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ABSTRACT 
 
The purpose of this thesis is, in collaboration with the Swedish company 
Innventia, to explore the possibilities of using paper machines to create fab-
ric-like nonwoven materials. As part of a relatively new research-area, it 
serves as some of the ground knowledge that is needed to drive this field 
forward. The research of this thesis is born from the increasing need for 
more environmental friendly textiles, and to find new uses for the paper 
production facilities and companies that are currently experiencing a decline 
in paper production.  
  
The materials used in the research were produced with the Finnish hand-
sheet former and the StratEx sheet-maker made by Innventia. 
The research consists of the following tests: Tissue Softness Analysis, 
(TSA), tensile strength and bending stiffness. The tests are done with differ-
ent combinations of lyocell, PLA, softwood and dissolving pulp in the test-
ed sheets. It is also tested if the lyocell can be a meaningful substitution for 
PLA in combination with softwood pulp and dissolving pulp when creating 
the fabric-like materials.  
 
In conclusion of this research it can be said that, compared to benchmarking 
samples like bedding sheets, table cloths and cotton shirts, the sheets created 
and tested are competitive alternatives to existing materials when it comes 
to softness. It also became clear that the tensile strength has to be increased 
to make fabric-like nonwoven materials applicable on the same level as ex-
isting textiles. Even so, it is still evident that there is a potentiality in the use 
of paper machines in the development and creation of new fabric-like mate-
rials.  
 
 
Keywords:  
Nonwoven, fabric-like, softwood, dissolving pulp, PLA, lyocell, tissue soft-
ness analyzer, bio-based, sustainable materials, sustainable development, 
paper machine 
 
 

  



POPULAR ABSTRACT 
 
In the recent years, the forestry industry and the textile industry are both 
faced with challenges. The forestry industry is looking for alternative uses 
of their production facilities as a result of a major decline in production. At 
the same time, the textile industry has a major environmental impact which 
is, among other things, connected to the use of cotton and petroleum based 
fibers. This is the context for the work of this thesis, which explores the 
options of alternatives to existing textiles that suits both the forestry and 
textile industry. 
 
This thesis consists of developing biobased nonwoven fabric-like materials 
produced with paper machines and are made from biodegradable source like 
woodbased pulp, lyocell and PLA.  
 
It is discovered that it is possible to achieve a degree of softness in this type 
of material that is equal to the softness of already existing textiles. It is, 
however, still challenging to make a material that has competitive tensile 
strength. It is possible that the machinery involved in the development and 
testing of new biogradeable fabric-like materials needs to be optimized, but 
the research is definitely valuable. Cellulose based textiles made by paper 
machines might be a realistic option in the near future.  
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1. INTRODUCTION 
 

1.1 BACKGROUND INFORMATION 
 
Current practices and uses of raw materials make the textile industry unsus-
tainable. The textile and apparel supply chains affects the environment at all 
stages: from fiber production to disposal of textile waste. In addition, the 
size of the land used in production increases the ecological footprint. Unsus-
tainable production of raw materials, air and water pollution and use of fos-
sil fuels in textile industry are not only problems in specific areas, but also 
on a wider scale through global warming and climate change. (Laszlo et al., 
2010).  
 
The two most common textile fibers, cotton and polyester, cause serious 
environmental problems, but for different reasons. The man-made polyester 
fiber is manufactured from petroleum, which is a nonrenewable resource 
(Laszlo et al. 2010) and production of it releases a huge amount of harmful 
emissions to atmosphere. According Kirchain et al. (2015) the average pol-
yester t-shirt has a global warming impact of 3.8 to 7,1 kg of CO2e (equiva-
lent of carbon dioxide), depending on whether it is knit or woven, where 
woven shirts are more harmful. Availability and price of petroleum based 
materials are also dependent on international political issues and changes in 
economy (Salvatore 2011). These negative impacts on the environment, 
shortage of oil and consumer awareness have powered the development of 
the sustainable materials (Fletcher 2014; Kirchain et al. 2015).  
 
The most common plant-based material is cotton. The price of cotton has 
fallen due to uncertainty regarding the policy of the Chinese government 
towards the country’s reserves. In 2014 cotton has declined to 29,4 % of the 
total fiber production. (Textile Outlook International 2015). Cotton is natu-
rally vulnerable for number of insect pests. Cotton crops are in the top of the 
list when it comes to usage of insecticides in all cultivated plants: About 17 
% of all insecticides used worldwide are used in cotton production. Organic 
cotton involves less pesticide usage, but unfortunately it makes up less than 
1 % of the worldwide production. (International Cotton Advisory Commit-
tee 2010. Pp.219,225,232). Besides heavy use of pesticides, use of irrigation 
on cotton crops can lead to environmental damage and water shortage. 
(Laszlo et al., 2010). However, the level of harmfulness of cotton varies 
significantly based on region, used equipment and the supply chain. 
(Kirchain et al. 2015). 
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It can be said that the textile industry truly needs new, more environmental 
friendly materials to make the industry more sustainable. It will be challeng-
ing to be more environmental friendly in each step from fiber cultivation to 
disposing material, and there is not only one answer to the environmental 
issues that the world is facing. Sustainable fiber/material-production is one 
part of the solution and that is what this thesis will focus on. 
 
Textile consumption has increased as the cost efficiency of mass production 
lowered the prices of clothing and the population of the world has grown 
(Laszlo et al. 2010). At the same time manufacturing of materials and prod-
ucts have moved from the Western world to less developed countries, where 
the environmental legislations and workers’ rights are not monitored tightly. 
(Niinimäki and Hassi, 2011; Fletcher 2014). 
 
Due to the continuously changing clothing trends and short lifespan of tex-
tile products, textile waste is causing huge problems on landfills. In Britain 
alone, textiles were estimated to be the fastest growing source of waste pro-
duction during the years 2005-2010. Amounts of waste were estimated to be 
1,5-2 million ton in a year (Defra 2008). By 2015, the global apparel indus-
try was expected to produce more than 4000 billion square meters of fabric 
per year (Kirchain et al. 2015), which means that the waste problem keeps 
increasing until we can either cut off fabric production tremendously or start 
producing more biodegradable materials.  
 
