Euromonitor 2017; Terlep 2018). In this context, it is important for 

tissue paper manufacturers to find alternatives (e.g., fibers, technology, additives, and new 

offerings) to increase the value of tissue paper products, while maintaining or reducing the 

manufacturing costs. 

In a previous publication (de Assis et al. 2018a), the relationship between the price and 

performance of kitchen paper towels in the USA market was assessed to evaluate (i) what 

product features (e.g., strength, softness, water absorbency, and sustainability label) are driving 

shelf prices, (ii) the relationship between the product performance and product price, and (iii) 

what variables (e.g., technology and fiber) could be changed to improve the product value. In the 

present study, a complete characterization and value assessment for different types of wood and 

non-wood pulps in tissue manufacturing was performed to describe opportunities to better 

capture the product price on the market shelf and improve the flexibility of the fiber supply chain 

to reduce fiber sourcing costs. 

The tissue paper industry in the United States typically relies on a few fiber sources. 

According to Fisher International (2018), 78% of the total fiber used by the tissue industry 

corresponds to only four different fiber sources (sorted office paper = ~29%; eucalyptus = ~18%; 
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northern softwood = ~16%; and southern softwood = ~15%). The lack of flexibility in fiber 

sourcing makes the United States tissue industry vulnerable to global market effects. In this 

context, it is of great value for tissue manufacturers to develop alternative fiber sources, such as 

non-wood pulps, that could replace or complement the fibers currently used for tissue 

manufacturing. The development of alternative fibers might contribute to not only the protection 

of the manufacturing costs, but could also be the link to sustainability and the use of local fibers, 

which could connect consumer preference to sustainability and premium prices (de Assis et al. 

2018a). To understand the potential for the utilization of alternative fibers in tissue paper 

products, it is essential to execute performance and techno-economic analysis. The focus of this 

study was to compare the effect of several market pulps on tissue paper properties. 

Qualitative discussions about the effect of different cellulosic pulps (e.g., hardwood, 

softwood, and non-wood pulps) and pulping processes (e.g., kraft, sulfite, and mechanical 

processes) on tissue properties (e.g., softness, water absorbency, and strength) have been 

addressed in many publications (Hall 1983; Norwegian Pulp and Paper Research Institue 1983; 

Siewert 1988; Axelsson 2001; Foelkel 2007; Byrd and Hurter 2013; Tutuş et al. 2017; Zou 

2017a). Quantitative analyses have also been found in the literature. Sundholm and Huostila 

(1980) and Yuan et al. (2016) performed a quantitative analysis to evaluate the effect of high 

yield pulps on the bulk, water absorbency, strength, and softness. Muller and Teufel (1973) and 

Zou (2017b) compared the effects of hardwood, softwood, and recycled pulps on the bulk, water 

absorbency, and strength. Kullander et al. (2012) and Gigac and Fišerová (2008) made pulps 

with a single wood species (e.g., eucalyptus, pine, spruce, and birch) using different pulping and 

bleaching strategies (e.g., kraft, sulfite, elemental chlorine free bleaching, and total chlorine free 

bleaching) and studied their effects on softness, water absorbency, and strength. Few studies 
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have compared the performances of wood and non-wood pulps for tissue manufacturing. Zou 

and Liu (2016) and Goel et al. (2000) compared the effect of reed, soda wheat straw, organosolv 

wheat straw, hardwood, and softwood pulps on the tensile strength. Therefore, as far as the 

authors could ascertain, a comparison of wood and non-wood pulp performances for tissue paper 

application has not been fully reported, and in particular there has not been a simultaneous 

evaluation of all of the major tissue paper properties (strength, softness, and water absorbency). 

In this context, the objective of this study was to compare the performances of commonly 

used wood pulps in tissue manufacturing and alternative non-wood pulps to evaluate their 

suitability for product applications (e.g., product type and product grade) and potential wood 

pulp substitution. An additional goal was to evaluate what fiber features are desired for a specific 

tissue property. To address this objective, a complete characterization of the fiber morphology 

and handsheet properties (softness, water absorbency, and strength) was performed for different 

types of wood and non-wood pulps. Additionally, PFI refining was used to evaluate the effect of 

different refining levels on the tissue properties. 

 

5.3. Experimental 

 Market Pulps 

Ten cellulosic pulps were evaluated, including hardwood, softwood, recycled, and non-

wood pulps (Table 5-1). The hardwood, softwood, non-wood, and deinked pulps (DIP) were 

acquired from different market pulp manufacturers, whose identities were kept confidential. 
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Table 5-1: Hardwood, Softwood, Recycled, and Non-wood Pulps. 

Pulp Type Pulp Name Pulp ID ISO Brightness 

Hardwood 

Bleached Eucalyptus Kraft BEK 87 

Bleached Acacia Kraft Acacia 89 

Southern Bleached Hardwood Kraft SBHK 85 

Northern Bleached Hardwood Kraft NBHK 89 

Softwood 
Southern Bleached Softwood Kraft SBSK 86 

Northern Bleached Softwood Kraft NBSK 87 

Recycled Deinked Pulp DIP 74 

Non-wood 

Semi-bleached Wheat Straw Soda SBWS 55 

Bleached Wheat Straw Soda BWS 66 

Bleached Bamboo Soda Bamboo 83 

 

 Production of Handsheets 

The procedure used to make the handsheets was a modified version of TAPPI T 205 sp-

02 (2006). The procedure will be briefly described, and the differences from the TAPPI 

procedure will be highlighted. Twenty-four grams (oven-dried) of pulp were disintegrated using 

a standard pulp disintegrator (Pulp Disintegrator, Testing Machines Inc., New Castle, DE, USA) 

at a 1.2% consistency using 15,000 revolutions. After disintegration, the pulp suspension was 

diluted to a 0.3% consistency. After dilution, 200 mL of the suspension were measured to make 

handsheets using a standard handsheet former (Sheet Former, Testing Machines Inc., New 

Castle, DE, USA). The target basis weight for the handsheets was 30 g/m2. After forming and 

couching against the smooth surface of blotting paper, the wet handsheets were not pressed to 

avoid densification. Density is an important property for tissue products. Industrially, tissue 

products are manufactured using low levels of wet pressing to minimize densification and 

subsequent loss of softness and water absorbency (de Assis et al. 2018b). The handsheets were 

dried using a drum drier (Formax 12” Drum Dryer, Adirondack Machine Corp., Hudson Falls, 

NY, USA) at 110 °C and 1 rpm to solids contents above 95% w/w. Before drying, an additional 
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sheet of blotting paper was placed on the top of the couched handsheet (blotter, handsheet, 

blotter). Five passes on the drum drier were necessary to dry the handsheets. Before testing, the 

handsheets were peeled off from the blotting paper and conditioned at 50% relative humidity and 

an ambient temperature of 23 °C (TAPPI T402 sp-08 2013). Unrefined and refined pulps were 

studied. 

 

 PFI Refining 

Mechanical refining is a well-known unit operation used by the pulp and paper industry 

to develop fiber properties for papermaking. The refining process applies compression and 

shearing forces to fiber in the wet state to modify the wet fiber flexibility and fiber bonding 

ability. The refining process causes fibrillation at the fiber surface, detachment of fiber fines, and 

delamination of the fiber cell wall, which increases the fiber wet-flexibility, cell wall porosity, 

and swelling. As a result of those morphological modifications, refined fibers present an 

improved bonding ability and conformability, which increases the paper strength and density 

(Hubbe et al. 2007). In this study, the pulps were refined using a PFI refiner (PFI Mill – nº312, 

The Norwegian Pulp and Paper Research Institute, Oslo, Norway), according to TAPPI T 248 

sp-00 (2000). The PFI refiner is a batch equipment, in which the fibers are refined between a roll 

with bars and smooth-walled housing, which are both rotating in the same direction, but at 

different speeds to create a differential rotational action. The refining action is achieved by the 

differential rotational action and by the application of loading that pushes the roll bars against the 

housing walls for a specified number of revolutions. Twenty-four grams (oven-dried) of properly 

disintegrated pulp were diluted to a 10% consistency before the refining process. Different levels 

of refining were appropriately selected for each pulp individually. Pulp freeness (Canadian 
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standard freeness – CSF) was measured for all of the refining levels, according to TAPPI T 227 

om-99 (1999). Because tissue paper requires lower levels of strength compared with printing and 

packaging paper, low levels of refining are usually applied to minimize the loss of water 

absorbency and softness associated with the development of dense and strong fiber webs (de 

Assis et al. 2018b). Table 5-2 presents all of the refining levels applied to each pulp and the 

corresponding CSF. 

 

Table 5-2: Mechanical Refining Levels Applied to Hardwood, Softwood, Recycled, and Non-
wood Pulps and the Corresponding CSF. 

Pulp Type Pulp Name 
PFI Refining Revolution 

(mL of CSF)* 

Hardwood 

Bleached Eucalyptus Kraft Unrefined (630)*, 1000 (569), 2000 (522) 

Bleached Acacia Kraft Unrefined (605), 500 (541), 1000 (511), 2000 (448) 

Southern Bleached Hardwood Kraft Unrefined (672), 1000 (563), 2000 (470) 

Northern Bleached Hardwood Kraft Unrefined (578), 500 (516), 1000 (474) 

Softwood 
Southern Bleached Softwood Kraft Unrefined (727), 1000 (708), 2000 (632), 3000 (538) 

Northern Bleached Softwood Kraft Unrefined (692), 1000 (676), 3000 (596), 5000 (522) 

Recycled Deinked Pulp Unrefined (393), 500 (299), 1000 (252) 

Non-wood 

Semi-bleached Wheat Straw Soda Unrefined (423), 250 (364), 500 (266) 

Bleached Wheat Straw Soda Unrefined (351), 250 (241), 500 (228) 

Bleached Bamboo Soda Unrefined (698), 1000 (618), 2000 (537), 3000 (363) 

*Numbers not in parentheses represent the different PFI revolutions applied; numbers in parentheses 
represent the CSF (mL) for a given refining level 

 

In this study, virgin wood pulps (BEK, acacia, SBHK, NBHK, SBSK, and NBSK) were 

refined until a freeness value of approximately 550 mL to 450 mL of CSF was reached. This 

value was chosen based on typical freeness values used in industrial tissue manufacturing 

(Watson and Janssen 2014). In contrast, wheat straw (SBWS and BWS) and recycled (DIP) 

pulps have starting freeness levels lower than 450 mL of CSF. In those cases, lighter refining 



   

126 
 

was applied to slightly develop the strength and evaluate the effect of refining on the tissue paper 

properties. 

 

 Handsheet testing 

The procedures used to test the tissue paper properties and evaluate the fiber morphology 

will be briefly described here. The values herein presented for all of the measured properties and 

at all of the refining levels are the average of a minimum of six measurements, with exceptions 

given to the basis weight and bulk, where a minimum of 25 sheets were tested, fiber morphology 

and surface roughness (three measurements), and water absorbency capacity (two 

measurements). 

The basis weight (mass per unit of surface area) and bulk (inverse of the apparent 

density) were measured according to TAPPI T 410 om-08 (2013) and TAPPI T 580 pm-12 

(2012), respectively. The tensile strength (maximum tensile force per unit of width) was 

measured according to ISO 12625-4 (2005) using INSTRON tensile tester (INSTRON Model 

4443, Canton, MA, USA). The tensile strength was divided by the basis weight and gravitational 

acceleration (9.8 m/s2) to calculate the tensile breaking length. The water absorbency capacity 

per unit of mass was measured according to ISO 12625-8 (2010). Five grams of handsheets were 

used for each water absorbency test. The swellability of the handsheets after the water 

absorbency test was also measured. The swellability was calculated as the ratio between the wet 

caliper (after water absorbency) and dry caliper (before water absorbency). During this 

procedure, a small handsheet sample (40 mm x 40 mm) was placed on a flat microscope slide of 

known thickness and the dry caliper was measured according to TAPPI T 580 pm-12 (2012). In a 

second instance, water was used to swell the handsheet sample. Following the water absorbency 
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capacity procedure (ISO 12625-8, 2010), sufficient water was placed on the microscope slide to 

fully cover the handsheet sample during 30 seconds. After that time, the microscope slide was 

place at a angle of 30º to drain the excess water during 1.0 min. The wet caliper was measured 

after the draining period. The dry and wet calipers were determined by discounting the thickness 

of the microscope slide.      

The softness of handsheets was assessed with a panel, following the procedure described 

by Ko and Park (2016b). The samples were given to 10 trained panelists who were asked to rank 

the samples from the least soft to the softest according to the rank order method. After ranking 

the samples, the panelists were asked to assign a score to each sample according to the rating 

method. The least soft and softest samples selected during the rank order method were assigned a 

score of 0 and 100, respectively. The panelists were free to assign any score ranging from 0 to 

100 to the remaining samples. The panel was executed individually in a controlled environment 

(50% relative humidity, 23 °C ambient temperature) (TAPPI T402 sp-08 2013). Softness was 

also assessed using a Tissue Softness Analyzer (TSA, EMTEC Electronic GmbH, Leipzig, 

Germany) (Grüner 2016). During this measurement, a sound spectrum was generated as a result 

of the friction experienced by a group of six vertical lamellas that rotate horizontally on the 

surface of the tissue paper sample. In the generated sound spectrum, a peak in the sound intensity 

around 6500 Hz (TSA softness, also called the TS7 - dB) is the result of the lamellas vibrating. 

This peak is an indication of the “real” softness and is influenced by many variables (e.g., type of 

fibers, fiber bonding strength, free fiber ends, internal structure, machine technology, creping, 

and chemicals). A lower TS7 peak intensity value indicates higher softness. The previous work 

by Wang et al. (2019) showed a good correlation between the softness panel test and TS7 

measurement for bath tissue in the USA market. Another peak observed in the sound spectrum 
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around 750 Hz (TSA smoothness, also called TS750 - dB) is the result of the sample vibrating 

and is mainly related to the surface structure and geometry, and it is influenced by surface 

finishing (e.g. creping, embossing, calendering). This peak is an indication of surface 

smoothness or roughness, defined as the degree to which a surface contains short-span or fine 

irregularities. A lower TS750 peak indicates higher surface smoothness. Also, the TSA in-plane 

stiffness (TSA stiffness, also called D - mm/N) was measured. During the measurement, the 

vertical lamelas applied a vertical force from 0.1 N to 0.6 N on the sample, stretched as a 

membrane, while the vertical displacement was measured. The TSA stiffness was calculated as 

the ratio between the displacement and applied vertical force. TSA stiffness can be used as an 

indication for bulk softness. A higher value for D indicates better bulk softness. TSA stiffness is 

influenced by type of fiber, refining, chemicals, and machine technology. Because differences 

may exist between the two sides of a handsheet (wire and blotting paper), the softness 

measurements were performed on both sides of each sample, and the values presented are the 

arithmetic mean of both sides. Surface roughness was also measured using a Kawabata 

Evaluation System (KES) using KES-FB4 surface tester (KatoTech, Kyoto, Japan). The 

contactor, which was used to measure surface roughness was made by a steel piano wire with 

diameter of 0.5 mm. The wire was bent in a “U” shape to give a total length of 5 mm. During the 

measurement, the sample was placed horizontally on a smooth steel plate, and a contact force of 

10 ± 0.5 g was applied between the contactor and the sample. The sample was moved in 2 cm 

interval with a constant velocity of 0.1 cm/s while the contactor was kept its position. After the 

measurement, the surface roughness (SMD) was calculated as the mean deviation of the 

thickness according to Eq. 1, 
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𝑆𝑀𝐷 = ∫ |𝑇 − 𝑇|𝑑𝑥   (1) 

where SMD is the mean deviation of thickness (µm), X has the value of 2 cm taken as the 

standard length for measurement, x = displacement of the contactor on the surface of the sample, 

T is the thickness of the sample measured by the contactor at position x, and ₸ is the mean value 

of thickness. A higher SMD value indicates higher surface roughness. 

 

 Fiber morphology 

A HiRes Fiber Quality Analyzer (FQA) (OpTest Equipment Inc., Hawkesbury, Canada) 

was used to measure the fiber length, fiber width, coarseness, fiber population and fines content. 

Properly disintegrated samples were diluted to approximately 1 mg/L to 5 mg/L. The fiber length 

was measured for fibers longer than 0.2 mm, and at least 10000 fibers were analyzed for each 

FQA run. The fiber length distribution was obtained, and the length-weighted average fiber 

length (Lw) was calculated according to Eq. 2, 

 

𝐿  =  
∑

∑
    (2) 

where n is the fiber count and L is the fiber length (mm). 

The fiber width was measured for fibers longer than 0.2 mm for width values ranging 

from 7 µm to 60 µm. The arithmetic mean of the fiber width was calculated. The fines content 

was measured for particles larger than 0.025 mm and smaller than 0.2 mm, and the length-

weighted percentage of fines (Fw) was calculated according to Eq. 3, 

 

𝐹  (%)  =  100 ×  
∑

   (3) 
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where n is the number of fines, Li is the fines length (mm), and LT is the total fiber 

length (mm). 

Handsheets were used to measure the fiber coarseness and fiber population. 

Approximately 30 mg to 40 mg of the handsheets on a dry basis were disintegrated and diluted in 

5 L of water. Two hundred milliliters of the dilute fiber suspension were collected, diluted to 

approximately 2 mg/L, and used for the coarseness measurement. During the coarseness 

measurements, all of the fibers in the dilute suspension were measured. The coarseness (mg/km) 

was calculated by dividing the total mass of the fibers by the total length of the fibers measured. 

Fiber population (million fibers/g) was calculated by dividing the total number of fibers by the 

total mass of fibers. 

 

 Surface chemistry 

To better evaluate the effect of the fiber features on the tissue properties, the surface 

chemistry of the handsheets was measured using X-ray photoelectron spectroscopy (XPS). 