The textile industry has traditionally focused on improving costs and effi-
ciency in production. As a result of the environmental issues described 
above, there is now a need to focus more on sustainability, but also consum-
er needs, instead of only focusing on making a quick profit. When the prod-
ucts meet the needs of the consumers better, then the product will be in used 
for longer time and unnecessary waste will be avoided. (Niinimäki and Has-
si, 2011). There are many possibilities to view the current challenges of the 
industry as opportunities and create new business models in a field of sus-
tainable materials. Also, when chemical knowledge and applications are 
improved in the field of material science, there will be higher economical 
benefits (France 2010, Pp.21).  
 
 

1.2 EXISTING PLATFORM: FORESTRY  
 
The European pulp and paper industry has faced difficulties in the recent 
years as the result of a declining demand for printing and writing paper 
grades coupled with strong competition from Asia companies. The change 
from year 2000 to 2014 is negative: The number of pulp companies have 



 

 3 

decreased with 29,7% and the relative value of paper & board mills with 
31,8%. Pulp and paper industries employed 411 113 people in 1991, where-
as the amount in 2014 was 181 111 people in the CEPI countries (includes: 
Austria, Belgium, Czech Republic, Finland, France, Germany, Hungary, 
Italy, The Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slo-
venia, Spain, Sweden, United Kingdom).   
The added value of the industries has dropped 34 % from 2000 to 2014. 
Sweden and Finland are the biggest producers of many wood based prod-
ucts (Key Statistics 2014 European pulp and Paper Industry, 2015) and 
therefore changes in the industry are felt particularly in these Nordic coun-
tries.  
 
Consumption of paper has decreased within the last decade in the well-
developed countries since people do not use as much paper anymore, proba-
bly due to the increasing use of digital devices and services. However, this 
trend does not include many less developed countries; China has the fastest 
growing demand for paper in the world. (Swartz 2008).  
 
New growing markets for paper consumption in Asia will not be the solu-
tion for Nordic forest industries for different reasons. China’s own produc-
tion has grown tremendously; they have doubled the production in the be-
ginning of the 21st century. China has also started to limit foreign import of 
wood based-products to protect their own production. (Svahnbäck 2015). 
Asia generally has a cheaper workforce than the Nordic countries, which 
lowers the price of the paper even more in China. Besides that, Nordic com-
panies suffer from costly logistics when materials are to be exported over 
long distances. (Hämäläinen and Tapaninen 2010). 
 
Since the value of paper and pulp has decreased, multiple factories have 
closed down to raise the competitiveness of the remaining factories. In Fin-
land there were 54 pulp, paper or paper board factories in 2005, but totally 
26 pulp, paper or paper processing factories had closed down by 2015 
(Lähienergia 2015). In Sweden, 10 paper mills and 4 pulp mills have closed 
down between the years 2000 and 2014. (Skogs Industrierna 2015a: Skogs 
Industrierna 2015b). Therefore, there are multiple valuable paper and pulp 
machines and facilities in the Nordic countries that are not in use at the 
moment.  
 
Despite the fact that the paper and pulp industries have had challenging 
times in the last decades in the Nordic countries, they still have a high capi-
tal and massive investment opportunities in the future. During the year 
2014, Nordic countries invested a total of 3 billion US dollars (24 444 
MSEK) in the forestry industry, in areas such as pulp, bioenergy and bio-
materials (Ekström 2014). Therefore, the industry is not dying but is looking 
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for new ways to develop. Among these developments are the use of pulp in 
the textile industry, and experiments with new uses of the facilities and ma-
chinery that are currently not in use. 
 
It is clear that both the textile industry and the forestry industry are faced 
with challenges. One of the solutions to these problems could be the use of 
the pulp and paper production machinery in the development and production 
of new, sustainable textiles. This would help the forestry industry find new 
uses of its facilities and the pulp, and the textile industry because using pulp 
as a basis of textiles could be a more sustainable alternative to the current, 
unsustainable production. One of these options are the nonwoven materials, 
which includes the use of the paper machinery and the pulp or dissolving 
pulp as a base material. 
 
 

1.3 NONWOVEN MATERIALS 
 
The name “nonwoven” describes that which a material is not, as opposed to 
what the material actually is. The term has never been able to accurately 
represent this specific industry, but attempts to change the name or classifi-
cation have not been successful. Nonwovens were in the beginning less val-
ued than woven and often used only as cheaper substitutes of woven materi-
als. (Wilson 2010, Pp 3-4). Currently, however, the industry of nonwoven 
textiles is highly profitable and has healthy annual growth rates. Nonwovens 
are the fastest growing sector in the textile material industry and there is a 
demand for nonwovens, especially in the area of disposable products, but 
also among more valuable non-disposable products. The demand for 
nonwovens in the United States alone is foreseen to rise with a 5,7 % per 
year to $7,1 billion in 2016. (Freedonia 2013). 
 
The industry uses practices and knowledge from other industries. Nonwo-
ven manufacturing systems are divided in drylaid, wetlaid or spun. It can 
generally be said that drylaid materials have their origins in textiles, wetlaid 
materials in paper making and spunlaid products in polymer extrusion and 
plastics. Therefore, it is possible that that different companies, which rarely 
have anything in common, goes under the term “nonwoven”. The differ-
ences between the companies can vary because of the use of different types 
of raw materials, technology, field of research and development, products 
and/or business models. Often nonwovens are divided in their end-use ap-
plications groups like consumer products, medical, automotive or civil en-
gineering industries and so on. (Wilson 2010, Pp 3-4). 
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Paper-based nonwoven fabrics are made of mixed suspensions, where fibers 
are manipulated in liquids. The three stages of manufacturing nonwovens 
with the wetlaying method are: 1. Swelling and dispersion of the fibre in 
water. 2. Transport suspension on the screen by filtration, where the web 
formation happens. 3. Drying and bonding of the web. One advantage of 
this process is that the used fibers can be almost anything, including Kevlar, 
leather and even stainless steel. Negative sides of the wetlaid process is that 
the process is capital intensive and it consumes great volumes of water.  
 
The difference between wetlaid nonwovens and wetlaid papers is deter-
mined by EDANA (the European Nonwovens and Disposables Associa-
tion). According to the EDANA, the fibrous content in a nonwoven material 
must meet certain requirements. These requirements are, that for 50% of the 
fibers, the length/diameter ratio must be greater than 300, or for 30% of the 
fibers, the density must be less than 0.40 g/cm3.  
 
In the production of “fabric-like” nonwovens the end-use applications are 
surgical products, hospital supplies, bed-linen, napkins and towels. Glass-
bases nonwoven products include roofing, flooring, circuit print mats, bat-
teries, filters and decorative materials. Specialty papers can be used in filtra-
tion (dust, air and liquid), laminates, wood flooring, teabag papers, plug 
wrap and sausage skin papers etc. (Wilson 2010, Pp 6-8). 
 
A large amount of nonwovens has a relatively short life span, which leads to 
disposability problems. The environmental impact of disposable products 
has become a major concern and topic for a debate in recent years. Most of 
the disposable products are made from traditional thermoplastics, like poly-
ester (PET), polypropylene (PP), polyamide (PA), polyethylene (PE) and 
polycarbonate (PC). The most used disposable consumer products are dia-
pers, feminine hygiene products and wipes. However, short-life bio-based 
consumer products can be still environmental friendly in the long run if the 
waste is biodegradable. (Bhat and Parikh 2010. Pp: 46) 
 

1.3.1 BIODEGRABILITY AND SHORT LIFESPANS IN NONWOVENS 
Biodegradable nonwovens, although they also have a short life span, can 
also be a solution for the growing amount of consumption waste. As a re-
sult, there is an increasing effort within design, research and development in 
the field of biodegradable nonwovens in both academia and in the industry. 
There are new polymers, like polylactic acid (PLA), which have helped the 
industry grow to become more versatile.  Often PLA is used in combination 
with natural fibers or other biodegradable resins. Currently the industry is 
researching new ways to produce bio-based nonwovens, which can lower 
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the price of the fabrics and offer more affordable environmentally friendly 
consumer products. (Bhat and Parikh 2010. Pp: 46). 
 

1.3.2 HIGHER VALUE NON-DISPOSABLE NONVOWENS 
There is also another growing demand of nonwovens: There is a shift to-
wards higher value nonwovens especially on the market of non-disposables. 
It is expected to rise to even more rapid gains through 2016 compared to the 
market of disposables. Renewed economic growth and increasing efforts in 
manufacturing especially in a fields of construction and automobile industry 
have boosted the opportunities for these nonwovens. The largest non-
disposable-market for nonwovens is in construction, where the durable 
products are used as house wraps, roofing products and geotextiles. Im-
proved construction products such as carpets and rugs also have bright mar-
ket expectations in the future. In the motor vehicle industry, the perfor-
mance to cost ratio when using nonwovens is generally perceived as profit-
able. Besides the high performance, nonwovens have relatively low weight, 
which leads to better fuel efficiency for vehicles. (Freedonia 2013). 
 

1.4 SOFTNESS IN TEXTILES 
 
The possible applications for nonwovens are depended of the properties of 
the materials. Previous studies have shown that quality and comfort are be-
coming more and more important attributes when making decision of pur-
chasing a product (Philippe et al. 2003; Kaplan and Okur 2008). Consumers 
prefer to toughing materials and comfortable feeling have become more 
important factor over appearance for many (Kazuya et al. 2014). Softness 
and “quality of the touch” have been one the biggest challenges in the prod-
uct development process in order to respond to the consumers’ demand in 
textile industry (Philippe et al. 2003).  
 

1.4.1 CHALLENGES WHEN MEASURING THE SOFTNESS 
The softness has to do with the feel and the perception of a given material. 
Softness of a material can be defined as: “The subjective impression of the 
physical compressibility and deformability of objects.” (Di Luca 2014, 
Pp.xi). This is related to the “proprioceptive sensory modalities” (Di Luca 
and Ernst 2014: Pp.85), which basically means that when a person touches a 
material, there are a multitude of processes and factors that affect the way 
that material is perceived. Subjective feeling of fabrics is the result of a 
complex interaction between physiological and psychological responses of 
human and fabric. Some of the processes can be a mix of conscious or un-
conscious feelings. Therefore, it is problematic to generalize the causes for 
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different interpretation of softness in each individual. (Kergoat et all 2012; 
Weißenbach 2010). 
 
One of the main challenges with measuring the softness centers around the 
fact that people perceive and interpret sensorial experiences differently. For 
this reason, it is difficult to validate softness measurement, and create gen-
eral knowledge about the tactile qualities of different materials. This is be-
cause, to name a few reasons, of cultural and personal preferences and the 
susceptibility to certain sensorial experiences. An objective way of measur-
ing softness can be seen as a solution to this problem. (Emtec 2014).  
 

1.4.2 TISSUE SOFTNESS ANALYSER (TSA) 
The Tissue softness analyzers (TSA) was development from the Emtec 
Company together with SCA Hygiene. The basic goal was the have equip-
ment which simulates the human finger. The main element of the TSA is a 
rotor which scratches over the surface and creates acoustic signal and elec-
trical vibrations, which can be measured. (Weißenbach 2010). 
 
According to TSA leaflet (Emtec 2014) the softness can be divided into 3 
categories. These categories represent the sensorial experience of the hand 
when touching and feeling a material, also known as the haptic feeling of 
the hand. As such, the TSA is a way to: “Simulate the hand with its tactile 
sensors and the brain”. The TSA is an objectification of the sensorial expe-
rience, that divide into categories what the interpretations of a person cannot 
achieve to do accurately. 
 
The 3 categories of softness in TSA are: Real Softness, Smooth-
ness/Roughness and Stiffness. Real Softness relates to the fiber stiffness and 
strength and micro/macro compressibility and is affected by chemicals used, 
starch and dry strength agents. The Smoothness relates to the surface struc-
ture and geometry, and the Stiffness relates to drapability, grammage, fiber 
length and thickness/density. (Emtec 2014). 
 
Following pictures (Figures 1-5) show how different categories are meas-
ured by TSA. The pictures are from Emtec (2014) leaflet and permission 
was given to use original pictures in this thesis. Figure 1 shows the peaks 
that are used for measuring smoothness/roughness and softness. The lower 
the value of smoothness (TS750), the smoother the sample is. The lower the 
value of softness (TS7), the softer the material is.
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Figure 1. TSA measures sound spectrums of TS750 and TS7 for smooth-
ness/roughness and softness. D, stiffness is measured as force (mm/N).  
 