Handsheets of the hardwood fiber were made using TAPPI T 205 sp-02 (2006). After forming 

and couching, the handsheets were pressed against a metal plate covered with aluminum foil to 

avoid any surface contamination that could introduce error in the analysis. The handsheets were 

dried overnight in a conditioned room at a 50% relative humidity and ambient temperature of 23 

°C (TAPPI T402 sp-08 (2013)). The smooth surface of the handsheets (surface in contact with 

the aluminum foil) was used for the XPS analysis. The XPS spectra were obtained with a SPECS 

FlexMod system (SPECS, Berlin, Germany) equipped with an Al/Mg X-ray source and 

PHOIBOS 150 analyzer (SPECS, Berlin, Germany). The takeoff angle was normal to the 

surface. The X-ray incidence angle was approximately 30° from the sample surface, and the 
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angle between the X-ray source to the analyzer was approximately 60°. Energy calibration was 

established by referencing to adventitious carbon (C1s line at 285.0 eV binding energy). Base 

pressure in the analysis chamber was in 10-10 mbar range.  A Gaussian curve fitting was 

executed to treat the C1s signal and estimate the relative area of the C1 (C–H, C–C), C2 (C–O), 

C3 (C=O or O–C–O), and C4 (O=C–O) groups. The following binding energies relative to the 

C–C position were applied for each assigned group: 1.4 eV for C–O; 2.9 eV for C=O or O–C–O; 

and 4.2 eV for O=C–O. 

 

5.4. Results and discussion 

 Fiber morphology 

Fiber morphology has an important influence on the properties of tissue paper products. 

Softwood fibers are primarily used to impart strength. Softwood fibers are long and can form 

inter-fiber bonding with multiple fibers (Trepanier 2017). Softwood fibers with thin and low 

coarseness cell walls can be easily flattened into ribbon-like fibers, especially after refining, to 

reinforce the fiber web. Softwood fibers with thick cell walls are less likely to collapse and result 

in a bulkier and more absorbent tissue paper (Nanko et al. 2005). Additionally, thin softwood 

fibers are flexible and can provide good softness (Zou 2017a). Hardwood fibers are primarily 

used to impart softness and bulk. Short and slender hardwood fibers with relatively thick cell 

walls (relative high coarseness) can be used to impart bulk and water absorbency, especially at 

low refining levels (Hall 1983; Nanko et al. 2005). Hardwood fibers with thin cell walls are more 

flexible and can be used to provide good softness (Axelsson 2001). When compared with virgin 

fibers, recycled fibers have a low wet-flexibility, which reduces the inter-fiber bonding ability 

and yields a weaker tissue paper product (McKinney 1995; Hubbe et al. 2007). Recycled pulp 
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typically contains a high content of short fibers and fines, which negatively affects the pulp 

drainage. The fines fraction is typically composed of cellulosic particles (e.g., fiber fragments, 

vessels, and ray cells) and contaminants (e.g., fillers, ink, and stickies) that may be detrimental to 

the paper making process and paper properties (Hubbe et al. 2007). Recycled fibers are stiff and 

do not have the flexibility necessary to provide a good softness or strength. However, stiff fibers 

are more dimensionally stable and can be used to impart bulk and water absorbency (McKinney 

1995; Hubbe et al. 2007). Mechanical pulps are less flexible and less conformable than chemical 

pulps because of the higher lignin content and lower porosity, which yields tissue products with 

an improved bulk and low strength (Johnsson 1978; Hubbe et al. 2007). Figure 5-1 and Figure 

5-2 present morphology data for all of the market pulps studied. 

 

 

Figure 5-1: Average fiber width, cell wall coarseness, length-weighted percentage of fines, fiber 
population and length weighted average fiber length for the hardwood, softwood, recycled, and 

non-wood pulps. 
 

Among the hardwood pulps, the BEK and acacia pulps had similar fiber lengths (~0.8 

mm) and fines contents (~5%). However, the BEK pulp had a lower fiber width and higher 

coarseness than that of the acacia pulp. The BEK and NBHK pulps had similar fiber widths 
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(~16.5 µm) and coarseness values (~73 mg/km). However, the BEK pulp had longer fibers and a 

lower fines content than that of the NBHK pulp. The SBHK pulp had a different morphology 

among all of the hardwood pulps. The SBHK pulp had longer, wider, and coarser fibers than the 

other three hardwood pulps. As a result, SBHK fiber population was much lower than the fiber 

population of other hardwood pulps. The BEK, acacia, and NBHK pulps had a narrower fiber 

length distribution than the SBHK pulp. The low fines content and narrow fiber length 

distribution observed for the BEK and acacia pulps were the result of the use of a single or few 

wood species from well monitored plantations for pulp manufacturing (Hall 1983; Nanko et al. 

2005; Pavan 2011). The NBHK pulp also had a narrow fiber length distribution, and it was likely 

to be manufactured from a single or few species coming from natural forests. In contrast, the use 

of trees with different ages and multiple species gave the SBHK pulp a broad fiber length 

distribution. A narrower distribution for the fiber morphology was observed in the market pulps 

produced from a single species and contributed to the increased product uniformity and process 

runnability consistency (Nanko et al. 2005). 

The major difference among the softwood pulps was the fiber coarseness and fiber 

population. The fiber coarseness for the SBSK pulp (~215 mg/km) was 60% higher than the fiber 

coarseness for the NBSK pulp (~135 mg/km). Due to its higher coarseness, SBSK pulp presented 

a much lower fiber population (2.7 million fibers/g) than NBSK pulp (4.3 million fibers/g). The 

SBSK pulp had a slightly longer fiber length (~2.6 mm) and higher fines content (~5%) than the 

NBSK pulps (~2.3 mm in length and ~4% content of fines). Both the SBSK and NBSK pulps 

had a broad fiber length and fiber width distributions because they are typically produced from 

trees with different ages and from different species (Nanko et al. 2005). 
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Figure 5-2: Fiber length and fiber width distribution for the hardwood, softwood, recycled, and 
non-wood pulps: (a) fiber length distribution, (b) fiber width distribution, (c) fiber length vs fiber 

width. 
 

As was expected, the recycled pulp (DIP) had a higher fines content (~10%) and higher 

content of short fibers (length < 0.5 mm) compared with those of the virgin wood fibers (Hubbe 

et al. 2007). The DIP pulp had a fiber length distribution, fiber width, and fiber population that 

fell between those of the hardwood and softwood pulps because it is typically composed of a 

blend of short and long fibers. 

Both the wheat straw (BWS and SBWS) and bamboo pulps had similar fiber width (~15 

µm to 16 µm) and fiber coarseness (~85 mg/km to 90 mg/km). However, the bamboo pulp had 

longer fibers (~1.7 mm) and a lower fines content (~13%) compared with those of the wheat 

straw pulps (~0.9 mm length and 14% to 18% fines content). The fraction of fines present in the 
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wheat straw and bamboo pulps was mainly represented by non-fibrous cells (e.g., parenchyma 

cells and vessels) (Singh et al. 2011; Cao et al. 2014). Due to its short length, the fiber population 

of wheat straw (~17 to 19 million fibers/g) was much higher than the fiber population of bamboo 

pulp (~10 million fibers/g). The wheat straw and bamboo pulps had a broad fiber length 

distribution with a high fines content and short fibers (length < 0.5 mm). The wheat straw pulps 

had a higher amount of short fibers than the bamboo pulp, whereas the bamboo pulp had a higher 

content of long fibers (length > 2.0 mm) compared with that of the wheat straw pulps. 

The comparison among all of the pulps in terms of the fiber morphology showed that the 

bamboo pulp had a fiber morphology that was in between that of the hardwood and softwood 

pulps. The bamboo pulp had fibers that were longer than the hardwood pulps, but shorter than 

the softwood pulps. The fiber length distribution of the bamboo pulp was broader than the 

hardwood pulps, but less broad than the softwood pulps. The fiber width and coarseness for the 

bamboo pulp were similar to those of the hardwood pulps. However, bamboo had a higher fines 

content than the wood pulps. The fiber length distribution for the wheat straw pulps was similar 

to the recycled pulp, but with a higher fines content and short fibers (length < 0.5 mm). The fiber 

length, fiber width, and coarseness for the wheat straw pulps were similar to those of the 

hardwood pulps. The wheat straw pulps had a higher fines content than the wood pulps. 

 

 Bulk (Inverse of the Apparent Density) 

The bulk can be considered the major difference between tissue paper and other paper 

grades (e.g., writing, printing, and packaging) (de Assis et al. 2018b). Usually, the bulk 

correlates well with the water absorbency and softness (the higher the bulk, the higher the water 

absorbency and softness) (Novotny 1988). The fiber type plays an important role in the tissue 



   

136 
 

paper bulk. Cellulosic fibers with a high Runkel ratio (2 × cell wall thickness / lumen diameter) 

are more rigid and resistant to collapse and yield bulkier tissue paper products. High yield fibers 

can also be used to provide a high bulk. High yield pulps are less flexible and less collapsible 

than low yield pulps because of the higher lignin content and lower cell wall porosity (Nanko et 

al. 2005). Recycled fibers can also be used to impart bulk. Recycled fibers are stiff and have a 

low wet flexibility, which yields tissue paper with a reasonable bulk (Hubbe 2006). 

Figure 5-3 presents the pulp freeness and handsheet bulk (inverse of the apparent density) 

at different refining levels. SBHK and NBHK pulps presented faster drops in freeness with the 

increase of refining energy (PFI revolutions) than BEK and acacia pulps. Differences in fiber 

population and fines content can possibly be used to explain this behavior. SBHK pulp had a 

much lower fiber population than BEK, acacia, and NBHK pulps. The applied refining energy 

was based on the total mass of fibers used during the refining process (24 g oven-dried) and did 

not consider the number of fibers present in that mass. Therefore, the refining energy per fiber 

was higher for SBHK pulp due to its lower fiber population, which resulted in a more effective 

refining and faster reduction of freeness. In addition, SBHK and NBHK pulps had a higher 

content of fines than BEK and acacia pulps. The refining process has the potential to 

disaggregate and disintegrate the existing fines, which further contribute for a faster decrease of 

drainage. Among all softwoods, SBSK pulp also presented a faster drop in freeness than NBSK 

pulp. As discussed before, the refining energy per fiber was higher for the SBSK pulp due to its 

lower fiber population, which contributed for the faster decrease in freeness with the increase of 

refining energy (Palmer et al. 2009). The non-wood and recycled pulps also presented a faster 

decrease in freeness than the wood pulps as the refining energy was increased. Refining 

increased the wet flexibility and caused breakage of the stiff recycled fibers increasing the 
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content of short fibers and fines, which contributed for a fast reduction of drainage (Hubbe et al. 

2007). Refining of non-wood pulps is known to cause disaggregation and disintegration of non-

fibrous cells (e.g., parenchyma cells), which further decreases the drainage and increases the 

fiber web density (Subrahmanyam et al. 2000). 

 

      

Figure 5-3: Pulp freeness and handsheet bulk (inverse of the apparent density) for the hardwood, 
softwood, recycled, and non-wood pulps at different refining levels: (a) CSF (mL) as a function 

of the PFI refiner revolutions and (b) handsheet bulk as a function of the CSF (mL). 
 

Among all of the hardwood pulps, the SBHK pulp presented a higher bulk, especially in 

the unrefined state. SBHK pulp had lower amount of short fibers (length < 0.5 mm), higher 

amount of long fibers (length > 1.25 mm), and coarser fibers than any other hardwood pulp. The 

combination of long and coarse fibers that were less flexible and more resistant to collapse 

contributed for the creation of larger inter-fiber pores, which resulted in superior bulk, especially 

at the unrefined state where the wet fiber flexibility was not fully developed. During the refining 

process, compression and shearing forces experienced by fibers increased the cell wall 

collapsibility and wet fiber flexibility, which resulted in a significant reduction in bulk. The BEK 

and acacia pulps presented similar bulk values at a given freeness. As was discussed before, the 

BEK and acacia pulps had similar fiber morphologies. In contrast, the NBHK pulp presented the 
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lowest bulk among all of the hardwood pulps. The NBHK pulp had shorter fibers and a higher 

fines content, which contributed to an increased sheet density. Between the softwood pulps, the 

SBSK pulp presented a higher bulk than the NBSK pulp for all of the freeness values. The SBSK 

fibers were coarser, less flexible and more resistant to collapse than the NBSK fibers. The NBSK 

fibers had a high width and thin cell walls, which made them flexible and more readily flattened 

into ribbon-like fibers, especially after refining. The bamboo pulp had a behavior that was in 

between that of the hardwood and softwood pulps. At lower refining levels, the bamboo pulp had 

a bulk comparable to that of the SBHK and SBSK pulps. At higher refining levels, the bamboo 

pulp had a similar bulk to that of the BEK, acacia, SBHK, and SBSK pulps. 

The recycled pulp had lower freeness than the hardwood, softwood, and bamboo pulps 

because of the high content of short fibers and fines. Additionally, the recycled pulp was refined 

previously, which further decreased its drainability. Therefore, it was expected that a refined 

pulp with a high content of short fibers and fines would have a lower freeness and yield denser 

fiber webs. However, the recycled pulp presented a relatively good bulk. The DIP pulp had a 

similar bulk to that of the BEK and acacia pulps, but a lower freeness. The explanation for this 

behavior was related to the lack of flexibility of the recycled fibers. The recycling process 

promotes fiber hornification (loss of ability to swell in water) and increases the stiffness of 

recycled fibers, which contributes to the formation of a bulkier fiber web (McKinney 1995; 

Hubbe et al. 2007). The wheat straw pulps had a behavior distinct from that of the other virgin 

pulps and a similar behavior to the DIP pulp. The wheat straw pulps had a lower unrefined 

freeness because of the high content of short fibers and fines (parenchyma cells and vessels), 

which yielded a denser fiber web. The SBWS had a higher bulk than the BWS pulp, probably 

because of its lower fines content and higher semi-bleached fiber rigidity. 
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Among all of the virgin fibers, the SBSK, bamboo, SBHK, and NBSK pulps had a higher 

unrefined bulk than all of the other pulps. Long fibers with a high coarseness were less prone to 

collapse and formed a less dense paper web in an unrefined state. 

 

 Water Absorbency Capacity 

Water absorbency is an important property for tissue paper products used for drying and 

wiping purposes, such as hand and kitchen towels. Water absorbency is a complex and dynamic 

phenomenon that is influenced by many physical, chemical, and morphological aspects of 

cellulosic fibers (e.g., surface composition, surface roughness, bulk composition, charged 

groups, cell wall porosity, and fiber web porosity) (Hubbe et al. 2015). The combination of 

hydrophilic fibers in a porous, bulky and stable fiber web structure results in tissue paper 

products with a high water absorbency (Beuther et al. 2010). In a saturated tissue paper, the 

water is located in the spaces between plies and fibers, in the fiber lumen, and inside the porous 

structure of the fiber cell wall (Kullander 2012). However, most of the water is located in the 

spaces between fibers. Therefore, it was expected that tissue paper sheets with a higher bulk (a 

high volume of pores between the fibers) would present a higher water absorbency capacity. It 

was expected that there would be a correlation between the bulk and water absorbency capacity. 

Figure 5-4a presents a good linear correlation (coefficient of determination, R2 = 0.77) 

between the water absorbency capacity and bulk for all of the market pulps at different refining 

levels. Figure 5-4b presents the same data shown in Figure 5-4a and highlights each market pulp 

at different refining levels. When the market pulps were evaluated individually, it was realized 

that the water absorbency decreased with an increase in the refining level and subsequent 

densification of the fiber web. A remarkable decrease in the water absorbency was observed, 
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even at low refining levels. However, the bulk cannot be used to completely explain all of the 

differences in the water absorbency when the market pulps were compared with each other. As 

discussed previously, the water absorbency is a complex phenomenon influenced by many 

variables (e.g., fiber surface wettability, fiber swellability, sheet porous morphology, and sheet 

porous permeability) (Hubbe et al. 2015; Ko et al. 2016a). To be able to further discuss the effect 

of other fiber features on water absorbency, additional experiments were performed for the 

hardwood pulps. 

 

      

Figure 5-4: Water absorbency capacity as a function of bulk (inverse of the apparent density) for 
the hardwood, softwood, recycled, and non-wood pulps at different refining levels: (a) 

correlation between the water absorbency capacity and bulk and (b) water absorbency capacity 
as a function of the bulk. 

 

The total absorbed water after a water absorbency test (ABStotal (gwater/gfiber)) can be 

divided into water located in the spaces between plies (ABSplies (gwater/gfiber)), in the pores 

between fibers (ABSpores (gwater/gfiber)), and inside the cell wall as a result of fiber swelling 

(ABSswelling (gwater/gfiber)). Equation 4 can be used as an approximation to calculate the total water 

absorbency: 
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𝐴𝐵𝑆 = 𝐴𝐵𝑆 +𝐴𝐵𝑆 + 𝐴𝐵𝑆   (4) 

 

The volume of pores between fibers (Vpores (m3)) of a sheet can be approximately 

estimated by subtracting the volume of fibers (Vfiber (m3)) from the volume of a sheet in the dry 

state (Vsheet dry (m3)) according to Eq. 5: 

 

𝑉 = 𝑉  − 𝑉    (5) 

 

Each element of Eq. 5 can be further developed using Eq. 6, where mwater (kg) is the mass 

of water located in the pores between fibers, ρwater (kg/m3) is the density of water (1000 kg/m3), 

msheet (kg) is the mass of the sheet (mass of fibers), ρsheet dry (kg/m3) is the apparent density of 

the sheet in the dry state calculated by diving the sheet basis weight by the dry caliper, ρfiber 

(kg/m3) denotes the density of cellulosic fibers assumed to be similar to the density of cellulose 

(1500 kg/m3). 