Vertical sample vibrations are created by the horizontal movements of the 
blades (Figure 2). The vibrations are converted into a sound spectrum that 
represent smoothness through the horizontal movements. In Figure 3, fiber 
softness is measured through blade vibrations created when tension between 
the blade and the fibers is released, and the resulting movement of the blade 
is measured as sound vibrations.  
 
 

 
Figure 2. The horizontal movements of the blades used to measure smooth-
ness. 
 

D= stiffness. 
Siffness meas-
urement is illus-
trated in the  
following pages. 
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Figure 3. The horizontal vibrations of the blades used to measure softness. 
The sound vibrations of the blade are seen in each row, where the upper row 
is hard fibers being measured and the lower row is soft fibers. Hard fibers 
cause bigger vibrations and soft fibers cause smaller vibrations.  
 
 

 
Figure 4. The measurement points of smoothness/roughness and softness 
tests. 
 
 
Stiffness is measured by applying pressure to the sample of Figure 5. The 
measured value is the deformation value, D, which correlates with the stiff-
ness of the sample. The lower D value, the stiffer the sample is. 
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Figure 5. The sample stiffness is tested by applying a load onto the sample. 
 
 
When designing a new material, softness is something to strive for when 
focusing fabric-like qualities. When speaking of nonwoven materials made 
partially from pulp by paper machine, softness is something that is relatively 
hard to achieve, without compromising huge loss of durability. Therefore, it 
is of high relevance to perform testing of softness together with tensile when 
designing a new fabric-like composition from nonwovens.  
 
 

1.5 INTRODUCING THE FIBERS USED IN THE THESIS 
 

1.5.1 WOOD FIBERS  
The main natural fiber source of wooden fibers is various softwood and 
hardwood species. The softwood forest belt of the northern hemisphere co-
vers the Nordic countries, Russia, Canada and part of the United States. The 
main softwood species in the Eurasian area are Norway spruce (Picea 
abies), larch (Larix sibiririca) and Scots pine (Pinus silvestris). Hardwood 
is also used in the pulp and paper industry. Some hardwood species, like 
eucalyptus, are naturally grown, but also cultivated in many subtropical are-
as and are commonly used in pulps. (Lönnberg 2001. Pp.22) 
 

1.5.2 PULPING METHODS 
The most used methods of pulping of raw wooden material in the paper and 
board industry are chemical and mechanical pulping. The most common 
chemical pulping process is called the Kraft pulping process. It is an alka-
line process utilizing sodium hydroxide and sodium sulphide as the active 
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delignification chemicals. The lignin is removed, but the hemicellulose will 
remain in this process. The Kraft pulping method can be used for both soft- 
and hardwood raw materials. (Lönnberg 2001. Pp.22-23)  
 
The dissolving pulp method is used in the production of regenerated cellu-
lose like rayon, lyocell or modal, which are used in the textile industry. The 
dissolving pulping process dissolves the main bulk of the lignin and modi-
fies the residual lignin for bleaching. The bleaching removes residuals and 
increases the pulp’s brightness and cleanness. The final product aims to be 
as free as possible from lignin, but also from hemicellulose and other excess 
compounds. The α–cellulose content of the final dissolving pulp depends on 
the pulping and bleaching process, but normally it varies between 90-96 %, 
which is much higher than in ordinary pulp. (Lönnberg 2001. Pp.24) 
 

1.5.3 LYOCELL 
Lyocell is the first in a new generation of cellulosic fibers and the first 
commercial samples were produced in 1984. Lyocell’s development was 
driven by making an improved version of viscose rayon, with a more favor-
able cost/performance profile. Another driving force was to create more 
environmental friendly processes and utilize renewable resources as raw 
materials. When producing lyocell, the pulp is dissolved in a solution of hot 
N-methyl morpholine oxide (NMMO). Then the solution is extruded (spun) 
into fibers and the solvent extracted as the fibers pass through a washing 
process.  Lyocell is made 100% of cellulosic fiber and it is fully biodegrad-
ble. (White 2001. Pp. 62). Lyocell fibers are mostly used in apparel textiles, 
especially in outerwear. There are also applications in technical sectors. 
Lyocell’s tendency to fibrillate can be beneficial when manufacturing 
nonwovens, filters and special papers. (Ciechnanska et al. 2009. Pp.11) 
 

1.5.4 PLA 
Polylactic acid (PLA) is one of the most widespread and commonly used 
materials among the biobased, sustainable alternatives to oil-based poly-
mers. Besides being relatively easy to produce, it is widely used due to its 
cost-efficiency, availability and biodegradability. Also it has a considerable 
processability, mechanical strength, while preserving a good appearance. 
The primary catalyst for the increased production is grown interests in pe-
troleum free and biodegradeable polymer alternatives. (Groot et al. 2011 
Pp.3). 
 
The most used production method of PLA is through ring-opening polymer-
ization of lactide. The process is well suited for large-scale production be-
cause it is an easily controllable chemical process with a high molecular 
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weight yield of polylactide, which leads to a high yield of PLA. This is a 
two step process, where firstly the lactide is made through depolymerization 
of lactid-acid, followed up by the ring-opening polymerization of the lac-
tide. The commercial PLA resins are copolymers of PLLA and PDLLA. 
(Södergård and Stolt 2011. Pp.27; Lim et all 2011. Pp.191).  
New production technologies have lowered price of PLA and increased 
availability of PLA polymer. The primary applications of PLA include med-
ical, packing and paper products, but other end-uses of PLA are stable fi-
bers, bottles, injection molded products, extrusion coating, apparel and cut-
lery. (Groot et al. 2011 Pp.3; Södergård and Stolt 2011. Pp.,27) 
 
 

1.6 BENCHMARKING PRODUCTS  
 
Nonwoven materials and paper sheets are often less soft or have poor drape 
compared to woven or knitted materials. Nonwovens, which aim to have 
properties such as softness, drape, handfeel, muffled sound, strength etc. can 
be called “fabric-like” materials. The durability of nonwoven materials is 
more or less dependent on the fiber type, structure, direction, dispersion or 
amount and so on, and not only the type of fiber. Often in nonwovens, dura-
bility drops when softness increases. This is a problem because an ideal 
material should be soft while still retaining durability. 
 
There is no existing commercial market for nonwoven fabric-like products 
which are produced by paper machines. For that reason, the benchmarking 
products used in the thesis have close to the ideal properties that are aimed 
for when producing nonwoven fabrics. 
 
Cotton shirts are used as benchmarking products because it has ideal textile 
qualities. However, it is clear that nonwovens produced by paper machines 
will be left far behind compared to woven textiles made of cotton when it 
comes to the combination of softness and durability. Therefore, there are 
other benchmarking categories which are closer to the test samples. These 
materials are biodegradable, and have neither textile look or ideal softness. 
 
The other benchmarking products are recyclable commercial nonwovens, 
which are used in indoor products and try to mimic textile properties when 
it comes to look, softness or usage (Picture 1). 
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Picture 1. One of the benchmarking products is the Duni Evolin® recyclable 
table cloth, which is convenienr for one-time use. According to the product 
information, it is soft and drapes easily.  
 
 
BENCHMARKING PRODUCTS ARE: 
 

- 100% organic cotton shirt from H&M. 
- 100% cotton ”quality” shirt from Oscar of Sweden. 
- Compostable 100% viscose (can be used at least seven days) bed sheet 

from Cellcomb. 
- Evolin® compostable (blue) table cloth, which is made to paper and have 

”a look and feel of linen and great drape” from Duni. FSC certificated.  
- Dunicel® compostable (yellow) table cloth, made of paper, from Duni. 

FSC certificated.  

2. PROBLEM DESCRIPTION 
 
As described in the introduction, this thesis centers around two main prob-
lems. Firstly, there is the pressing matter of environmental issues related to 
the textile industry. Secondly, the forestry industry in Sweden and Finland 
is currently faced with tougher competition on the global market, which 
leads to a high interest in finding alternative products to be made from the 
available resources and in the existing production facilities. Within this con-
text, which can be described as large-scale problems, the thesis will focus 
on parts of the solutions to these problems.  
 
Hypothetically, the development of a fabric-like material that uses pulp, can 
be seen as a solution to the combined problems of the industries mentioned. 
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Therefore, that which can be called the small-scale problems of this thesis 
relates to the actual development and production of such material. Here, 
there are three main problems which will be focused on. Firstly, when using 
wood pulp, it is challenging to achieve the same level of softness as regular 
textile materials uphold. Secondly, when using PLA to achieve this softness, 
the material strength of the product is typically compromised (without the 
use of thermal post-treatment). Lastly, for the company Innventia, alterna-
tives to the use of PLA in fabric-like materials are sought after due to cost 
and availability.  
 
It is clear that the large scale context also dictates how and which solutions 
can be found viable. Since the thesis is addressing both the environmental 
agenda and the problems within the forestry industry, one cannot attempt to 
solve only one while disregarding the other. This means that the solutions 
have to fit the forestry industry, but at the same time it also has to be envi-
ronmental friendly.  
 
The goal of this thesis is to explore the possibilities of achieving fabric-like 
properties when using PLA, lyocell, softwood and dissolving pulp. It is re-
quired that the machinery available from the forestry industry is used, and 
that wood pulp is a primary component of the textile. Regarding the fabric-
like properties, softness, drape and durability must be taken into account. 
This leads to the following research questions: 
 

- RQ. 1: How does PLA and Lyocell in combination with softwood and dis-
solving pulp affect achievable the following fabric-like properties: Hand-
feel, softness, smoothness, drape and strength? 

- RQ. 2: Can lyocell act as replacement for PLA when considering the fabric 
like properties of research question 1? 

To be able to answer these research questions, the following test types are 
done: TSA, bending stiffness and tensile strength. Whereas TSA tests are 
related to softness and bending stiffness relates to drape (Sharma et. al. 
2003). Strength is tested with tensile strength measurements. Through these 
tests it is possible to compare the fabric-like qualities of nonwoven materi-
als made by paper machines.  
 
If lyocell shows to be just as effective as PLA, it might be a step closer to 
environmental friendly production of textiles in larger scales. Since lyocell 
is widely available, the discovery of its uses in combination with wood pulp 
could mean an increase in the use of wood pulp in textile manufacturing. 
Since these methods are more environmental friendly than most existing 
textile manufacturing processes, the research is relevant in relation to the 
current challenges for our environment.  
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3. MATERIALS AND METHODS 
 
The samples created for measurement were Finnish hand sheets and StraEx 
sheets. These are explained in detail below. All measurements were done in 
the laboratories located in Innventia, Stockholm during April and May 
2016.  
 

3.1 MATERIAL INFO 
 
SOFTWOOD PULP  
Company info: Södra Cell AB, Växjö, Sweden  
Södra blue Z, bleached sulphate pulp, °SR 50 
TCF (totally chlorine free) 
Use of the substance: Paper manufacture 
 
DISSOLVING PULP 
Company info: Domsjö Fabriker AB, Örnsköldsvik, Sweden 
Domsjö Cellulose (high-purity cellulose from softwood,brightness >91,5 %) 
TCF (totally chlorine free) 
Use of the substance: Viscose manufactures (textiles) and nonwovens (hy-
giene products) mainly in Asia 
 
PLA 
Company info: Unitika, Osaka, Japan 
Unitika PLA short cut fiber, 
Terramac PL01  
1,7dtex x 3mm (1,7g/10 000m)  
Use of the substance: Mainly nonwoven applications 
 
LYOCELL  
Company info: Lenzing AG, Lenzing, Austria 
TENCEL®  
1,7dtex x 6mm (1,7g/10 000m) 
Use of the substance: Apparel, technical, nonwovens and interior 
 
The pulp and fibers mentioned are the ones used for Finnish and StratEx 
sheets. When making sheets with paper machines, long fibers fluctuate more 
easily and therefore shorter fibers are more appropriated, e.g. Kerekes and 
Schell (1992). The shortest available PLA fibers were 3mm and Lyocell 
(Tencel®) fibers were 6mm. 
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3.2 FINNISH HAND SHEET FORMER 
 
Firstly, single ply hand sheets (16x16cm) were made with the Finnish hand 
sheet former (manufacturer unknown, Picture 2). The procedure used to 
produce the hand-sheets was the “Preparation of laboratory sheets for physi-
cal testing” (ISO 5269-1:2005). All the hand sheets had different fractions 
of softwood or dissolving pulp and PLA (3mm) and/or lyocell (6mm).  
 