 

𝑉 =
 

 
;  𝑉  =

 

  
;  𝑉 =

 

 
  (6) 

 

By combining Eqs. 5 and 6, ABSpores can be calculated according to Eq. 7. 

 

𝐴𝐵𝑆
 

 
=  

 
=

 

  
−  

 
  (7) 

 



   

142 
 

The swellability of sheets can be calculated as the ratio between wet caliper (after water 

absorbency test) and the dry caliper (before water absorbency test), assuming that the expansions 

on the X and Y directions are negligible. 

Cellulosic fibers have a tendency to swell when in contact with water. The amorphous 

regions of cellulose, hemicellulose content, the presence of charged groups (e.g., carboxyl 

groups), and the cell wall porosity are some of the variables responsible for the swelling behavior 

of cellulosic fibers. Lignin and extractives are less hydrophilic than cellulose and hemicellulose, 

and they can negatively affect the wettability of cellulosic fibers (Hubbe et al. 2007; Hubbe et al. 

2015). The higher the swelling or expansion in the thickness (Z) direction experienced by a sheet 

during a water absorbency test, the higher will be the final water absorbency capacity. The 

increase in volume of the sheets due to sheet swelling (Vswelling (m3)) can be calculated by the 

difference between the volume of the sheet after water absorbency test (Vsheet wet (m3)) and 

before the water absorbency test (Vsheet dry (m3)), according to Eq. 8. 

 

𝑉 = 𝑉  − 𝑉     (8) 

 

Equation 8 can be further developed using Eq. 9, where mwater (g) is the mass of absorbed 

water due to sheet swelling, ρwater (kg/m3) is the density of water (1000 kg/m3), ρsheet wet (kg/m3) 

is the apparent density of the sheet in the wet state calculated by diving the sheet basis weight by 

the wet caliper, ρsheet dry (kg/m3) is the apparent density of the sheet in the dry state calculated by 

diving the sheet basis weight by the dry caliper, and msheet (g) is the mass of the sheet (mass of 

fibers). 
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𝑉 =
 

 
;  𝑉  =

 

  
;  𝑉  =  

 

  
 (9) 

 

By combining Eqs. 8 and 9, ABSswelling can be calculated according to Eq. 10. 

 

𝐴𝐵𝑆
 

 
=

 

 
=

 

  
−  

 

  
  (10) 

 

Table 5-3 presents the caliper (dry and wet), sheet swelling, and water absorbency values 

for all hardwood pulps at various refining levels. As discussed before, the mechanical refining 

promoted the densification of the sheets, which caused the reduction of the volume of pores 

(ABSpores). However, the mechanical refining did not change the swellability of a given 

hardwood pulp (ABSswelling) significantly. By difference, it was possible to estimate ABSplies, 

which may be an indication of the water present in the spaces between plies (each absorbency 

test was performed with a stack of 14 to 15 handsheets – 3 inches wide).  

However, the separation of absorbed water in different fractions (plies, pores, and cell 

wall) has to be interpreted with caution. The caliper was measured at a specific pressure (2 kPa) 

that may decrease the “real” thickness of the sheets in both dry and wet states, which would 

change the calculation for the distribution of water. In addition, ABSswelling is an indication of the 

swelling of the sheet, and it is not an indication of the swelling of fibers by themselves. The 

swelling of the fibers can have the effect of constricting the pores inside the sheet (Hubbe et al. 

2015). Additionally, it was assumed that all the pore volume inside the sheet was completely 

filled with water (ABSpores) after the water absorbency test. In other words, the calculations 

presented here are just an approximation for the real situation. 
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When the hardwood pulps were compared to each other, differences in water 

absorbencies were found. The SBHK pulp presented the highest values for ABSpores at a given 

refining level, which is associated with its higher bulk (longer and coarser fibers). The BEK and 

acacia pulps presented similar ABSpores at a given refining level, as they displayed similar fiber 

morphology and bulk. The NBHK presented the lowest bulk (relatively shorter fibers with high 

content of fines) among all hardwoods and therefore, the lowest values for ABSpores. With 

exception of acacia pulp, all hardwoods presented similar sheet swelling (~ 20% to 25%) at 

different refining levels. Acacia presented the lowest sheet swelling (~ 15%). The ABSswelling for 

all hardwoods is around 1.0 gwater/gfiber, with exception of acacia (~ 0.65 gwater/gfiber). 

 

Table 5-3: Water Absorbency of Hardwood Handsheets. 

Market 
Pulp 

PFI Refining 
Revolutions 

Dry 
Caliper 

(µm) 

Wet 
Caliper 

(µm) 

Sheet 
Swelling 

(%) 

ABStotal 

(gwater/gfiber) 
ABSpores 

(gwater/gfiber) 
ABSswelling 

(gwater/gfiber) 
ABSplies 

(gwater/gfiber) 

BEK 

Unrefined 151 180 19.5 6.8 4.3 1.0 1.5 

1000 141 176 25.1 5.7 3.9 1.1 0.7 

2000 131 162 24.1 5.4 3.6 1.0 0.8 

Acacia 

Unrefined 150 173 15.1 5.7 4.2 0.7 0.8 

500 141 164 16.3 5.1 3.7 0.7 0.7 

1000 131 151 15.0 5.0 3.6 0.6 0.7 

2000 134 154 15.2 4.6 3.4 0.6 0.5 

SBHK 

Unrefined 176 202 14.9 7.0 5.2 0.9 1.0 

1000 139 167 20.1 5.4 4.0 0.9 0.5 

2000 125 157 25.5 5.1 3.5 1.1 0.5 

NBHK 

Unrefined 129 164 27.9 6.1 3.8 1.2 1.1 

500 126 158 25.9 5.1 3.3 1.0 0.8 

1000 121 152 26.3 4.9 3.1 1.0 0.8 

 

In order to determine if chemical composition could be used to explain the differences 

observed in water absorbency, the surface composition of the hardwood pulps was evaluated 

using XPS. The surface composition can be used as an indication of the surface wettability 

(hydrophilicity) (Hubbe et al. 2015). The surface wettability of the cellulosic fibers affects the 
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water absorbency. Water presents a higher tendency to quickly spread and fill the spaces 

between fibers and to promote swelling when a tissue paper product is manufactured with 

cellulosic fibers that have hydrophilic surfaces (Aberson 1969). 

The chemical components of cellulosic fibers (cellulose, hemicellulose, lignin, and 

extractives) have a distinct hydrophilicity. Cellulose and hemicellulose are known to have polar 

hydroxyl groups (–OH) that can form a strong interaction with water via hydrogen bonding. In 

the case of cellulose and especially in the crystalline regions, the majority of hydroxyl groups are 

not available for interaction with water because they form intra molecular and inter chain 

hydrogen bonds. In contrast, the absence of structural regularity observed in the amorphous 

regions of cellulose and hemicelluloses increases the availability of hydroxyl groups for 

interaction with water molecules. Additionally, hemicelluloses have carboxylic acid groups (–

COOH) that can interact with water molecules via electrostatic effects, especially at pH values 

above 5.3, where the charged form (–COO-) is fully expressed. Lignin is a highly aromatic 

polymer composed of different amounts of monomeric groups (guaiacyl, syringyl, and p-

hydroxyphenyl) that are bonded together by esters, ethers, (C–C), and other connections. The 

oxygen to carbon ratio of lignin is lower than the observed value for carbohydrates, which makes 

lignin less hydrophilic. Extractives are composed of a variety of hydrophobic components (e.g., 

fatty acids, resin acids, and triglyceride fats) that are rich in alkyl carbon (C–C) (Hubbe et al. 

2013; Hubbe et al. 2015). The theoretical oxygen to carbon ratio and the amount of carbons with 

different degrees of oxidation can be calculated for cellulose, hemicellulose, lignin, and 

extractives based on empirical chemical formulas. Typically, the amount of alkyl carbon (C–C) 

is higher in extractives, followed by lignin and carbohydrates. Only carbon and oxygen atoms 

can be detected by XPS in pure cellulosic fibers, and the chemical shift of C1s can be separated 
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into the C1 (C–H, C–C), C2 (C–O), C3 (C=O or O–C–O), and C4 groups (O=C–O). Therefore, 

XPS can be used to evaluate the amount of hydrophobic material (e.g., lignin and extractives) on 

the fiber surface, according to the amount of alkyl carbon (C–C) detected. Cellulosic fibers with 

a surface rich in lignin and/or extractives presents a higher amount of alkyl carbon (C–C), which 

is an indication of a lower wettability. In contrast, if a fiber surface is rich in carbohydrates, a 

lower amount of alkyl carbon (C–C) will be detected by XPS, which is an indication of a higher 

wettability (Laine and Stenius 1994). 

Table 5-4 presents the elemental surface composition of the hardwoods measured with 

XPS. Because all of the kraft hardwood pulps evaluated were fully bleached, only trace amounts 

of lignin and/or extractives would be expected in the bulk chemical composition. However, the 

XPS results showed that there was a notable difference in the surface composition among the 

hardwood pulps. The SBHK pulp presented the highest oxygen to carbon ratio and subsequently 

a lower amount of alkyl carbon (C–C), while the acacia pulp presented the lowest oxygen to 

carbon ratio and a higher content of alkyl carbon. 

 

Table 5-4: Elemental Surface Composition of the Hardwoods Using X-ray Photoelectron 
Spectroscopy. 

Market 
Pulp 

O/C Ratio C–C or C–H C–O C=O or O–C–O O=C–O 

BEK 0.78 21 59 20 < 1 

Acacia 0.75 28 51 20 < 1 

SBHK 0.84 19 60 22 < 1 

NBHK 0.80 23 55 21 < 1 

 

Qualitatively, the surface wettability of the hardwood pulps decreased in the following 

order: SBHK > BEK ≈ NBHK > acacia. Because the SBHK pulp had a distinct morphology, no 

conclusion was drawn about the effect of the surface composition on the differences in the water 
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absorbency observed between the SBHK and other hardwood pulps. The BEK and NBHK pulps 

had similar elemental surface compositions. However, the NBHK pulp presented a higher 

number of fines and shorter fibers, which contributed to densification of the fiber web and 

subsequently lower water absorbency at low refining levels. At higher refining levels and when 

the bulk was below 4.5, the relationship between the bulk and water absorbency was similar for 

the BEK and NBHK pulps. Among all of the hardwoods, the BEK and acacia pulps presented the 

most similar fiber morphologies, which translated as a similar bulk before and after refining. 

However, there was a significant difference in the water absorbency at a given bulk and all of the 

refining levels. The differences in surface composition (wettability) between the BEK and acacia 

pulps can be used to explain the observed differences in the water absorbency associated with the 

swellability of the handsheets. Acacia pulp presented higher content of alkyl carbon than BEK 

pulp, which is probably associated with the concentration of extractives on the fiber surface. 

Neto et al. (2004) have also reported a higher surface concentration of extractives for bleached 

acacia kraft pulp when compared to bleached eucalyptus kraft pulp. The higher surface 

concentration of extractives have negatively affected the swellability and water absorbency of 

acacia pulp when compared to the other hardwoods. 

Figure 5-5 presents the water absorbency as a function of the freeness. Among all the 

evaluated pulps, the bamboo, SBHK, BEK, SBSK, and NBSK pulps presented the highest 

unrefined water absorbency. At low refining levels, the BEK and SBHK pulps presented a higher 

water absorbency and higher freeness than the NBHK and acacia pulps. At freeness values below 

600 mL of CSF, the water absorbency for the BEK and SBHK pulps were similar to that of the 

acacia and NBHK pulps. Among the softwood pulps, the water absorbency between the SBSK 

and NBSK pulps was similar at lower refining levels. When the freeness was below 650 mL of 
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CSF, the water absorbency of the NBSK pulp decreased considerably, which was related to the 

observed reduction in the NBSK bulk at higher refining levels. The behavior of the bamboo pulp 

regarding the relationship between the water absorbency and freeness was in between the 

hardwood and softwood pulps. The wheat straw pulps had an intermediate to low water 

absorbency when compared with the other virgin pulps. The relationship between the water 

absorbency and freeness for the wheat straw pulps was similar to that of the DIP pulp. Among all 

of the pulps, the BEK, SBHK, bamboo, SBSK, and NBSK pulps had the highest unrefined water 

absorbency values. 

 

 

Figure 5-5: Water absorbency capacity as a function of the CSF (mL) for the hardwood, 
softwood, recycled, and non-wood pulps at different refining levels. 

 

 Tensile Strength 

The strength of paper products is typically limited by the fiber strength and inter-fiber 

bonding strength (Thorp and Kocurek 1991). In highly pressed and refined paper grades (e.g., 

packaging and printing), the inter-fiber bonding is well developed and the paper tensile failure 

involves a notable amount of fiber failure (Page 1969). Because tissue paper products are 
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manufactured using low levels of wet pressing and low refining, the contact and bonding 

between fibers are not fully developed and the paper tensile failure is limited to a certain extent 

by the strength of the inter-fiber bonding. Wet pressing and refining can be used to develop the 

strength of tissue paper products. However, there is a tradeoff between the strength, water 

absorbency, and softness. Refining and wet pressing create a denser paper product with a higher 

strength, but lower water absorbency and softness (de Assis et al. 2018b). In this context, 

cellulosic fibers capable of forming strong inter-fiber bonding at low levels of pressing and 

refining are highly desirable for imparting strength (Nanko et al. 2005). 

Figure 5-6 presents the results for the tensile strength, calculated as the breaking length 

and plotted as a function of the freeness. The tensile strength of the softwood pulps was similar 

at high freeness values. However, when the freeness was below 650 mL of CSF, the NBSK pulp 

became stronger than the SBSK pulp, which was explained by the faster fiber web densification 

and consequent higher bonding ability of the NBSK pulp compared with those of the SBSK pulp. 

The hardwoods had a similar unrefined strength; however, the BEK and SBHK pulps can 

provide a higher strength than the acacia and NBHK pulps at a given freeness. To achieve the 

same freeness, BEK and SBHK pulps require higher levels of refining energy resulting in 

superior strength at a given freeness. 
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Figure 5-6: Tensile strength represented as the breaking length as a function of the CSF (mL) for 
the hardwood, softwood, recycled, and non-wood pulps at different refining levels. 
 

The relationship between the tensile strength and freeness for the bamboo pulp was in 

between that of the hardwood and softwood pulps. The wheat straw pulps had a similar behavior 

as that of the recycled pulp. The wheat straw and recycled pulps had a higher unrefined strength 

than all of the other virgin pulps. Although it was expected that the recycling process would 

reduce the bonding ability of the fibers, recycled fibers have been refined previously which 

makes them stronger than unrefined virgin pulps (McKinney 1995). 

The comparison among all of the market pulps showed that the softwood pulps can 

provide a higher strength at a higher freeness, followed by the bamboo and hardwood pulps. 

Wheat straw and recycled pulps presented the worst combination for the tensile strength and 

freeness. Although the strength of the recycled and wheat straw pulps can be developed, refining 

has to be applied with caution. Excessive refining causes breakage of the stiff recycled fibers and 

further increases the content of short fibers and fines (Hubbe et al. 2007). The use of high 

intensity refining with non-wood pulp (e.g., wheat straw and bamboo pulps) is known to cause 
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disaggregation and disintegration of non-fibrous cells (e.g., parenchyma cells), which further 

decreases the drainage and increases the fiber web density (Subrahmanyam et al. 2000). 

 

 Softness 

Softness is a complex and important property for tissue paper products, especially for 

bath and facial tissue paper, where product acceptance is strongly driven by the perceived 

softness (de Assis et al. 2018b). Softness is a sensation experienced by humans that combines 

several sensorial reactions, including not only the tactile feeling, but also visual and audio 

perceptions. Softness is typically divided into surface softness and bulk softness (Hollmark and 

Ampulski 2004).  Short and thin fibers having low coarseness are desirable for surface softness 

because they form a smooth surface with a high number of flexible fiber free ends that promotes 

a velvet-like feeling when touched by the human fingers. Fibers that can form a bulky, flexible 

and easy to crumple paper web are desirable for imparting bulk softness (Nanko et al. 2005). 

Softness is traditionally assessed by human panels. Valid and meaningful human panels 

are obtained at the expense of many resources (e.g., a large number of people and tests). To 

minimize time and resources, many different methods and instruments have been created to 

assess the softness by measuring and combining different surface properties (e.g., smoothness, 

roughness, and fiber free ends) and bulk properties (e.g., bulk, stiffness, compressibility, and 

stretching). Currently, there is no method or instrument that can fully mimic the human 

perception of softness. However, methods that combine bulk and surface properties usually have 

better correlation to human panels (Hollmark and Ampulski 2004). 

Figure 5-7 presents the results from the softness panel test as a function of freeness. Due 

to the high number of samples, the softness panel was divided in two parts. Because the bamboo 
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pulp presented a morphology that is in between hardwood and softwood pulps, the first softness 

panel was performed to evaluate how the bamboo pulp compares with all hardwood and 

softwood pulps (Figure 5-7a). As wheat straw pulps presented morphologies that are similar to 

hardwoods and recycled pulps, the second softness panel was executed to compare wheat straw 

pulps with SBHK and DIP pulps (Figure 5-7b). 

 

      

Figure 5-7: Softness panel as a function of the CSF (mL) for the hardwood, softwood, recycled, 
and non-wood pulps at various refining levels: (a) hardwoods, softwoods and bamboo; and (b) 

SBHK, DIP and wheat straw; the higher the softness score, the higher the softness. 
 

According to Figure 5-7, the decrease in freeness is followed by a decrease in softness 

score. At the same time that refining developed tissue strength, it also increased sheet density 

and stiffness, which contribute for the reduction of perceived softness (bulk softness). Among all 

hardwood pulps and at the unrefined state, acacia and BEK pulps presented the best softness, 

followed by NBHK and SBHK pulps. However, at higher refining levels, acacia and NBHK 

pulps presented better softness at a given freeness, followed by BEK and SBHK pulps. Among 

the softwood pulps, NBSK pulp presented better softness than SBSK pulp at all freeness levels. 

As expected, the perceived softness for the bamboo pulp was in between hardwood and softwood 

pulps. The performance of bamboo pulp was in between SBHK and NBSK pulps. At the 
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unrefined state, the SBHK pulp presented better softness than wheat straw and DIP pulps. The 

wheat straw pulps offered better softness than DIP pulp at a given freeness. The bleached wheat 

straw pulp could provide better softness at a given freeness than the semi-bleached wheat straw 

pulp probably due to the differences in fiber flexibility. 

The comparison among all the market pulps studied in terms of softness showed that 

acacia, NBHK, and BEK pulps displayed superior softness. The combination of short fibers with 

thin cell wall and low content of fines provided the ideal morphology for softness. Short and thin 

fibers form a flexible fiber web and a smooth surface that promote a pleasant feeling when 

touched by the human fingers. The SBHK, NBSK, wheat straw, and bamboo pulps could provide 

intermediate softness. The SBSK and DIP pulps exhibited the worst softness. Long fibers, high 

coarseness, high content of fines, and high fiber stiffness are the morphological features that are 

not desirable for tissue softness. Coarse fibers form a stiff fiber web and a rough surface that is 

not pleasant to human touch. High content of fines increases sheet densification and reduces 

perceived softness. Recycled fibers are stiff and form rigid and rough fiber webs. 

Softness was also assessed using the TSA and Kawabata surface tester to determine if the 

physical properties measured by these instruments could be used to predict softness. The 

correlation between the softness panel and the major parameters obtained with TSA was 

evaluated. The degree of correlation between bulk, TS7 (TSA softness), TS750 (TSA 

smoothness) and D (TSA stiffness) with the softness panels (Figure 5-7) was low (the values for 

the coefficient of determination were below 0.60). In particular, the correlation between the 

softness panels and TS7, which is the most important parameter used by TSA to predict softness, 

presented very low values (coefficient of determination < 0.30). However, when each market 

pulp was evaluated individually, there was a strong correlation between bulk, TS7, TS750, and D 
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with the softness panel. This behavior indicated that none of these physical properties could be 

used to predict the softness of handsheets when different types of market pulps refined at various 

levels were evaluated simultaneously. However, bulk, TS7, TS750, and D could be used as 

indicators for softness when the handsheets were prepared using the same pulp at different 

refining levels. Although the TSA seems to be a useful tool to predict the softness of commercial 

products (Wang et al. 2019), there are limitations about its use to predict the softness of 

handsheets. EMTEC Electronic GmbH (Germany) describes that porosity effects, surface 

smoothness, forming, and drying methods and microphone position are the reasons for the 

discrepancies in the handsheets results. It is important to mention that EMTEC recently 

developed an upgraded version of the TSA that is claimed to be capable of capturing the 

differences in softness for handsheets prepared with short and long fibers (Prinz et al. 2018). 

Figure 5-8 presents the results from the Kawabata surface tester. The market pulps could 

be separated in three distinct groups according to their surface roughness or smoothness. The 

BEK, acacia, and NBHK pulps displayed the lowest surface roughness (mean deviation of 

caliper ~ 1 µm). A second group of fibers (SBHK, NBSK, wheat straw, and bamboo) presented 

intermediate surface roughness (mean deviation of caliper ~ 1.4 µm). The SBSK and DIP offered 

the highest values for mean deviation of caliper (~ 1.9 µm). Once again, the fiber morphology is 

an important factor to determine the surface roughness. 
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Figure 5-8: KES Surface roughness of handsheets prepared with the unrefined hardwood, 
softwood, recycled, and non-wood pulps; the higher the roughness value, the higher the surface 

roughness. 
 

For a given basis weight, surface roughness increases with the increase of sheet thickness 

and fiber mass. The effect of fiber mass on surface roughness can be understood by analogy to 

filling a bucket with small and large stones (Niskanen et al. 2008). Similarly, short and low 

coarseness fibers are more uniformly distributed during forming process and creates a smoother 

surface. On the other hand, long and coarse fibers decrease the formation uniformity resulting in 

a paper surface that has higher deviation of local surface height. All of the hardwood pulps 

presented a similar morphology, with exception of SBHK pulp. SBHK pulp had a higher length 

and cell wall coarseness than the BEK, acacia, and NBHK pulps. Because of its higher length 

and thicker cell wall, SBHK pulp presented higher surface roughness. Both softwood pulps 

presented similar fiber length and width. However, the SBSK pulp had a higher cell wall 

coarseness than the NBSK pulp, which can be used to explain the differences in surface 

roughness. Because of the recycling process, recycled fibers are less flexible and less 

conformable than virgin fibers. The lack of conformability makes DIP fibers more dimensionally 
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stable and does not allow for the formation of a uniform and smooth surface. Bamboo and wheat 

straw pulps presented intermediate fiber length, coarseness, and surface roughness. 

The comparison among all market pulps shows that short fibers having low width and 

low coarseness could provide better surface smoothness. On the other hand, long, thick, and 

coarse fibers presented higher surface roughness. The results obtained with the Kawabata 

evaluation system were in line with the softness panel presented in Figure 5-7. There was a 

general tendency showing that market pulps that provided higher surface smoothness also 

presented higher score in the softness panel than the market pulps having low surface 

smoothness. For example, BEK, acacia, and NBHK pulps had the highest softness score at a 

given freeness and presented the highest surface smoothness. On the other hand, SBSK and DIP 

pulps had the lowest surface smoothness and lowest softness score. Finally, there is a group of 

pulps (SBHK, NBSK, wheat, and bamboo) that presented intermediate surface smoothness and 

intermediate softness score at a given freeness. Therefore, the surface roughness (surface 

softness) was a very important factor to differentiate for the perceived softness of the handsheets 

at a given freeness. 

 

 Tradeoff among the Water Absorbency, Strength, and Softness 

The presented results showed that there were tradeoffs between the water absorbency, 

strength, and softness when mechanical refining was used to develop the strength of tissue paper. 

The refining process causes fibrillation and delamination of the fiber cell wall, which increases 

the wet-flexibility, collapsibility, and bonding ability of the cellulosic fibers, and improves the 

strength of the paper products (Hubbe et al. 2007). However, the refining process increases the 

density of the fiber web, reducing the volume of air spaces between fibers, which decreases the 
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water absorbency. Additionally, the refining process negatively affects softness. Denser and 

stronger fiber webs have a lower flexibility and reduced softness. 

Therefore, during the manufacturing of tissue products, a balance between the strength, 

softness, and water absorbency is achieved according to the product category (e.g., bath, towel, 

and napkin) and desired specification. However, the value of tissue paper products inside a 

product category increases with an improvement in its properties. For example, de Assis et al. 

(2018a) showed that the shelf price of kitchen towels is proportional to the performance 

(properties). Remarkably, the water absorbency and softness have a higher effect on the tissue 

paper value. In this context, cellulosic fibers that can yield tissue paper products with a high 

water absorbency and softness at a given strength are highly desirable. To address this issue, the 

water absorbency and softness are presented as a function of the tensile strength in Figure 5-9. 

Figure 5-9a presents the water absorbency capacity as a function of the tensile strength. 

Among all of the studied pulps, the bamboo, SBHK, BEK, SBSK, and NBSK pulps resulted in 

the highest unrefined water absorbency. The bamboo, SBSK, and NBSK pulps provided the best 

combination for the tensile strength and water absorbency, followed by the SBHK and BEK 

pulps. The SBWS, DIP pulps can also be used to impart good strength and water absorbency. 

The acacia and NBHK pulps provided reasonable water absorbency at an unrefined state. 

However, the water absorbency at higher strength levels was low. The BWS pulp presented the 

worst combination of water absorbency and strength. 

Figure 5-9b and Figure 5-9c show the softness panel as a function of the tensile strength. 

The acacia, BEK, and NBHK offered superior softness at a given strength among all studied 

pulps. The SBHK, NBSK, bamboo, and wheat straw pulps presented intermediate combination 

of softness and strength. The market pulps having the worst combination of softness and strength 
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were SBSK and DIP pulps. Acacia, BEK, and NBHK provided superior softness at unrefined 

state, followed by SBHK and bamboo pulps. 

 

 

      

Figure 5-9: Water absorbency capacity and softness panel as a function of the tensile strength 
(breaking length) for the hardwood, softwood, recycled, and non-wood pulps at different refining 

levels; (a) water absorbency capacity as a function of the breaking length; and (b) and (c) 
softness panel as a function of the breaking length; the higher the softness score, the higher the 

softness. 
 

 Matching the Fiber Type with Tissue Paper Products and Grades 

The value or price of tissue paper products is mostly related to the performance or 

properties. The target or essential properties for a defined product category change according to 

its application (e.g., bath tissue, facial tissue, napkin, and towel). Typically, the essential 

properties for bath and facial tissues are, in order of importance, the softness, water absorbency, 
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and strength. In contrast, napkin and towel products require high levels of water absorbency and 

strength (Novotny 1988; Zou 2017a). Additionally, different product grades (e.g., economy, 

premium, and ultra) inside a specific product category require different performance levels. 

Economy products have a low performance and are manufactured with a high content of recycled 

and low-quality fibers. Premium products are manufactured with a lower amount of recycled 

fibers. Ultra products have a high quality and are manufactured with a high content of virgin and 

high-quality fibers, using a minimum content of recycled fibers (de Assis et al. 2018b). In this 

context, a discussion that links the fiber morphology, tissue properties, and tissue products was 

provided. The authors indicated what pulp type would be more suitable for an application in a 

specific product category and grade based on the observed fiber morphology and tissue paper 

properties. 

BEK, SBHK, SBSK, NBSK, and bamboo pulps are adequate for high quality (premium 

and ultra) napkin and towel products because they offered superior combination of water 

absorbency and strength. At low refining levels, the SBHK and bamboo pulps could be used to 

impart better water absorbency than BEK, SBSK, and NBSK pulps. At higher refining levels, the 

SBSK, NBSK, and bamboo pulps could deliver higher water absorbency than BEK and SBHK 

pulps at a given strength. SBSK, NBSK and bamboo pulps have long fibers with high coarseness 

that can provide superior combination of strength, bulk and absorbency when compared to the 

shorter and thinner fibers present in BEK and SBHK pulps. SBWS and DIP pulps could be used 

in low quality (economy) napkin and towel products because they had an intermediate 

combination of water absorbency and strength. SBWS and DIP pulps have intermediate fiber 

length and coarseness, however, with very high content of fines that promotes densification of 

the fiber web resulting in lower bulk and water absorbency. Acacia and NBHK pulps could be 
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used in napkin and towel products that require a lower water absorbency and higher softness. 

Acacia and NBHK pulps have the lowest fiber length and coarseness among all fibers evaluated. 

The BWS pulp exhibited the worst combination of water absorbency and strength. BWS pulp 

presented the highest content of fines and lowest bulk among all fibers.  

Acacia, BEK, and NBHK pulps are recommended for high quality (premium and ultra) 

bath and facial products, in which high levels of softness are required. Acacia, BEK and NBHK 

are short and thin fiber having low coarseness. BEK pulp is especially desired because it 

provides superior water absorbency when compared to acacia and NBHK pulps. At the unrefined 

state, acacia pulp presented better softness, followed by BEK and NBHK pulps. A low level of 

refining is recommended for these hardwoods to avoid loss of softness. Bamboo and NBSK 

pulps contain long fibers with intermediate coarseness that could be used in conjunction with the 

hardwood pulps to provide strength without significantly sacrificing softness and water 

absorbency. The SBHK and the wheat straw pulps, which have intermediate fiber length and 

coarseness, can be used in economy products as they provide intermediate combination of 

softness and strength. SBSK and DIP pulps presented the worst combination of softness and 

strength. Long and coarse fibers present in SBSK pulp are not desirable for softness. DIP fibers 

are stiff and do not provide good softness.  

The comparison between the wood, non-wood, and recycled pulps showed that bamboo 

pulp can replace hardwood and softwood pulps in an unrefined state to provide superior water 

absorbency. At higher refining levels, bamboo pulp can be used to replace the softwood pulps to 

provide similar water absorbency at a given strength. At the unrefined state, bamboo pulp can 

also be used to replace SBHK pulp to achieve similar softness. At higher refining levels, 

bamboo, SBHK, and NBSK pulps can achieve similar combination of softness and strength. 
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Wheat straw pulps presented similar combination of softness and strength as the SBHK and 

NBSK pulps at higher refining levels, but lower softness than SBHK pulp at the unrefined state. 

Wheat straw pulps can also be used to replaced DIP pulp in applications were intermediate levels 

of water absorbency and strength are desired. 

Pulp blending and mechanical refining can be explored to maximize the performance of 

different products. For example, unrefined BEK or NBHK pulps can be blended with refined 

bamboo and NBSK pulps to maximize the water absorbency and softness without sacrificing the 

strength. 

 

5.5. Final Considerations and Limitations 

Caution has to be taken in future studies aimed at extrapolating the data generated in this 

study for actual industrial products; however, the results can be used as a starting point to 

understand the potential of different fibers for tissue applications. The data presented here were 

based on uncreped handsheets made on a laboratory scale without the use of any chemical 

additives. It is well known that, in addition to the fiber type, the machine technology (e.g., wet 

pressing, thorough-air drying (TAD), creping, and layering) and chemical additives (e.g., dry 

strength additives, wet strength additives, and softeners) have a notable impact on the final 

properties of the tissue products and manufacturing process (de Assis et al. 2018b). 

The creping process is a very important process step used to enhance bulk, water 

absorbency, softness, and stretch of tissue paper products. Additionally, different fiber types will 

respond differently to the creping process. In any case, the results obtained for tensile strength 

and water absorbency with the uncreped handsheets seem to be in line with the results that would 

be obtained if the same pulps were used to manufacture creped tissue products. For example, 
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long fibers having thin cell wall, such as NBSK pulp, are very desirable as a source of strength 

for tissue paper manufacturing, while long fibers having high coarseness to width ratio, such as 

SBSK and bamboo pulps, can form a bulky and water absorbent tissue paper web (de Assis et al. 

2018b). The results obtained for softness with the uncreped handsheets also presented a good 

agreement with what would be expected in creped tissue products. The literature reports that 

hardwood pulps are commonly used to provide superior softness for tissue paper products. For 

example, short fibers having thin cell wall can be used to provide a large number of free and 

flexible fiber ends to enhance surface softness, especially after the creping process. On the other 

hand, fibers that can form a bulky and flexible fiber web (e.g., softwood pulps) can provide good 

bulk softness (de Assis et al. 2018b). The effect of creping on tissue paper properties will be 

studied in a future work, where a comparison between creped and uncreped handsheets made 

with different market pulps will be evaluated. 

The choice for a specific market pulp or pulp blend has to take into consideration not 

only the product performance but also product appearance. Brightness is an important factor for 

positioning tissue products according to the target market segment (e.g. consumer, away from 

home), product type (e.g. bath tissue, towel, facial tissue), and product category (e.g. economy, 

premium, ultra). In this context, comparisons amongst fibers with different brightness has 

limitations. The bleaching process not only affects product appearance but also changes fiber 

performance. Additionally, the manufacturing process also may impact the selection of a specific 

market pulp or pulp blend. Conventional dry-crepe machines can make products using 100% 

eucalyptus fibers, whereas a TAD machine and structure products require 10% to 20% of lightly 

refined softwood to generate enough tear propagation resistance to allow reliable paper machine 

and converting operations. Additionally, TAD machines by design require fibers with a high 
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permeability and cannot use large amounts of low freeness materials, such as recycled and non-

wood fibers. Finally, whether a tissue machine is layered or not influences the fiber choices and 

percentages used. 

Specific market pulps, such as BEK, cannot be treated as a commodity for tissue paper 

manufacturing. Market pulps manufactured in different locations and using different species may 

present different performances. For example, Eucalyptus grandiflora has been hybridized with E. 

urophila, E. saligna, and other species to produce trees in the central coastal region of Brazil that 

are suitable for providing superior softness for facial tissue paper products, especially when the 

fibers are layered on the surface of the tissue paper. E. globulus and E. grandiflora produced in 

the southern region of Brazil are more suitable for printing and writing paper grades, even 

though they are also used in tissue products. Iberian Eucalyptus globulus pulp is manufactured 

using trees that are older than the trees harvested in Brazil. Many eucalyptus trees in Portugal 

and Spain are not harvested before they are 20 years to 24 years old. Fibers obtained from old 

trees present a lower uniformity, thicker cell walls, higher length, and higher diameter. Iberian 

eucalyptus is suitable for printing and writing grades, and it has been found to be unsatisfactory 

for layering on the surface of facial tissue paper. However, Iberian eucalyptus works well as a 

bulk fiber for bath tissue and napkin products (Nanko et al. 2005). 

 

5.6. Conclusions 

1. In this study, a comparison among wood, non-wood, and recycled pulps at a 

laboratory scale using uncreped handsheets was performed to evaluate which market pulps are 

more suitable for different tissue paper products and to evaluate what fiber features are desired 

for a specific tissue property. Additionally, the market pulps were mechanically refined at 
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different levels to evaluate the effect of refining action on the strength, softness, and water 

absorbency. The results showed that the strength was inversely related to the softness and water 

absorbency. Fibrillation of the fiber surface and delamination of the fiber cell wall caused by the 

refining process increased the wet flexibility, collapsibility, and bonding ability of the individual 

fibers, which increased the strength of the fiber web. However, increasing the strength was 

accompanied by a densification of the fiber web, which reduced the water absorbency and 

softness. 