The ideal grammage (g/m2) for most of the samples were targeted to be 
100g/m2, which is measured to be between 2,60 - 2,86 grams per ark (dry 
weight). Some trials were also made with 50g/m2 to see how thickness af-
fects softness and durability. 2,75g (dry weight) of fibrous/pulp content was 
used when preparing each sheet (100g/m2) or correspondently 1,375g when 
making 50g/m2. 
 
 

 
Picture 2. Finnish hand sheet former is used to create 16x16cm ark. On the 
left the machine is closed, pulps can be added and water is ready to rise. On 
the right the new sheet will be pressed against dry arks, which removes ad-
ditional water and binds fibers together.  
 
 
The original plan was to have three suspensions. One for each of PLA, 
lyocell and softwood. However, it was clear that PLA and lyocell did not 
distribute evenly in the suspension and even constant mixing did not resolve 
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this problem. Therefore, it could not be expected that all the sheets would 
have the same spatial distribution of PLA or lyocell. 
 
Therefore, PLA and lyocell suspensions were prepared separately for each 
sheet to better control of the amount of fibrous content in each sheet. De-
pending of which sheet was prepared, the specific amount of fibrous content 
was measured, tap water added and the mix was blended vigorously by the 
synthesizer called British Pulp Evaluation Apparatus (manufactured by Ma-
vis Engineering LTD., London). When synthesizing PLA and lyocell the 
mixer spun 10 000 (400x25) times. When synthesizing softwood pulp or 
dissolving the amounts of spins were 30000 (1000x25) to get more evenly 
mix.  
 
The softwood was soaked in tap water already before the tests, but it still 
needed to be diluted with additional water. The original concentration for 
softwood was around 35kg/l. Additional water was added in two rounds. 
One liter of water was added to one liter of highly concentrated pulp sus-
pension. This mix was synthesized before adding additional 8 liters of wa-
ter. Concentration of suspension was around 3,5kg/l.  
 
After creating the pulp suspension, the exact concentration was calculated 
(an amount of suspension was taken, filtered through suction, heated and 
then the dry weight was measured). When knowing the concentration of 
pulp, the wanted fraction was measured and used in each sheet. Suspension 
was stirred constantly during the process to avoid particles creating flocks 
or precipitating.  
 
A second pulp type was studied in this work, namely dissolving pulp, which 
is expected to give a softer tactile feel, since hemicellulose was removed 
from this pulp. 
 
The dissolving pulp needed to be pre-soaked over night before use. After 
soaking, the “pulp plate” was torn in smaller pieces and layers were peeled 
by hand (the total amount of pulp was approximately 3,5 kg). The size of 
the pieces was around 2x2cm before synthesizing them with 2 liters of wa-
ter. After synthesizing, 8 liters of waters was added and the real concentra-
tion was calculated.  
 
When using dissolving pulp with PLA and/or lyocell there was occasional 
fiber loss on the metal wire plate after removing the ready made sheet. This 
needed to be washed off before making new sample, otherwise the next 
sample would have even greater fiber loss, since fibers seemed to get more 
easily attached to the plate if it was not cleaned after each use.  
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The Finnish hand sheets were pressed, stored and dried according to the 
standard procedure to avoid shrinking and securing the quality of the sam-
ples. On tables 1 and 2, the fractions are shown: 
 
 
Table. 1. Three different sets of samples with different fractions were made 
with softwood pulp (100 g/m2). 
 
 Lyocell (6mm) PLA (3mm) Softwood pulp pcs Estimated g/m2 

1 50 % - 50 % 8 100 g/m2 

2 - 50 % 50 % 8 100 g/m2 

3 30 % 30 % 40 % 8 100 g/m2 

 
 
Table. 2. Nine different sets of samples with different fractions with  
softwood pulp (aimed grammage 100 g/m2). To test how much thickness 
affects the result, one thinner (50 g/m2) set of samples was also made. 
 
 Lyocell (6mm) PLA (3mm)      Dissolving pulp pcs Estimated g/m2 

1 50 % - 50 % 8 100 g/m2 

2 - 50 % 50 % 8 100 g/m2 

3 25 % 25 % 50 % 8 100 g/m2 

4 15 % 35 % 50 % 8 100 g/m2 

5 35 % 15 % 50 % 8 100 g/m2 

6 30 % 30 % 40 % 8 100 g/m2 

7 20 % 40 % 40 % 8 100 g/m2 

8 40 % 20 % 40 % 8 100 g/m2 

9 - - 100 % 8 100 g/m2 

10 25 % 25 % 50 % 8 50 g/m2 

 
 

3.3 STRATEX SAMPLES 
 
StratEx (Stratified Forming Experimental) is a flexible semi pilot scale 
sheet former build by Innventia. Its purpose is to produce new innovative 
paper products, where chemicals, additives or fibers can be added in differ-
ent layers. StraEx is designed for multi-layer structures and it bridges the 
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gap between laboratory sheet forming and pilot scale investigations.  
The width of the roll is approximately 35cm. 
 
The StraxEx samples were prepared by Innventia, so the process of creating 
these samples will not be described in in detail. Some of the samples includ-
ed also 4th ingredient, which is called “strength addictive” in this thesis due 
to confidential issues.  The samples and their respective fraction ratios are 
shown in table. 3.  
 
 
Table 3. Eight different set of samples were made with StratEx former. 
Three of the samples also included strength additive.   
 

 

 
 
 
 
 
 
 
 

 
3.4 GRAMMAGE 
 
Grammage affects the properties of the sheet and it is used when calculating 
Index values. Grammage is measured with metric units (g/m2). Grammage 
is used in the paper and pulp industry, but also in the textile industry. 
 
When measuring grammage for StraEx samples, 5 circle pieces (3,60cm 
diameter) were cut with air pressure equipment (Olofström, Sweden, M1200 
EM, max air pressure 110lb/in2) and the weight measured under standard 
conditions: 23°C (±1°C) and air humidity 50 % (±2 %). Mean value of rep-
licates were also counted. 
 
It was challenging to cut equal replicates for measurements since the Stra-
tEx sheets had unequal fiber dispersion on each sheet. It was avoided to take 
samples from the beginning or the end of the rolls and close to edges of the 
roll, because these were the areas that had the most unequal dispersion. 
 