2. The results showed that the fiber morphology has a major impact on the observed 

tissue paper properties. Market pulps with a combination of long fibers, high coarseness, and low 

fines content can provide superior bulk and water absorbency. Long fibers having thin cell wall 

can be used to impart strength without sacrificing softness significantly. Short fibers with low 

coarseness and low fines content can provide superior softness.  

3. The BEK, SBHK, SBSK, NBSK, and bamboo pulps are adequate for premium napkin 

and towel products because they can impart superior combination of water absorbency and 

strength. Acacia, BEK, NBHK, NBSK, and bamboo pulps are recommended for premium bath 

and facial products, in which high levels of softness are required. The DIP and wheat straw soda 

pulps can be used in economy towel products. SBHK, NBSK, DIP, wheat straw, and bamboo 

pulps can be used in economy bath tissue. 

4. Bamboo pulp can replace BEK, SBHK, SBSK, and NBSK to provide excellent 

combination of water absorbency and strength. Bamboo pulp can also be used to replace NBSK 

to provide strength without sacrificing softness. Wheat straw pulp can replace SBHK and DIP 

pulp in application were intermediate water absorbency and softness are required. 
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6. COMPARISON BETWEEN UNCREPED AND CREPED HANDSHEETS ON TISSUE 

PAPER PROPERTIES USING A CREPING SIMULATOR UNIT 

 

6.1. Abstract 

A comparison between uncreped and creped handsheets was performed to study the 

effect of fiber morphology and creping process on fiber web structure and tissue properties. Four 

wood and non-wood pulps refined at different levels were used to manufacture uncreped and 

creped handsheets with a creping simulator. A characterization of the fiber web structure using 

Scanning Electron Microscopy (SEM) and evaluation of tissue properties (e.g. tensile strength, 

absorbency, softness) was performed on the uncreped and creped handsheets. The results 

obtained with the creping simulator were compared with commercial products to evaluate the 

significance of the creping simulator results. The SEM images of the fiber web structure showed 

that the creping process promoted buckling and distortion of fibers, delamination of surface fiber 

layer, development of free fiber ends and creation of crepe folds, which enhanced water 

absorbency and softness at the expense of reduced tensile strength. Short and thin fibers seemed 

to be more effectively creped than long and coarse fibers. Long and coarse fibers seemed to be 

offer higher resistance to the compressive forces acting at the creping blade. A reasonable 

correlation between the performance of uncreped and creped handsheets made with different 

fibers was observed. The results indicate that the performance of uncreped handsheets can be 

used as a semi-quantitative indication of the performance of creped handsheets. The performance 

of the creped handsheets were similar to commercial products, which indicates that the creping 

simulator can be used as an alternative to study the creping process at laboratory scale. 
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6.2. Introduction 

Softness and absorbency are the key properties of tissue paper products, such as, bath 

tissue and kitchen towel (de Assis et al. 2018b). Tissue products having superior softness and 

absorbency will present better consumer acceptance and higher value in the market (de Assis et 

al. 2018a). In this context, tissue manufacturers are always looking for alternatives to reduce 

costs without jeopardizing performance or gain additional value by developing products with 

enhanced performance. 

In a previous publication, the relationship between tissue performance and fiber features 

for ten market pulps (wood, non-wood and recycled) was studied to (i) evaluate the effect of 

fiber source and mechanical refining on tissue performance, (ii) evaluate what fiber features are 

desired for a specific tissue property, (iii) determine what fiber types are suitable for a specific 

tissue product, and (iv) determine how non-wood pulps can be used to replace or complement 

wood pulps to improve fiber sourcing flexibility (de Assis et al. 2019). However, the work was 

based on uncreped handsheets that may not be able to fully translate the real performance of 

tissue products. That is because the vast majority of tissue producers uses the creping process to 

promote significant changes in the fiber web structure and create a final product with enhanced 

performance. Additionally, different fibers may respond differently to the creping process. To 

address this issue, a comparison between uncreped and creped handsheets manufactured using a 

creping simulator was executed in the present study to evaluate the performance of different 

market pulps before and after creping. 

The creping process is an essential unit operation used to develop tissue properties. 

Creping can be defined as the process where a paper web is continuously scrapped by a creping 

blade from the cylindrical Yankee drier surface. During this process, a continuous wet paper web 
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is pressed and bonded to the Yankee surface. A creping chemistry, composed by a combination 

of adhesive and release agents, is typically sprayed on the Yankee surface to promote and control 

the adhesion between the paper web and the Yankee drier. During the dry creping process, the 

paper web is dried to consistency around 95% by the steam heated Yankee surface and by hot air 

flow coming from the surrounding Yankee hood, and scrapped from the Yankee surface by a 

creping blade (de Assis et al. 2018b). After creping, the difference in speed between the Yankee 

drier and the paper reel defines the crepe ratio (sheet shrinkage) and controls the stretch ability of 

the paper web (Pan et al. 2018). The compressive creping forces acting on the paper web at the 

creping blade promotes the buckling and distortion of fibers, weakening and breaking of fiber 

bonds, and delamination of the fiber web structure, which enhances bulk (inverse of apparent 

density), absorbency and softness at the expense of lower strength (de Assis et al. 2018b). 

Creping can be idealized as a successive delamination and buckling process. When the 

paper web touches the creping blade, compressive forces start to develop. As the Yankee surface 

continuous to move, the compressive forces increase until they promote the failure of the 

adhesive layer causing the paper web to delaminate or de-bond from the Yankee surface. The 

delaminated portion of the paper web grows until a point where it becomes unstable and starts to 

buckle. At the end of the buckling process, a new bonded portion of the web reaches the creping 

blade and the whole process (delamination and buckling) is repeated periodically. The 

delamination and buckling process promotes the formation of successive crepe folds and the 

development of paper web surface (Ramasubramanian & Shmagin 2000; Pan et al. 2018). The 

formation of crepe folds decreases the length of the paper web and increases its basis weight 

proportionally. The folding process also increases the caliper (thickness) of the paper web 

(Hamalainen et al. 2016). The surface of the paper web that was in contact with the adhesive 
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layer have a high number of fibers sticking out of the sheet plane (free fiber ends) that contribute 

to enhance the perceived softness (de Assis et al. 2018b).  

The crepe structure has a folded pattern that is not periodic, however, it is composed by a 

dominant wavelength and amplitude (Furman et al. 2014; Pan et al. 2018). Tissue caliper is 

defined by the amplitude of the crepe folds (ATIP, 2016) and it is different from the “real” 

caliper of the paper web. Crepe ratio and number of crepe folds affect tissue caliper. Lower 

number of crepe folds and higher crepe ratio increases the amplitude of crepe folds and paper 

web caliper (Hamalainen et al. 2016). The crepe structure includes not only the crepe folds but 

also surface elements (micro crepe structures and free fiber ends) (Furman et al. 2014).  

The crepe structure is affect by many variables that are related to the paper web (e.g. fiber 

type, basis weight, density, caliper, moisture, modulus) and tissue making process (e.g. refining, 

wet-end additives, formation, wet pressing, creping chemistry, temperature, blade angle, speed, 

crepe ratio) (Anukul et al. 2015; Pan et al. 2018). The final characteristics of the crepe structure 

are the result of a complex balance among the level of adhesion between the paper web and 

Yankee surface, the cohesion of the paper web before the creping blade, the creping force 

experienced by the paper web at the creping blade and the crepe ratio. A more intense creping, 

where the fibers have a higher tendency to separate from each other to increase the bulk 

significantly, is more likely to happen when adhesion is high, paper web cohesion is low and 

creping forces are high. A finer crepe structure (high number of short folds) is desired for 

superior softness and can be achieved with low basis weight, low web density and stiffness, high 

adhesion and high creping angle (Pan et al. 2018; Pan et al. 2019). 

The lack of standards for making creped tissue at laboratory scale makes it difficult to 

control and optimize the quality of the final product at industrial scale (Anukul et al. 2015). 
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Industrial and pilot trails can be used to study new creping alternatives or optimize existing 

creping processes, however, these trials are expensive and do not provide the flexibility 

necessary to easily study and optimize different creping variables. Small scale creping simulators 

can be explored as a cheaper and simpler alternative to study the creping process. However, the 

design of creping simulators that can operate under conditions similar to real tissue machines is a 

challenge and there are always limitations on the extrapolation of creping simulators results to 

industrial scale machines. Lower speed, longer duration of process steps (e.g. creping chemistry 

drying, wet sheet pressing, sheet drying) and absence of tissue machine elements (e.g. forming 

section, press section, chemistry spray system, rewind reel) are some of the major limitations of 

creping simulators (Hamalainen et al. 2016). 

Few articles involving the use of creping simulators to study the creping process are 

available in the literature. Most of the authors used a single fiber mix or one type of uncreped 

paper to study the impact of tissue making variables (e.g. basis weight, moisture, creping 

chemistry, temperature, blade angle, creping force, speed, rewind tension, crepe ratio) on crepe 

structure (number of crepe folds, wavelength, shrinkage, caliper, density) and tissue properties 

(e.g. tensile strength, stretch, water absorbency and softness) (Chan 1983; Ramasubramanian & 

Shmagin 2000; Ho et al. 2007; Patterson & Choi 2010; Boudreau & Barbier 2014; Hamalainen et 

al. 2016). Few authors worked with multiple fiber types. Nordman & Uggla (1977) used 

chemical hardwood and softwood fibers (e.g. bleached and unbleached pine sulfate, bleached 

and unbleached spruce sulfite and bleached birch sulfate) to study the effect of natural adhesion 

and blade pressure on the peeling energy with a dry creping simulator. Anukul et al. (2015) 

studied the effect of refining on tissue properties using recycled and virgin pulps (e.g. deinked 

pulp, bleached eucalyptus kraft, bleached bamboo, bleached bagasse) according to a laboratory 
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wet creping method. Therefore, as far as the authors could ascertain through literature review, a 

fundamental understanding about the impact of fiber type and morphology on fiber web structure 

and tissue properties before and after creping has not been fully reported. 

Additionally, many authors justified the use of creping simulators for research and 

development purposes as a cheaper and more flexible alternative to pilot and industrial trials 

(Chan 1983; Ramasubramanian & Shmagin 2000; Ho et al. 2007; Patterson & Choi 2010; 

Boudreau & Barbier 2014; Anukul et al. 2015; Hamalainen et al. 2016). In this case, it would be 

important to compare the performance between tissue produced with creping simulators and 

commercial products to evaluate the reliability and significance of the results obtained with 

creping simulators. However, such comparison is not reported in the literature. 

In this context, the objective of the present work was to compare the performance of 

uncreped and creped handsheets made with wood and non-wood pulps to study the effect of fiber 

morphology and creping process on fiber web structure and tissue properties using a creping 

simulator. An additional objective was to compare the results obtained with the creping simulator 

and commercial products to evaluate the reliability and significance of the creping simulator 

results. To address these objectives, a characterization of the fiber web structure using Scanning 

Electron Microscopy (SEM) and evaluation of tissue properties (e.g. strength, absorbency, 

softness) was performed for different fiber types before and after creping. An internal data basis 

containing the performance of consumer and away from home tissue in the USA market was 

used to benchmark the results obtained with the creping simulator. 
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6.3. Experimental 

 Market Pulps 

Four cellulosic pulps were used in this study, including hardwood, softwood, and non-

wood pulps (Table 6-1). These pulps were kindly donated by different market pulp producers, 

whose identities were kept confidential. According to Fisher International (2018), bleached 

eucalyptus kraft (BEK), southern bleached softwood kraft (SBSK) and northern bleached 

softwood kraft (NBSK) are the most used virgin pulps for the manufacturing of tissue paper in 

the USA market. Bleached bamboo soda (bamboo) has presented as a promising non-wood fiber 

for tissue manufacturing (de Assis et al. 2019). Table 6-1 presents the brightness and fiber 

morphology for each market pulp, including fiber length, width, coarseness, fines and 

population. 

 

Table 6-1: Hardwood, Softwood, Non-wood Pulps. 

Pulp Name 
Bleached 

Eucalyptus 
Kraft 

Southern 
Bleached 
Softwood 

Kraft 

Northern 
Bleached 
Softwood 

Kraft 

Bleached 
Bamboo 

Soda 

Pulp ID BEK SBSK NBSK Bamboo 

ISO Brightness 87 86 87 83 

Length Weighted Fiber Length (mm) 0.82 2.58 2.34 1.72 

Width (µm) 16.4 28.1 28.4 15.4 

Coarseness (mg/km) 73 216 135 92 

Length Weighted Fines (%) 4.5 5.0 3.8 12.8 

Population (million fibers/g) 18.8 2.7 4.3 9.6 

 

 Handsheet Making 

The pulps were refined using a PFI refiner (PFI Mill – nº312, The Norwegian Pulp and 

Paper Research Institute, Oslo, Norway), according to TAPPI T 248 sp-00 (2000). In the PFI 

refiner, the fibers are refined between a roll with bars and smooth-walled housing, both rotating 
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in the same direction but at different speeds. The refining action is achieved by the differential 

rotational action and by the application of loading that pushes the roll bars against the housing 

walls for a specified number of revolutions. Twenty-four grams (oven-dried) of pulp were 

disintegrated in a standard pulp disintegrator (Pulp Disintegrator, Testing Machines Inc., New 

Castle - DE, USA) at a 1.2% consistency using 15000 revolutions. After disintegration, a filter 

paper was used to filter the fiber suspension. Before the refining process, the pulp cake was 

removed from the filter paper and diluted to a 10% consistency. Pulp freeness (Canadian 

standard freeness - CSF) was measured after refining according to TAPPI T 227 om-99 (1999). 

A modified version of TAPPI T 205 sp-02 (2006) was used to make the handsheets as 

described by de Assis et al. (2019). After refining, the twenty-four grams (oven-dried) of fully 

disintegrated pulp were diluted to a 0.3% consistency and 200 mL of the final suspension were 

measured to make 30 g/m2 handsheets in a standard handsheet former (Sheet Former, Testing 

Machines Inc., New Castle - DE, USA). The formed handsheets were couched against the 

smooth surface of a blotting paper and an additional blotting paper was placed on the top of the 

couched handsheet for protection (blotter, handsheet, blotter). To avoid densification and 

consequent loss of softness and water absorbency, no pressing was performed on the wet 

handsheets. The handsheets were stacked and kept in a sealed plastic bag for four hours to 

equilibrate the moisture between the fiber web and blotting papers. After equilibration, the 

consistency of the handsheets was measured gravimetrically and adjusted to 40% - 45%. To 

adjust the consistency, water was added on each blotting paper, as necessary, followed by four 

hours of moisture equilibration and consistency measurement. The steps of water addition, 

moisture equilibration and consistency measurement were repeated until the target consistency 
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was achieved. Once the consistency was adjusted, the handsheets were kept overnight in sealed 

plastic bag inside a cold room. 

To produce uncreped handsheets, the wet handsheets at 40% - 45% consistency were 

dried with a drum drier (Formax 12” Drum Dryer, Adirondack Machine Corp., Hudson Falls - 

NY, USA) at 110 °C and 1 rpm to consistencies above 95%. Seven passes on the drum drier 

were necessary to dry the handsheets. The dried handsheets were peeled off from the blotting 

paper and conditioned at 50% relative humidity and an ambient temperature of 23 °C prior to 

testing (TAPPI T402 sp-08, 2013). 

To produce creped handsheets, the wet handsheets at 40% - 45% consistency were dried 

and creped at consistencies above 95% using a creping simulator. A detailed description of the 

creping simulator and creping variables are described in the following section. After creping, the 

creped handsheets were conditioned at 50% relative humidity and an ambient temperature of 23 

°C (TAPPI T402 sp-08, 2013). After conditioning, the creped handsheets were stretched to the 

desired crepe ratio using a tensile tester (INSTRON Model 4443, Canton, MA, USA). Eq.1 was 

used to calculate the desired length for stretching, where CR is the crepe ratio in percentage, L0 

is the length of the handsheet before creping and Lf is the desired length of the creped handsheet 

after stretching. The stretching process was executed at a constant speed (50 mm/min) until the 

desired length (Lf) was reached and the tensile tester was stopped. The creped handsheet were 

kept under tension at the desired length (Lf) in the tensile tester for twelve hours prior to testing 

to stabilize the sheet length. 

 

𝐶𝑅 =
 𝐿 − 𝐿

𝐿
× 100          →           𝐿 = 𝐿 × 1 −

𝐶𝑅

100
                                    (1) 
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 Creping Simulator Unit 

Figure 6-1 presents a schematic drawing of the creping simulator that was kindly donated 

by Kemira (Helsinki, Finland). This creping unit was the same used by (Hamalainen et al. 2016), 

however, some modifications were executed to improve the system run ability and creping 

reproducibility. The creping simulator was designed to operate at reasonable speeds and 

continuously, without interruption between successive process steps. The duration of each 

process step was similar to industrial tissue machines. There are several major differences 

between the creping simulator and commercial tissue machines. Among these differences are 

that the creping simulator does not have a forming section, vacuum dewater rolls, a drying hood 

or a paper reel. Furthermore, because this process is operated batch-wise, the ability to build a 

coating on the creping sled is limited. 

 

 

Figure 6-1: Schematic drawing of the creping simulator unit. 
 

The creping simulator was a 15 m long batch system where sheets of up to 200 mm long 

and 110 mm wide can be creped. The system was composed by four main components (sled, 
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spray system, transfer roll and blade) and two distinct zones (spraying/transfer zone and 

drying/creping zone). Before each run, the sled surface was heated to the desired temperature. 

Once the desired temperature was reached, the sled was accelerated to the selected speed for the 

spraying/transfer zone. The sled surface was coated with the creping chemistry sprayed by the 

spray system. The wet handsheet was transferred from the transfer roll to the coated sled surface. 

After transfer, the sled was accelerated to the desired speed for the drying/creping zone where 

the handsheet was dried to consistencies above 95% and creped at the creping blade. Finally, the 

sled was decelerated until it stopped and the creped handsheet was collected. 

The sled was a flat cast iron surface designed to mimic the Yankee dryer surface. Prior to 

each run, the sled can be heated electrically to temperatures up to 125 °C to provide the energy 

necessary to dry the paper web. All experiments were executed at 115 °C. The sled was attached 

to a timing belt driven by a servo motor that allowed accurate positioning and fast acceleration 

and deceleration. The speed of the sled in each zone can be adjusted independently up to 10 m/s. 

All experiments were executed at 1.4 m/s in the spraying/transfer zone, and 2.5 m/s in the 

drying/creping zone. 

The spray system was composed by a pressure vessel connected to a spray nozzle. During 

each run, a dilute solution of creping chemistry was transferred from the pressure vessel to the 

spray nozzle to form an 80° flat spray. Compressed air was used to maintain a pressure of 40 psi 

in the vessel and ensure constant flow and uniform spraying. The creping chemistry used was a 

polyaminoamide-epichlorohydrin (PAE) adhesive provided by Kemira. No other chemicals (e.g. 

release, modifier) were used. The dosage of creping chemistry on the sled surface was calculated 

according to Eq. 2, where D is the adhesive dosage on the sled surface in mg/m2 based on dry 

solids of adhesive, M is the mass flow rate (5 g/s) of creping chemistry solution, C is the 
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adhesive concentration in the creping chemistry solution (0.125 mg/g) based on dry solids of 

adhesive, S is the speed of the sled (1.4 m/s) at the spraying/transfer zone, and W is the width of 

the spray (0.185 m) at a given vertical distance between the nozzle tip and the sled surface. Eq. 3 

was used to calculate W, where θ is the angle of the spray formed at the nozzle tip (80°), and L is 

the vertical distance between the nozzle tip and the sled surface (0.11 m). The chemical dosage 

on the sled surface used in all experiments was approximately 2.4 mg/m2 based on dry solids of 

PAE. 

 

𝐷 =
𝑀 × 𝐶

𝑆 × 𝑊
                                                                                                                         (2) 

 

𝑊 = 2 × tan
𝜃

2
× 𝐿                                                                                                       (3) 

 

The sheet transfer unit was composed by a transfer roll covered with a forming fabric 

where the wet handsheets were placed. The forming fabric was provided by AstenJohnson 

(Charleston, South Carolina, USA). The elevation of the transfer roll and pressure applied on the 

sled can be adjusted accordingly. Before each run, the wet handsheets at 40% - 45% consistency 

were cut to the desired size (160 mm long x 110 mm wide), removed from the blotting paper and 

transferred to the forming fabric using a soft and smooth plastic roll. The moisture content in the 

forming fabric was adjusted to 15% - 18% to promote good adhesion between the forming fabric 

and the wet handsheet before each run. The transfer roll was driven by a servo motor controlled 

by a sensor which allowed precise positioning. The sled and the transfer roll were synchronized 
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in such a way that the wet handsheet was always transferred at the right position and right speed 

from the transfer roll to the sled surface. 

The pressure of the creping blade against the sled surface can be adjusted as needed. Two 

force transducers attached to the creping blade holder were used to adjust the creping blade 

pressure (1450 N for the vertical component and 850 N for the horizontal component). The force 

transducers can also be used to measure the creping force during each run. The creping angle 

(angle between the tangent at the sled surface and the creping blade face where the handsheet is 

creped) can be adjusted by installing blades with different bevel angles (angle between the 

creping blade lower surface and the creping blade face where the handsheet is creped). The 

creping angle in all experiments was 80°. The creping blades were supplied by Kadant (Westford, 

Massachusetts,USA). 

The surface of the sled was cleaned before starting a new set of handsheets. An initial 

coating was developed on the sled surface by running the creping simulator three times without 

handsheets. The final coating was developed by running handsheets until a uniform crepe pattern 

and constant sheet shrinkage was observed. The adhesion between the sled surface and the 

handsheets increased as more sheets were creped until an equilibrium was achieved. Typically, 

five handsheets were necessary to obtain a uniform crepe pattern and constant sheet shrinkage. 

The creped handsheets used for testing were collected once the uniform crepe pattern was 

achieved. 
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 Handsheet Testing 

The tissue properties for both uncreped and creped handsheets were measured. The 

results presented for tissue properties (caliper, basis weight, apparent density, tensile strength, 

water absorbency, softness) are the average of measurements performed with four handsheets. 

The basis weight (mass per unit of surface area) and apparent density were measured 

according to TAPPI T 410 om-08 (2013) and TAPPI T 580 pm-12 (2012), respectively. The 

tensile strength (maximum tensile force per unit of width) was measured according to ISO 

12625-4 (2005) using a tensile tester (INSTRON Model 4443, Canton, MA, USA). Due to 

limitation in the size of creped samples, the tensile test was performed with samples that were 50 

mm long and 75 mm wide. For the creped handsheets, only the tensile strength at the creping 

simulator direction (machine direction) was measured. The tensile strength was divided by the 

basis weight to calculate the tensile strength index. The water absorbency capacity per unit of 

mass was measured according to ISO 12625-8 (2010). One gram of handsheets were used for 

water absorbency test. During the water absorbency test, the test sample was inserted in a 

standard metal basket and horizontally submerged in deionized water for 30 s. After the 

submersion period, the test sample was removed from water and positioned at a horizontal angle 

of 30° for drainage. The excess water was drained for a period of 60 s and the weight of the wet 

sample was measured. 

The softness of handsheets was assessed with a panel according to (de Assis et al. 2019). 

The samples were given to 10 panelists who were asked to rank the samples from the least soft to 

the softest (rank order method). After ranking the samples, the panelists were asked to assign a 

score to each sample (rating method). The least soft and softest samples selected during the rank 

order method were assigned a score of 50 and 100, respectively. The panelists were free to assign 
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any score ranging from 50 to 100 to the remaining samples. The panel was executed individually 

in a controlled environment (50% relative humidity, 23 °C ambient temperature) (TAPPI T402 

sp-08 2013). Softness was also assessed using a Tissue Softness Analyzer (TSA, EMTEC 

Electronic GmbH, Leipzig, Germany) (Grüner 2016). During this measurement, a sound 

spectrum was generated as a result of the friction experienced by a group of six vertical lamellas 

that rotate horizontally on the surface of the tissue paper sample. In the generated sound 

spectrum, a peak in the sound intensity around 6500 Hz (TSA softness, also called the TS7 - dB) 

is the result of the lamellas vibrating. This peak is an indication of the “real” softness and is 

influenced by many variables (e.g., type of fibers, fiber bonding strength, free fiber ends, internal 

structure, machine technology, creping, and chemicals). A lower TS7 peak intensity value 

indicates higher softness. Another peak observed in the sound spectrum around 750 Hz (TSA 

roughness, also called TS750 - dB) is the result of the sample vibrating and is mainly related to 

the surface structure and geometry, and it is influenced by surface finishing (e.g. creping, 

embossing, calendering). This peak is an indication of surface smoothness or roughness, defined 

as the degree to which a surface contains short-span or fine irregularities. A lower TS750 peak 

indicates higher surface smoothness. Also, the TSA stiffness (TSA stiffness, also called D - 

mm/N) was measured. During the measurement, the vertical lamellas applied a vertical force 

from 0.1 N to 0.6 N on the sample, stretched as a membrane, while the vertical displacement was 

measured. The TSA stiffness was calculated as the ratio between the displacement and applied 

vertical force. TSA stiffness can be used as an indication for the stiffness, compressibility and 

drape. A higher value for D indicates better overall hand fell. TSA stiffness is influenced by type 

of fiber, refining, chemicals, machine technology. For the uncreped handsheets, only the side that 

was in contact with the blotting paper used in the couching process was tested with the TSA. For 
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the creped handsheets, the side that was in contact with the sled surface was measured with the 

TSA. 

 

 Handsheet Structure 

The uncreped and creped fiber web structures were visualized using a Hitachi S3200N 

Variable Pressure Scanning Electron Microscopy (VPSEM). Pictures from the surface and cross-

section of uncreped and creped handsheets were obtained. For the uncreped handsheets, the side 

that was in contact with the blotting paper in the couching process was used for surface 

visualization. For the creped handsheets, the side that was in contact with the sled surface was 

used for surface visualization. For the cross-section images, the samples were immersed in liquid 

nitrogen and cut using a sharp blade to avoid the collapse of the fiber web structure. The creped 

handsheets were cut in the creping simulator direction (machine direction) for the visualization 

of the crepe folds. The samples were sputter coated with a thin layer (~ 35 nm) of gold-

palladium. The working distance for surface images was around 23 mm and the working distance 

for the cross-section images was around 17 mm. Accelerating voltage was 10 kV. 

 

6.4. Results and Discussion 

 Effect of Fiber Morphology and Crepe Ratio on Fiber Web Structure and 

Tissue Properties 

Two fibers with very distinct morphologies (BEK and SBSK) were selected to evaluate 

the effect of fiber morphology and creping process on fiber web structure and tissue properties 

before and after creping. The objective is to evaluate how the creping process transforms the 

fiber web structure and develops tissue properties of these very distinct market pulps. According 
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to the literature, there are tradeoffs among different tissue properties. Higher softness and higher 

water absorbency are achieved at the expense of lower strength. Because the value of tissue 

products is significantly affect by its softness and/or water absorbency, tissue products that can 

deliver higher softness and/or higher water absorbency at a given strength are highly desirable 

(de Assis et al. 2019). To address this issue, both fibers were refined at different levels to yield 

uncreped handsheets with a tensile strength of approximately 2 km of breaking length (BEK 

pulp: 850 PFI revolutions and 540 mL of CSF; SBSK pulp: 700 PFI revolutions and 705 mL of 

CSF). After the creping process, the creped handsheets for both pulps presented similar 

shrinkage or crepe ratio (~ 55%). After proper conditioning, the creped handsheets were 

stretched using a tensile tester until a desired crepe ratio was achieved. Handsheets stretched to 

different crepe ratios (5%, 10%, 15% and 20%) were evaluated. 

Figure 6-2 presents the tensile strength results. The drop in tensile strength between the 

uncreped and creped handsheets was 70% for BEK pulp and 67% for SBSK pulp, which are a 

typical values for strength reduction of commercial tissue products after a dry creping process 

(Pan et al. 2019). The compressive forces acting during the creping process are known to 

promote the weakening and breaking of fiber bonds, creating a paper web with lower strength. 

The weakening of fiber bonds seems to be more pronounced for BEK fibers. 

The crepe ratio did not change tensile strength significantly, however, tensile strength 

index increased with the decrease of crepe ratio. The basis weight of creped handsheets is 

proportional to the crepe ratio. A handsheet with low crepe ratio is at more stretched condition 

which results in lower basis weight (lower mass per area). Therefore, at a constant tensile 

strength and lower crepe ratio, the tensile strength index (quotient between tensile strength and 

basis weight) is higher.  
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Differently, Ho et al. (2007) reported a reduction of tensile strength at lower crepe ratio, 

probably due to the negative effect of high paper web tension at the paper reel. To achieve a 

lower crepe ratio, more stretch is applied to the creped sheet at the paper reel, which increases 

the web tension and may lead to a reduction of tensile strength. Additionally, the high dosage of 

adhesives used by Ho et al. (2007) (300 mg/m2) may contribute to the observed reduction in 

tensile strength. High dosage of adhesives increases the adhesion between the fiber web and the 

Yankee surface and promotes higher paper web shrinkage and further weakening of inter-fiber 

bonds (de Assis et al. 2018b). Higher shrinkage will require higher web tension to stretch the 

creped sheet to the desired crepe ratio at the paper reel, which may cause a reduction of tensile 

strength. On the contrary, Kuo & Cheng (2000) observed an increase in tensile strength at lower 

crepe ratio in a pilot machine. 

The absence of paper reel in the creping simulator, low dosage of adhesives (2.4 mg/m2) 

and the low speed used to stretch the handsheets after creping (50 mm/min) may explain the 

observed differences for the relationship between crepe ratio and tensile strength between the 

results obtained with the current creping simulator and cited literature. In any case, the 

comparison of results among different authors is difficult due to the use of very distinct creping 

systems and creping variables. 
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Figure 6-2: Tensile strength and tensile strength index of uncreped and creped handsheets at 
different crepe ratios (5%, 10%, 15%, 20%): (a) BEK pulp at 850 PFI rev. and 540 mL of CSF, 

(b) SBSK pulp at 700 PFI rev. and 705 mL of CSF. Creped handsheets were tested at the creping 
simulator direction (machine direction). 

 

Figure 6-3 presents the results for caliper and apparent density. SBSK handsheets 

presented higher caliper and consequent lower apparent density than BEK handsheets before and 

after creping. The long and coarse SBSK fibers form a bulkier fiber web structure when 

compared to the short and thin BEK fibers. On average, the caliper for the BEK handsheets 

increased 2 times after creping, while the caliper for the SBSK handsheets increased 1.8 times 

after creping. As a consequence, BEK handsheets experienced a higher reduction of apparent 

density (35%) than the SBSK handsheets (26%). The creping process is known to promote the 

buckling and distortion of fibers, and delamination of the fiber web structure, which enhances 

caliper and porosity, and reduces apparent density. The development of the crepe folds during 

the creping process also contributes for the increase in caliper. 

The crepe ratio changed the caliper of the handsheets significantly. The lower the crepe 

ratio, the lower was the observed caliper. Kuo & Cheng (2000) and Ho et al. (2007) also 

observed a reduction in caliper with the reduction of crepe ratio. At low crepe ratio, the 

handsheets are at a more stretched condition, where the crepe folds have higher wavelength and 
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lower amplitude, which reduces the caliper. However, apparent density was not significantly 

affected by the crepe ratio. One would expect that the stretch of the crepe folds would create a 

flat fiber web structure of higher apparent density. However, as reported by Pan et al. (2019), the 

fiber web undergoes plastic deformation during the creping process, which helps to preserve the 

crepe folds even after stretching. In other words, the crepe folds cannot be fully flattened even 

after stretching due to the plastic deformation of the fiber web during the creping process. The 

preservation of the crepe folds after stretching may be used to explain why crepe ratio does not 

change apparent density of the handsheets significantly. Another possibility is associated with 

the compression of the crepe folds during the caliper measurement. Even though the caliper 

pressure is low (2 kPa), it could cause the compression of the crepe folds during the 

measurement, yielding relatively flat fiber web structures where the amplitude of the crepe folds 

does not change the apparent density significantly. 

 

      

Figure 6-3: Caliper and apparent density of uncreped and creped handsheets at different crepe 
ratios (5%, 10%, 15%, 20%): (a) BEK pulp at 850 PFI rev. and 540 mL of CSF, (b) SBSK pulp 

at 700 PFI rev. and 705 mL of CSF. 
 

Figure 6-4 presents the results for water absorbency. On average, the creping process 

increased the water absorbency by 34 % for the BEK handsheets and by 25% for the SBSK 
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handsheets. The increase in water absorbency after the creping process is proportional to the 

reduction of apparent density presented in Figure 3. Additionally, the uncreped and creped 

handsheets of SBSK pulp presented lower apparent density and higher water absorbency than 

BEK pulp. As reported by de Assis et al. (2019), the water absorbency of cellulosic fiber webs is 

proportional to the apparent density and associated volume of pores. The lower the apparent 

density, the higher is the volume of pores in fiber web structure. In a saturated fiber web, most of 

the water is located in the pores between fibers, and therefore, higher water absorbency is 

expected for fiber webs with lower apparent density. 

The crepe ratio did not change the water absorbency significantly. This result would be 

expected because the apparent density and associate pore volume of the fiber webs were 

relatively constant at different crepe ratios. Kuo & Cheng (2000) also reported a small effect of 

crepe ratio on water absorbency. 

 

 

Figure 6-4: Water absorbency of uncreped and creped handsheets at different crepe ratios (5%, 
10%, 15%, 20%) for BEK pulp at 850 PFI rev. and 540 mL of CSF and SBSK pulp at 700 PFI 

rev. and 705 mL of CSF. 
 

Figure 6-5 presents the results obtained with the Tissue Softness Analyzer (TSA). During 

a TSA measurement, a sound spectrum is generated as a result of the friction experienced by a 
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group of six vertical lamellas that rotate horizontally on the surface of the tissue paper sample. In 

the generated sound spectrum, the TSA softness peak, also called TS7, is caused by the vibration 

of the vertical lamellas. The intensity of TS7 peak is mainly determined by fiber properties (e.g. 

morphology, stiffness), fiber web properties (e.g. density, stiffness, compressibility). TS7 is the 

most important parameter used by TSA to predict softness. A lower value of TS7 indicates better 

softness. It is interesting to notice that TS7 value for the uncreped handsheets is lower for the 

SBSK pulp, which would indicate that uncreped handsheets made with SBSK pulp would be 

softer than the uncreped handsheets of BEK pulp. However, as describe by Prinz et al. (2018), 

there are limitations in the use of TSA to assess the softness of uncreped sheets when short and 

long fibers are compared against each other. In fact, de Assis et al. (2019) have shown with a 

softness panel that uncreped handsheets made with BEK pulp have better softness than uncreped 

handsheets of SBSK pulp at a given strength. Differently, the TS7 results for creped handsheets 

show that the BEK pulp has better softness than SBSK pulp. According to the softness panels 

that will be presented in the next section, uncreped and creped handsheets made with BEK pulp 

presented better softness than handsheets made with SBSK pulp, as expected. TS7 values are 

affected by crepe ratio. The lower the crepe ratio, the lower are the TS7 values. For a given crepe 

ratio, TS7 values for BEK handsheets are lower than the TS7 values for SBSK handsheets. 
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Figure 6-5: Tissue Softness Analyzer (TSA) results of uncreped and creped handsheets at 
different crepe ratios (5%, 10%, 15%, 20%) for BEK pulp at 850 PFI rev. and 540 mL of CSF 

and SBSK pulp at 700 PFI rev. and 705 mL of CSF. (a) TSA softness - TS7 (the lower the value 
the better the softness, (b) TSA smoothness - TS750 (the lower the value the higher the 

smoothness), (c) TSA stiffness - D (the higher the value the lower the stiffness). For the creped 
handsheets, the side that was in contact with the creping simulator sled surface was measured 

with the TSA. 
 