 PLA Lyocell 
(6mm) 

Softwood  Strength  
additive	 

Estimated 
g/m2 

1 50  50  100 
2 50  45 5 100 
3 15 35 50  100 
4 35 15 50  100 
5 15 35 50  50 
6 35 15 50  50 
7 15 35 45 5 100 
8 35 15 45 5 100 
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Grammage for benchmark samples were counted by measuring the weight 
of 11cmx11cm pieces (x5). Finnish hand sheets were counted by measuring 
the weight of each sheet (x8) after cutting the edges to be exactly 16x16cm. 
Mean values were counted for each category. 
 

3.5 THICKNESS 
 
Thickness was measured under standard conditions (23°C/50%) for all 
sheets by using thickness equipment (Buchel, Sweden). StratEx and bench-
marking sheets were measured from four different measurement points as 
instructed by Innventia. For the Finnish hand sheets the amount was in-
creased to ten different points. This was done to achieve a more exact mean 
value. Measuring points were randomly chosen from the samples. 
 

3.6 TSA 
 
Tissue Softness Analyzer (Picture 3) from Emtec measures “handfeel”, 
softness, smoothness/roughness and stiffness of tissue, nonwovens and fab-
rics. Measurement conditions need to be stable during the measurement. 
Standard temperature is 23°C (±1°C) and air humidity is 50 % (±2 %). The 
samples needed to be adjusted to the right temperature before starting the 
measurements. Since some of the samples used in this experiment were 
quite thick, the samples were left in the laboratory one day before the meas-
urements were to take place.  
 
 

 
Picture 3. TSA is used for measuring handfeel, softness, smoothness and 
stiffness of fabrics. 
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When using Tissue Softness Analyzer, the thickness and grammage already 
measured manually are input in the analyzers program before the machine 
measurements. These values affect handfeel, but are not measured by the 
TSA. Also a measurement algorithm has to be chosen. In these measure-
ments the 1AQ algorithm option was chosen (options and recommendations 
for different algorithms are available in the machine’s leaflet).  
 
The TSA measures TS7-peak (smoothness/roughness) and TS750-peak 
(softness) in sound spectrum f[Hz]. Stiffness is calculated when the material 
is pressured with force (600mN). Handfeel is calculated automatically by 
the machine by using all the previous measured values (TS7, TS750, cali-
per, grammage, number of plies).  
 
The material has more real softness when peak TS7 is low and a higher 
smoothness value when peak TS750 is low. It is less stiff when the stiff-
ness value is high and better handfeel when the calculated handfeel val-
ue is high. Which structures affects to each parameter are seen in the table 4 
according TSA leaflet.  
 
 
Table 4. Parameters which are measured by the TSA (Emtec 2014). 
 

 
- Real Softness  

Coming from the stiffness of the simple fibers, fiber binding strength, in-
ternal structure, micro/macro compressibility, softener chemicals, starch, 
dry strength agents 
Correlating to surface softness term according to EN ISO 12625-1 
 

 
- Smoothness/roughness 

Coming from the surface geometry/structure (creping/embossing,  
calendaring) 
Correlating to smoothness/roughness terms according to EN ISO 4046-5-1 
 

 
- Stiffness 

Coming from fiber stiffness and fiber type (short/long fibers), internal 
structure, chemicals, thickness/density, grammage, calendaring 
Correlating to drapability term according to EN ISO 12625-1 
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The preparations for using TSA measurements were as follows:  
All the samples had to be cut in pieces of approximately 11x11cm. The 
thicker samples were more difficult to get to fit the measurement field. 
Therefore, some thicker samples needed to be cut smaller than 11x11cm. If 
the sample weren’t evenly folded, the machine did not work correctly and 
was not able to do measurements. The measurement area in the TSA ma-
chine is 7,5x7,5 cm and the samples need to be folded around it.  
 
Five replicates of each sample type were chosen as recommended in the 
TSA leaflet. All the samples were measured from the top side (also called 
yankee side), which is more fibrous. Finnish hand sheets were also meas-
ured from the bottom side (also called wire side) to see the difference be-
tween the sides.  
 

3.7 TENSILE STRENGTH 
 
Tensile tests were done for the Finnish hand sheet samples and StratEx 
samples. The tests were done according to standard ISO 1924-3:2005 Paper 
and board –Determination of tensile properties – Part 3: Constant rate of 
elongation method (100mm/min). Temperature was 23°C (±1°C) and air 
humidity was 50 % (±2 %) during trials. The used tensile tester was the 
Loretzen & Wettre, Sweden (cell 20-150 N).  
 
The StratEx samples were tested from two directions: Machine direction 
(MD) and cross direction (CD).Tensile tests were done only from one direc-
tion with Finnish hand sheets, since this sheets are isotropic there should not 
be any difference between MD and CD.  
 
The test pieces for the tensile measurements had a length of 160mm and 
width of 15mm. The recommended number of replicates for the test was 10 
pieces. The amount of test pieces was eight instead of ten for the each of the 
StratEx sample sheets. 10 replicates were used per Finnish hand sheet sam-
ple.  
 
It is well known that tensile strength depends on grammage (Das and 
Pourdeyhimi 2014).  In order to understand changes in material strength due 
to fibre type, the tensile strength index, i.e. the tensile strength normalized 
by the grammage, must be used. The following equations were used to cal-
culate the tensile strength, tensile strenght index (TSI) and strain:  
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Tensile strength is calculated by using equation (1) 
 
T = _F_     (1) 
        wi  
 
 
Where,  
 
T = tensile strength [N/m] 
 
F = maximum average tensile force [N] 
 
Wi = width of test sample [m] 
 
 
Tensile strength index is calculated by using equation (2) 
 
 
I = _T _   (2) 
       g 
  
Where,  
 
I = tensile index [kNm/g] 
 
g = grammage [g/m2] 
 
 
Strain at break is calculated by using equation (3) 
 
ε = _𝛿  x 100     (3) 
        l 
 
 
Where,  
 
ε = strain, as percentage of the initial test length [%] 
 

𝛿 = elongation at break [mm] 
 
l = initial length of the test piece [100mm] 
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3.8 BENDING STIFFNESS 
 
Bending resistance and stiffness tests were done only for the Finnish hand 
sheets according the standard ISO 5628: 1990 Paper and board – Determi-
nation of bending stiffness by static methods – General principles in stand-
ard conditions:  23°C (±1°C) and air humidity 50 % (±2 %). 
 