The creping process is known to promote the weakening and breaking of fiber bonds and 

delamination of the fiber web structure, which decreases fiber web density and stiffness, 

resulting in a more flexible, compressible and softer structure. Additionally, the surface of the 

creped handsheets that was in contact with the adhesive layer is significantly transformed. A 

high number of fibers sticking out of the sheet plane (free fiber ends) is developed during the 

creping process and creates a velvet-like surface feel. These drastic transformations of the fiber 
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web structure enhance softness significantly and are responsible for the significant decrease of 

TS7 values after creping. Additionally, BEK pulp is known to produce tissue paper with superior 

softness. BEK pulp is composed by thin fibers that are more flexible than the coarse SBSK 

fibers. The very high population of short fibers present in the BEK pulp increases the probably of 

developing free fiber ends during the creping process when compared to SBSK pulp (low 

population of long fibers that forms multiple inter-fiber bonds) (de Assis et al. 2018b). The high 

number of flexible free fiber ends sticking out of the surface of the creped handsheets made with 

BEK pulp contributes to further decrease the TS7 values when compared to SBSK pulp. Even 

though the creped SBSK handsheets have lower apparent density than the creped BEK 

handsheets, the higher number of flexible fiber free ends present on the surface of creped BEK 

handsheets seems to be more important to achieve lower TS7 values. 

Another peak present in the sound spectrum generated during a TSA measurement is 

called TSA smoothness or TS750 and is caused by the vibration of the paper web. This peak is 

primarily determined by the creping and embossing patterns. A lower value of TS750 indicates 

higher smoothness. The development of crepe structure during the creping process increases 

TS750 values of BEK handsheets. Differently, TS750 values for creped SBSK handsheets are 

lower than the TS750 value for the uncreped SBSK handsheets. Crepe ratio also changes TS750 

values. The lower the crepe, the lower was the TS750 value. At lower crepe ratio, the crepe 

structure is at a more stretched condition, which increases the wavelength and reduces the 

amplitude of the crepe folds. The lower amplitude of the crepe folds promotes a reduction of 

TS750 values and creates a smoother surface. Kuo & Cheng (2000) also observed similar 

relationship between crepe ratio and surface softness measured with a sled method based on 

dynamic friction. The higher the crepe ratio, the lower was the observed surface softness. 
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The TSA instrument also measures the TSA stiffness, also called D. During this 

measurement, the vertical lamellas apply a vertical force from 0.1 N to 0.6 N on the tissue paper 

sample while the vertical displacement is measured. The TSA stiffness is calculated as the ratio 

between the displacement and applied vertical force. TSA stiffness can be used as an indication 

for the stiffness, compressibility, drape and is influenced by the basis weight, thickness and 

strength of the fiber web. A higher D value indicates better overall hand fell. TSA stiffness for 

the uncreped hand sheets is the same for both BEK and SBSK pulps. The creping process greatly 

increases the D values. Crepe ratio also affects TSA stiffness. The lower the crepe ratio, the 

lower thickness, basis weight and the higher the D values for the creped hand sheets. D values 

for the creped handsheets made with SBSK pulp is higher than for BEK creped handsheets. 

Figure 6-6 brings the SEM images taken from the uncreped and creped handsheets of 

BEK and SBSK pulps. The surface pictures of uncreped hand sheets (Figure 6-6a and Figure 

6-6f) show the significant difference in fiber morphology between BEK and SBSK pulps. BEK 

pulp has short and thin fibers with uniform size distribution, while SBSK pulp has longer and 

coarser fibers with a much broader size distribution. Vessel elements are present on the surface 

of BEK handsheets. BEK pulp forms a much finer pore structure (smaller pores) than SBSK pulp 

because of the observed differences in fiber morphology. Fibers at the surface look curled and 

well bonded to the fiber web structure. The cross-section pictures of the uncreped hand sheets 

(Figure 6-6b and Figure 6-6g) show that the fibers are aligned in the XY direction (sheet plane 

direction) forming a flat fiber web structure. A high degree of fiber lumen collapse is observed 

for both pulps. The refining process promotes surface fibrillation and delamination of the cell 

wall, which increases wet fiber flexibility and lumen collapsibility. The cross-section pictures 

indicate that low levels of refining are enough to promote considerable collapse of fiber lumen. 
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The images taken from the creped handsheets show the drastic transformation that the fiber web 

undergoes during the creping process. The surface images of the creped handsheets (Figure 6-6c 

and Figure 6-6h) show the valleys and hills of crepe folds. Fibers at the surface look distorted, 

with high number of kinks (abrupt change of fiber curvature) and partially detached from the 

fiber web structure. The crepe folds in BEK handsheets are much more defined and visible than 

in SBSK handsheets. The cross-section images (Figure 6-6d, Figure 6-6e, Figure 6-6i, Figure 

6-6j) also show more definition of the crepe folds in BEK handsheets. The fiber layer on the 

surface is partially detached (delaminated) from the fiber web creating a high number of free 

fiber ends, especially for BEK handsheets. The creped fibers look distorted and curled with high 

amount of kinks. 
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BEK: 850 PFI revolutions and 540 mL of CSF SBSK: 700 PFI revolutions and 705 mL of CSF 

  

  

  

  

  

Figure 6-6:Scanning Electron Microcopy (SEM) images of surface and cross-section of uncreped 
and creped handsheets for BEK pulp at 850 PFI rev. and 540 mL of CSF and SBSK pulp at 700 

PFI rev. and 705 mL of CSF. (a), (b) uncreped BEK; (c), (d), (e) creped BEK at 10% crepe ratio; 
(f), (g) uncreped SBSK; (h), (i), (j) creped SBSK at 10% crepe ratio. For the creped handsheets, 

the side in contact with the creping simulator sled surface was used for the surface images. 
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The results presented (fiber web structure images and tissue properties) can be used to 

illustrate how the creping process changes the fiber web structure and how these morphological 

changes affect the properties of handsheets made with fibers of distinct morphologies. The 

compressive forces acting during the creping process promotes the buckling and distortion of 

fibers, delamination of the fiber web, development of free fiber ends and creation of crepe folds 

as it can be seen from the SEM images (Figure 6-6). Because of these morphological changes, 

the creped handsheets have higher caliper, absorbency, and softness, and lower apparent density 

and strength (Figure 6-2, Figure 6-3, Figure 6-4, Figure 6-5). 

The differences in morphology between BEK and SBSK pulps also affects the crepe 

structure and tissue properties. The SEM images show that the shorter, thinner and more flexible 

fibers present in BEK pulp seem to be more easily folded during the creping process. 

Additionally, a more intense delamination of surface fibers and consequent development of 

higher number of free fiber ends was observed for the BEK handsheets after creping. On the 

other hand, SBSK pulp has longer, coarser and stiffer fibers that creates a fiber web more 

resistant to delamination and folding processes. Because of these morphological differences and 

distinct behavior during the creping process, BEK handsheets experienced a higher decrease of 

apparent density and consequent higher increase in water absorbency, and higher reduction in 

TS7 values after the creping process when compared to SBSK handsheets. As reported by 

Sundholm & Huostila (1980), coarser and stiffer fibers have higher bending stiffness and offer 

more resistance to the compressive forces acting on the fiber web during the creping process. 

 



   

200 
 

 Comparison Between the Performance of Uncreped Handsheets, Creped 

Handsheets and Commercial Products 

As discussed in the previous section, the creping process promotes drastic changes in the 

fiber web structure and creates a final product that is significantly softer and more absorbent. 

Because of the substantial gain in performance, the vast majority of producers uses the creping 

process to manufacture commercial tissue products. However, the lack of standard procedures 

and/or devices for making tissue at laboratory scale makes it difficult to study, optimize or 

develop creping processes. That is because the development of creping devices at laboratory 

scale that can fully mimic the conditions of pilot or industrial scale machines is always a 

challenge. As a result, the vast majority of the available literature involving the research of tissue 

paper is based on the study of uncreped sheets made in laboratory. In a previous publication, a 

map of tissue properties for ten market pulps (wood, non-wood and recycled) was developed to 

evaluate the effect of fiber source and mechanical refining on tissue performance for uncreped 

handsheets (de Assis et al. 2019). However, the absolute values for the tissue properties obtained 

with uncreped sheets are not comparable to the performance of commercial products. In addition, 

different fibers may respond differently to the creping process. To address this issue, a 

comparison between uncreped and creped handsheets was executed to evaluate if the creping 

process changes the order of performance among different fibers significantly. In other words, 

the objective is to evaluate if a fiber that presents the best performance before creping still 

presents the best performance after creping, and vice-versa. A comparison between the 

performance of creped handsheets and commercial tissue products is also presented to evaluate 

the reliability and significance of the creping simulator results. Four different market pulps 

(BEK, SBSK, NBSK and Bamboo), refined at different levels (Table 6-2), were tested before 
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and after creping. After the creping process and proper conditioning, the creped handsheets were 

stretched using a tensile tester until a desired crepe ratio of 10%. The stretched handsheets were 

tested. 

 

Table 6-2: Mechanical Refining Levels Applied to BEK, SBSK, NBSK and Bamboo pulps and 
the Corresponding CSF. 

Pulp ID 
PFI Refining 
Revolutions 

CSF 
(mL) 

BEK 
250 592 

850 540 

SBSK 
250 736 

700 705 

NBSK 250 699 

Bamboo 250 678 

 

Figure 6-7 presents the results for the measured tissue properties. A good correlation 

between the uncreped and creped values for apparent density and water absorbency is observed 

(apparent density R2 = 0.89; water absorbency R2 = 0.93) Figure 6-7b, Figure 6-7c). In other 

words, there was not a significant change in the order of performance between uncreped and 

creped handsheets made with different fibers for apparent density and water absorbency. For 

example, BEK pulp refined at 850 PFI revolutions presented the highest apparent density and the 

lowest water absorbency before and after creping. On the other hand, SBSK pulp refined at 250 

PFI revolutions presented the lowest apparent density and highest water absorbency before and 

after creping. The average reduction in apparent density is 31% (maximum = 40% and minimum 

= 25%). The average increase in absorbency is 25% (maximum 33% and minimum = 18%). The 

correlation between the uncreped and creped values for tensile strength is also good (R2 = 0.91), 

although small changes in the order of strength is observed. The overall trend shows that a 

stronger sheet before creping will present higher strength after creping and vice-versa (Figure 
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6-7a). The average reduction in tensile strength after creping is 69%. (maximum = 74% and 

minimum = 63%). 

Among the tissue properties evaluated, TSA softness (TS7) presented the most significant 

change after creping (Figure 6-7d). The correlation between uncreped and creped values for TS7 

is low (R2 = 0.27). As discussed in the previous section, there are limitations in the use of TSA to 

assess the softness of uncreped sheets made with different fiber types (Prinz et al. 2018). There is 

no correlation between softness panel results and TS7 values for uncreped handsheets 

manufactured with different market pulps. Similar results were reported by de Assis et al. (2019). 

The correlation between softness panel and TS7 values for creped handsheets is low (R2 = 0.34) 

(Figure 6-7f), however, it shows much better indication for perceived softness when compared to 

the results obtained with uncreped handsheets made with distinct fibers. 

Fiber morphology seems to affect the development of tissue properties during the creping 

process. The overall trend shows that pulps having longer and coarser fibers, such as SBSK and 

NBSK pulps, seems to offer higher resistance to the creping process than the shorter and thinner 

fibers present in BEK and Bamboo pulps. SBSK and NBSK pulps experienced lower reduction 

of tensile strength, lower reduction in apparent density and lower increase in water absorbency 

after creping when compared to BEK and Bamboo pulps. The average reduction in tensile 

strength for SBSK and NBSK pulps is 66%, while the average reduction in tensile strength for 

BEK and Bamboo pulps is 71%. Due to the higher reduction in tensile strength, BEK and 

Bamboo pulps experienced higher average reduction in apparent density (35%) and higher 

average increase in water absorbency (28%) when compared to SBSK and NBSK pulps (average 

reduction in apparent density 27% and average increase in water absorbency 22%). In other 

words, long and coarser fibers seemed to offer higher resistance to the delamination and folding 
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process that occurs during the creping process. Differences in adhesion between different fibers 

and the sled surface might also contribute for the observed differences among different fiber 

types. Typically, higher adhesion increases the creping forces at creping blade, resulting in 

higher weakening of inter-fiber bonds and consequent higher reduction in strength and apparent 

density. Even though good reproducibility was obtained during the operation of the creping 

simulator unit, some variability in the creping process is still present and can also contribute as a 

source of error. 

In summary, there is a reasonable correlation between tissue properties for handsheets 

made with different fiber types before and after the creping process. In other words, drastic 

changes in the order of performance between uncreped and creped handsheets made with 

different fibers was not observed. Despite the effect of different morphologies on the 

development of tissue properties during the creping process, the results obtained with uncreped 

handsheets could be used as a semi-quantitative indication of the performance of creped 

handsheets. 
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Figure 6-7: Tissue properties of uncreped and creped handsheets at 10% crepe ratio for BEK, 
SBSK, NBSK and Bamboo pulps refined at different levels. (a) Tensile strength, (b) Apparent 

density, (c) Water absorbency, (d) TSA softness - TS7 (the lower the value the better the 
softness), (e) Softness Panel - Score (the higher the value the better the softness), (f) Linear 

correlation between softness panel and TSA softness - TS7 for creped handsheets. For 
convenience of data interpretation, the samples were put in order according to their uncreped 

values for each measured property. For the creped handsheets, the side in contact with the 
creping simulator sled surface was used as a reference for TSA measurements and softness 

panel. 
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Table 6-3 presents a comparison between the performance of creped handsheets (BEK at 

850 PFI revolutions) and average values for commercial bath tissue in the USA market. 

Approximately fifty commercial products were tested using the same standard procedures 

discussed in the methodology section. A summary of the TSA results for the consumer bath 

tissue can be found somewhere else (Wang et al. 2019). According to Table 6-3, the properties of 

the creped handsheets are similar to the observed values for commercial bath tissue, which 

indicates that the creping simulator could be used as a reasonable alternative to study the creping 

process at laboratory scale. Despite the promising results, the extrapolation of the data generated 

in this study must be evaluated carefully. There are significant differences between the 

commercial bath tissue and the creped handsheets studied in this work (e.g. fiber blend, basis 

weight, fiber directionality, converting). Creping simulators cannot fully mimic all the variables 

associated with the industrial creping process. Additionally, the uniformity of the crepe structure 

of the creped handsheets was relatively lower when compared to commercial tissue products. 
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Table 6-3: Tissue Properties of Creped Handsheets - Mechanical Refining Levels Applied to 
BEK, SBSK, NBSK and Bamboo pulps and the Corresponding CSF. 

Tissue Product 
Creped Hand Sheets 
(BEK 850 PFI rev.) 

Consumer 
Bath Tissue  

Professional 
Bath Tissue 

Technology Creping Simulator Advanced* Conventional** Conventional** 

Tensile Strength 
Index (Nm/g) 

4.7 5.5 ± 1.8 6.2 ± 2.9 5.2 ± 1.9 

Apparent Density 
(kg/m3) 

144 92 ± 24 124 ± 24 128 ± 32 

Water 
Absorbency (g/g) 

8.1 9.8 ± 0.8 7.7 ± 1.0 7.5 ± 0.5 

TSA Softness 
(TS7 - dB) 

11.6 10.1 ± 1.9 14.0 ± 3.0 19.2 ± 4.0 

*Advanced Technology: CTAD (Creped Through-Air Drying) or UCTAD (Un-creped Through-Air 

Drying). 

**Conventional Technology: LDC (Light Dry Crepe). 

 

6.5. Conclusions 

1. In this study, a creping simulator unit was used to study the effect of fiber 

morphology and creping process on fiber web structure and tissue properties. Four wood and 

non-wood pulps were used to manufacture uncreped and creped handsheets. The performance of 

creped handsheets were compared with commercial tissue products to evaluate the significance 

of the creping simulator results. SEM images showed that the compressive forces acting at the 

creping blade promoted significant changes in the fiber web structure, including buckling and 

distortion of fibers, delamination of the surface fiber layer, development of free fiber ends and 

creation of crepe folds. 

2. Fiber morphology affected the extent of creping and consequent development of 

tissue properties. Short and thin fibers, such as BEK and bamboo fibers, seemed to be more 

effectively creped than long and coarse fibers, such as SBSK and NBSK fibers. Handsheets 

manufactured with short and thin fibers experienced higher reduction of apparent density and 



   

207 
 

higher increase in water absorbency and softness. Long and coarser fibers seemed to offer higher 

resistance to the delamination and folding process that occurs during the creping process. 

3. The comparison between uncreped and creped handsheets made with different market 

pulps showed a reasonable correlation between the measured properties (apparent density, tensile 

strength, water absorbency, softness). In other words, handsheets with better performance before 

creping showed better performance after creping in most cases, despite the effect of different 

fiber morphologies on the development of tissue properties during the creping process. These 

results suggested that the performance of uncreped handsheets could be used as a semi-

quantitative indication of the performance of creped handsheets. 

4. The performance of creped handsheets where similar to commercial tissue products, 

which indicates that the creping simulator could be used as a aviable alternative to study the 

creping process at laboratory scale. However, more testing is necessary to validate the results. 
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APPENDIX A - Effect of Cellulosic Fiber Cell Wall Properties on Tissue Paper Properties 

 

The cell wall of cellulosic fibers is a complex matrix of distinct polymers, such as, 

cellulose, hemicellulose, lignin and extractives. The complexity of the cell wall extend across 

multiple scales, including the molecular scale (cellulose intra-molecular and inter-chain 

hydrogen bonding), nanoscale (assembly of cellulose chains into microfibrils), mesoscale 

(assembly of microfibrils in a matrix of hemicellulose and lignin) and microscale (tissue level). 

Different cellulosic fibers, coming from different species and pulping processes will present very 

distinct physical and chemical characteristics. In chapter 5, a comprehensive discussion about the 

impact of fiber morphology (e.g. length, width, coarseness, fines) on tissue paper properties was 

provided. In this appendix preliminary results about the effect of other fiber properties (e.g.; pulp 

viscosity, hemicellulose content and lignin content) on tissue paper properties are discussed. 

Figure A-1 presents a matrix for the methodology, hypothesis and observed results. 
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Figure A-1. Matrix of methodology, hypothesis and observed results to evaluate the effect of 
fiber viscosity, hemicellulose and lignin content on tissue paper properties. 

 

A-1) Fiber Viscosity 

Fiber viscosity is known to affect the strength of paper products. That is because 

cellulosic fibers having low viscosity (low degree of polymerization of cellulosic chains) are 

weaker, and therefore will form weaker fiber webs. This is true for dense and strong paper 

products made with highly refined and wet-pressed fibers, such as graphic and packaging papers. 

The inter-fiber bonding of graphic and packaging papers is very well developed, and the failure 

of the fiber web will involve a substantial proportion of fiber failure. However, tissue papers are 

bulky and relatively weak paper products, manufactured with lightly refined and wet-pressed 

fibers to form soft and absorbent fiber webs. The inter-fiber bonding of tissue paper is not fully 

developed, and the failure of the fiber web will involve a substantial proportion of bonding 

failure, which, in theory, would not require fibers with high strength (high viscosity). 

Additionally, fibers having low viscosity are more flexible and, in theory, would form softer 
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fiber webs. The objective of this study is to evaluate if a fiber with lower viscosity would yield a 

softer fiber web without significantly affecting tensile strength. 

SBHK pulp was treated with different concentrations of sodium hypochlorite (NaOCl) to 

gradually reduce fiber viscosity. The reduction of fiber viscosity was executed at 10% 

consistency, for 2 hours, at 25ºC and pH 5.5. The amount of NaOCl used was 0.5% w/w, 1% 

w/w, 2% w/w (based on mass of NaOCl as Cl2 per mass of dry pulp). After the NaOCl 

treatment, the pulp was fully washed and stored in a cold room. Unrefined and refined pulps at 

1000 and 2000 PFI revolutions were used to make handsheets. The handsheets were 

manufactured and tested for tissue paper properties. The procedures used to measure freeness, 

bulk, tensile strength, water absorbency capacity and TSA softness are described in chapter 5. 

Before measuring pulp viscosity (TAPPI T203 - capillary viscometer method - 

cupriethylenediamine), the washed pulp was treated with sodium borohydride (NaBH4) to avoid 

apparent reduction in the degree of polymerization during the viscosity measurement. The 

treatment was executed with a solution of 0.02 M of NaBH4 for 24 hours and room temperature 

using a solid to liquid ratio of 1:50). 

Tables and figures below present the results. Pulps treated with NaOCl have lower 

viscosity and form weaker fiber webs at higher refining levels when fiber failure starts to have a 

higher contribution for the failure of the fiber web. Water absorbency of handsheets made with 

of treated pulps is the same or lower when compared to handsheets made with untreated pulp. 

TSA softness is the same for handsheets made with untreated and treated pulps. 

 

Fiber Viscosity Reduction 
NaOCl Addition  0 % w/w 0.5% w/w 1.0% w/w 2.0% w/w 

Viscosity - cp 20.2 18.3 16.3 10.2 
Yield - % - 99.3 99.8 99.1 
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A.-2) Hemicellulose Content 

Hemicellulose plays an important role on tissue properties. Hemicellulose promotes 

better inter-fiber bonding, especially after mechanical refining, resulting in a strong fiber web. 

However, strong fiber webs will impart low softness. Hemicellulose is also responsible for the 

swellability of cellulosic fibers. During the water absorbency test, fiber swelling will cause 

expansion of fiber web (increase of caliper) and enhancement of water absorbency capacity. 

However, most of the water absorbed by a tissue product is located in the open spaces (pores) 

between fibers and plies, and in theory, tissue paper manufactured with fibers having low 

hemicellulose content would not experience a significant reduction in water absorbency. 

Additionally, fibers with low hemicellulose content would have higher porosity, higher 

flexibility and form, in theory, weaker and softer fiber webs. The objective of this study is to 

evaluate if a fiber having low content of hemicellulose would create a softer fiber web without 

significantly affecting water absorbency and tensile strength. 

SBHK pulp was treated with different amounts of sodium hydroxide (NaOH) to promote 

a gradual reduction in the content of hemicellulose. The hemicellulose extraction was executed at 

10% consistency, during 30 minutes and at 25ºC. The concentrations of the NaOH solution used 

were 2.5% w/w, 5% w/w and 10% w/w (based on mass of NaOH per mass of solution). 

Unrefined and refined pulps at 1000 and 2000 PFI revolutions were used to make handsheets. 

The handsheets were manufactured and tested for tissue paper properties. The procedures used to 

measure freeness, bulk, tensile strength, water absorbency capacity and TSA softness are 

described in chapter 5. 

Tables and figures below present the results. The mass yield for SBHK pulp treated with 

5.0% and 10% NaOH is similar, which indicates that the hemicellulose extraction reached a 
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maximum. Therefore, only the SBHK pulp treated with 2.5% and 5.0% NaOH were tested. 

Tensile strength, water absorbency and TSA softness - TS7 for the handsheets made with 

untreated SBHK pulp and treated SBHK pulp with 2.5% NaOH are very similar. The handsheets 

of treated SBHK pulp with 5.0% NaOH presented lower water absorbency and slightly better 

TSA softness - TS7 (the lower the TS7 value the better the softness) at a given strength than the 

handsheets of untreated SBHK pulp. Additionally, SBHK pulp treated with 5.0% NaOH requires 

additional refining energy to develop strength. 

 

Hemicellulose Extraction 
NaOH Concentration 2.5 % w/w 5.0% w/w 10% w/w 

Mass Yield - % 93.3 85.1 84.8 
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A-3) Lignin Content: 

Lignin has a hydrophobic characteristic when compared to carbohydrates. Therefore, the 

presence of lignin in cellulosic fibers can negatively impact water absorbency. On the other 

hand, fibers having lignin are stiffer and can form a porous structure that is more stable in the 

wet state. At the same time, stiffer fibers will impart reduced softness. The objective of this study 

is to compare the performance of kraft unbleached and bleached pulp to evaluate the effect of the 

bleaching process and residual lignin on tissue paper properties. 

Southern mix wood was converted into pulp using the kraft pulping process. Two kraft 

pulpings were performed to produce unbleached pulps with high kappa (20.5) and low kappa 

(15.3). After kraft pulping, a traditional elemental chlorine free bleaching sequence (DO EP E1) 

was used to produce bleached pulps. Unrefined and refined pulps at 1000 and 2000 PFI 

revolutions were used to make handsheets. The handsheets were manufactured and tested for 

tissue paper properties. The procedures used to measure freeness, bulk, tensile strength, water 

absorbency capacity and TSA softness are described in chapter 5. Before measuring pulp 

viscosity (TAPPI T203 - capillary viscometer method - cupriethylenediamine), the washed pulp 

was treated with sodium borohydride (NaBH4) to avoid apparent reduction in the degree of 

polymerization during the viscosity measurement. The treatment was executed with a solution of 

0.02 M of NaBH4 for 24 hours and room temperature using a solid to liquid ratio of 1:50). The 

conditions used for the kraft pulping and bleaching process are presented in the tables below. 
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Kraft Pulping Variables 

Pulp Identification 
High Kappa 
Unbleached 
(HK - UNB) 

Low Kappa 
Unbleached 
(LK - UNB) 

Temperature - °C 150 150 
H Factor 700 1200 

Active Alkali - % on dry pulp as Na2O 16 18 
Residual Effective Alkali - g/L 3.5 4.5 

Kappa Number 20.5 15.3 
 

Kraft pulpings were performed at 25% sulfidity on dry pulp with a solid to liquid ratio of 

1 to 4. 

 

Bleaching Variables 

Pulp Identification 
High Kappa 

Bleached 
(HK - BL) 

Low Kappa 
Bleached 
(LK - BL) 

Bleaching 
Stage 

DO 
Kappa Factor 0.21 0.21 

ClO2 Charge - % on dry pulp 1.61 1.22 
Filtrate pH 2.3 2.3 

EP 

Caustic Factor 0.4 0.4 
NaOH Charge - % on dry pulp 1.69 1.28 
H2O2 Charge - % on dry pulp 0.5 0.5 

Filtrate pH 12.0 11.7 
Brightness After DO EP 74.9 75.0 

D1 

ClO2 Charge - % on dry pulp 1.2 1.2 
NaOH Charge - % on dry pulp 0.4 0.4 

Filtrate pH 3.4 3.4 
Final Brightness - ISO 87.4 88.1 

 

All bleaching stages were performed at 70ºC and 10% consistency using the following 

reaction times: DO = 1h, EP = 1h, D1 = 3h. 

 

The following tables and figures present the results. Unbleached pulps have higher 

viscosity (higher fiber strength) than bleached pulps. Unbleached pulps form stronger fiber webs 

at higher refining levels when fiber failure starts to have a higher contribution for the failure of 
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the fiber web. The handsheets made with unbleached pulps are more absorbent at a given 

strength than the handsheets made with bleached pulps. Unbleached fibers are stiffer and form 

fiber webs with higher bulk and water absorbency. Residual lignin does not seem to impact water 

absorbency significantly. The handsheets made with unbleached pulps have better TSA softness 

- TS7 than the handsheets made with bleached pulps due to differences in bulk (the higher bulk, 

the lower the TS7 values and the better the TSA softness). However, handsheets made with 

unbleached fibers have worse TSA smoothness due to differences in fiber flexibility (the higher 

the fiber stiffness, the high the TS750 values and the lower the surface smoothness). 

 

Fiber Viscosity 
Pulp Identification HK - UNB HK - BL LK - UNB LK - BL 

Viscosity - cp 56.5 35.2 35.8 25.7 
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APPENDIX B - Nonlinear Models for Optimization of Performance and Fiber Cost of 

Tissue Paper Furnish 

A vast number of fiber types, tissue machine technologies, and chemical additives are 

available in market for manufacturing of tissue products. Inside this complex environment, tissue 

paper manufacturers must choose the right combination of fibers, additives, and technologies to 

produce specific tissue products capable of achieving the desired performance while providing 

enough profitability to the producer. As previously discussed in Chapter 4, tissue paper 

performance (e.g. water absorbency, softness) is strongly correlated with the value (shelf price) 

of tissue products. Because fiber cost is the major contributor for the manufacturing cash cost of 

tissue paper products, it is of great interest for tissue manufacturers to understand how to 

optimize performance and fiber cost of tissue products to improve profitability (e.g. improve 

performance and value, reduce fiber cost). In this context, the objective of this work was to 

developed non-linear models to optimize the performance and/or fiber cost of tissue paper 

furnish by blending and refining different fibers. 

The database created in Chapter 5 (tensile strength, water absorbency, softness for ten 

different fibers) is used here for the development of the models. Water absorbency was selected 

as a target tissue property to illustrate how these models could help with the optimization of fiber 

furnish for the manufacturing of kitchen towels. Linear regression of the database was performed 

to calculate water absorbency as a function of tensile strength, freeness and PFI refiner 

revolutions (indication for refining energy). It is assumed that the properties of the fiber blend 

follows a linear mixing rule (PFiber Blend = P1 * X1 + P2 * X2 + … + Pn * Xn), where P is the 

property of the given fiber n, and X is the mass fraction of the given fiber n. Experimental work 

has to be performed to validate this assumption. 
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The model was created using Microsoft Excel and “Excel Solver” was used as 

optimization package. Because the models are nonlinear, multiple local maximums may be 

present, which could mislead the optimization process. To solve this issue, the “GRG Nonlinear” 

method was executed using the "Multistart" option. The “Multistart” method runs the 

optimization from several different starting points and displays the best of several locally optimal 

solutions found, as the probable globally optimal solution. Because the starting points are 

selected at random, they provide a reasonable degree of “coverage” of the space enclosed by the 

bounds on the variables. In other words, this methodology is capable of finding a solution that is 

probably the global maximum. 

According to Fisher Solve, kraft softwoods represents 53% of the fibers consumed for the 

manufacturing of kitchen towels in the US market, followed by kraft hardwoods with 31% of the 

market share. Additionally, the majority of the kitchen towels in the US market (55%) are 

manufactured with pure blends of kraft hardwoods and kraft softwoods. Chemi-

thermomechanical and recycled pulps are also used for kitchen towel manufacturing. 
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B-1) Maximizing Water Absorbency at Minimum Required Tensile Strength 

 

Market Pulps: BEK, SBHK, NBHK, SBSK, NBSK 

 

Variables: 

Xn = mass fraction of fiber n 

Tn = tensile strength of fiber n 

n = 2 {In this particular case, the model was developed for pairs of hardwood and 

softwood pulps (total of 6 pairs)}. 

 

Objective function: 

MAX { ABS = ABS1*X1 + ABS2*X2+...+ ABSn*Xn } 

ABSn = (an*Tn+ bn) (Linear regression) 

MAX { ABS = (a1*T1+ b1)*X1 + (a2*T2+ b2)*X2 +...+ (an*Tn+ bn)*Xn } 
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Constrains: 

T1*X1 + T2*X2+ ... + Tn*Xn >= Tmin 

Tmin = 2.67 km {Estimated as the average dry tensile of kitchen towels (0.80 km) divided 

by the remaining tensile strength after creping (30%). It represents what would be the tensile 

strength of kitchen towel right before the creping blade}. 

Tn MIN <= Tn <= Tn MAX (Tensile values are within the refining levels studied 

experimentally) 

X1 + X2 + ... + Xn = 1 

0 <= Xn <= 1 

There are no constrains for refining and freeness 

 

The figures below present the results. Black dots represent the maximum absorbency for 

a given pair of hardwood and softwood. As expected, the improvement in water absorbency 

capacity with fiber blending is small because the water absorbency curves for individual fibers 

are similar. For most of the hardwood and softwood pairs, higher content of softwood results in 

better water absorbency capacity and higher freeness. The refining energy of the fiber blend 

depends on the ratio of hardwood and softwood used and on the amount of refining necessary to 

develop the strength of a given fiber. 
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B-2) Minimizing Fiber Cost at Minimum Required Tensile Strength and Water 

Absorbency 

Variables: 

Xn = mass fraction of fiber n 

Tn = tensile strength of fiber n 

Pn = price of fiber n 

n = 2 {In this particular case, the model was developed for pairs of hardwood and 

softwood pulps (total of 6 pairs)} 

 

Objective function: 

MIN (P = P1*X1 + P2*X2+ ... + Pn*Xn) 

 

Constrains: 

T1*X1 + T2*X2+ ... + Tn*Xn >= Tmin; Tmin = 2.67 km 

Tn MIN <= Tn <= Tn MAX (values are within the refining levels evaluated) 

ABS1*X1 + ABS2*X2+ ... + ABSn*Xn >= ABSmin; ABSmin (according to model 1 results) 

X1 + X2 + ... + Xn = 1 

0 <= Xn <= 1 

There are no constrains for refining and freeness! 

The electricity cost associated with refining was not included in the model! (Expected to 

be less than 5 USD/tonne). 
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Market Pulp 
RISI - Q2 2019 - Delivered Price with 20% Discount - US East 

(USD/tonne) 
BEK 885.60 

SBHK 883.20 
NBHK 883.20 
SBSK 948.80 
NBSK 1036.00 

 

The figures below present the results. The difference in price between kraft hardwood 

and kraft softwood pulps will define the potential for savings. When the softwood pulp price is 

higher than kraft hardwood pulp price, more hardwood can be added to the fiber blend to 

decrease cost at the expense of lower freeness and lower absorbency (most cases). When the 

softwood pulp price is lower than kraft hardwood pulp price, more softwood can be added to the 

fiber blend to decrease the cost with the benefit of higher freeness and higher absorbency (most 

cases). 
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B-3) Minimizing Fiber Cost at Minimum Required Tensile Strength and Water 

Absorbency 

In this last analysis, multiple fibers are considered for the optimization of fiber cost. The 

objective is to minimize fiber cost considering a minimum tensile strength and minimum water 

absorbency. Two sources of fiber price (RISI and FisherSolve) were used for the optimization 

process. The optimum fiber blend selected may include multiple fibers depending on the model 

constrains and relationship between price and performance of each fiber. 

 

Model 1: 

Fibers: BEK, SBHK, NBHK, SBSK, NBSK, DIP 

Minimum tensile strength = 2.67 km 

Minimum water absorbency = 5.8 g/g 

 

 

 

Model 2: 

Fibers: BEK, Acacia, SBHK, NBHK, SBSK, NBSK, DIP, BWS, SBWS, Bamboo 

Minimum tensile strength = 2.67 km 
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Minimum water absorbency = 5.8 g/g 

 

 