The machine used for test bending stiffness is L&W Bending tester (Lo-
rentzen & Wettre, Sweden). 
 
The testing was done only from one direction, since MD and CD should not 
make any difference. Dimensions of the sample pieces were 38mm x 80mm.  
The samples were tested with two-point bending. The two-point bending 
method is suitable for light materials. One part of the test piece is attached 
into the clamp and the free part, and pressure is applied to the upper part of 
the test piece (Figure 6). The bending angle used on the dissolving pulp 
samples was 15° and on the thinner softwood samples 7,5°. 

 
 
Figure 6. The Illustration shows how the test sample moves when the force 
is applied. L is the (bending) length from the clamp to the deflection probe, 
F is the bending force applied through the deflection probe to test piece, d is 
the deflection, and ø is the arctan (d/L), or the angular deflection.  
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Bending stiffness is calculated (in two-point loading) by using equation (4) 
 
Sb =  _FL3_     (4) 
         3db 
 
Where,  
 
Sb = bending stiffness [mNm] 
 
F = bending force [N] 
 
L = test thickness [mm] 
 
d = test with [mm] 
 
b = deflection [mm] 
 
This measurement does not take into account the grammage of the sample, 
which does affect the bending stiffness value. Therefore, the bending stiff-
ness index is used when comparing sample which have different grammage.  
 
 
Bending stiffness Index is calculated by using equation (5) 
 
Sw  = _Sb_              (5) 
           w3 
 
Where,  
 
Sw = Bending Stiffness Index [Nm7/kg3] 
 
Sb = Bending stiffness [Nm] 
 
w = grammage (g/m2) x 0,001 
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4. RESULTS AND DISCUSSION 
 

4.1 GRAMMAGE  
 
Grammage measurements for the different sheets are shown in Table 5. The 
first thing to notice from these results is that overall the measured weight is 
close to 2,75 kg per sheet which correspond to the amount of fibrous content 
which was used. However, there are some exceptions. These can be ex-
plained with the difficulty of mixing the fibers to make a homogeneous mix-
ture of either softwood or dissolving pulp and fiber loss during the forming 
process. Therefore, there are some variations in the results, since the actual 
amount of fiber used did not always correspond the target weight.  
 
 
Table 5. Weight of each Finnish hand sheet 
 
 Sheet 

1 
Sheet 
2 

Sheet 
3  

Sheet  
4 

Sheet 
5 

Sheet 
6 

Sheet 
7 

Sheet 
8 

Softwood	 	 	 	 	 	 	 	 	
50LY	50SW	 2,74	 2,74	 2,73	 2,75	 2,77	 2,74	 2,73	 2,71	
50PLA	50SW	 2,62	 2,61	 1,62	 2,61	 2,58	 2,68	 2,61	 2,61	
30PLA	30LY	
40SW	 2,68	 2,67	 2,69	 2,68	 2,7	 2,67	 2,73	 2,7	
Dissolving	
pulp	

	 	 	 	 	 	 	 	

50LY	50DP	 2,72	 2,81	 2,41	 2,69	 2,77	 2,71	 2,76	 2,71	
50PLA	50DP	 2,55	 2,58	 2,58	 2,54	 1,53	 2,57	 2,54	 2,54	
25PLA	25LY	
50DP	 2,57	 2,53	 2,56	 2,52	 2,57	 2,47	 2,59	 2,52	
35PLA	15LY	
50DP	 2,56	 2,5	 2,6	 2,55	 2,59	 2,62	 2,72	 1,67	
15PLA	35LY	
50DP	 2,56	 2,4	 2,47	 2,54	 2,58	 2,52	 2,58	 2,5	
30PLA	30LY	
40DP	 2,57	 2,64	 2,66	 2,58	 2,63	 2,53	 2,66	 2,64	
40PLA	20LY	
40DP	 2,67	 2,68	 2,65	 2,58	 2,58	 2,67	 2,57	 2,56	
20PLA	40LY	
40DP	 2,54	 2,78	 2,71	 2,67	 2,72	 2,65	 1,68	 2,69	
100	DP	 2,4	 2,79	 2,7	 2,81	 2,99	 2,78	 2,73	 2,7	
25PLA	25LY	
50DP	50g/m2		 1,34	 1,35	 1,41	 1,35	 1,36	 1,34	 1,36	 1,33	
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When making sheets with a grammage aimed at 100 (g/m2), the mass of 
fiber used was 2,75 kg. However, the actual grammage for the 50/50 mix of 
lyocell and softwood was closer to 107 g/m2 (Figure 7 and Appendix I). 
This indicates that the actual amount of fibrous content should probably 
have been lower to achieve a grammage of 100 g/m2. This is because the 
used amount of fiber required to achieve a certain grammage also depends 
on what kind of fibrous material it is, i.e. the fiber density.  
 
 

 
 
Figure 7. Finnish hand sheet grammage values with standard deviation bars, 
where 1-9 had target grammage 100g/m2 and 10 had targeted grammage 50 
g/m2 
 
 
The grammage of sheets which included PLA was generally lower than the 
grammage of sheets with lyocell. This was a result of the sheet forming pro-
cess where, some fibers stuck to the wire when the sheets were removed.  
 
The variation in grammage was generally higher for the StratEx samples 
than for the Finnish hand sheets (Figure 8 and Appendix I). This is due to 
the material having a more uneven distribution of fibers, i.e. poor formation. 
An attempt was made to take the best part of the sheets by avoided using the 
edges and generally, by visual judgment, using the parts that looked the 
most even. Even so, the grammage varied a lot. 
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Figure 8. StratEx grammage values with standard deviation bars, where 1-6 
had target grammage 100g/m2 and 7 and 8 had target grammages  at 50 g/m2 

 
 
Benchmarking grammage values are shown in Table 6. The bed sheet has a 
grammage value below 100g/m2, and the other products have a higher 
grammage. Grammage is taken into account when calculating tensile 
strength and handfeel values. 
 
 
Table 6. Average grammage and standard deviation of benchmarking sam-
ples. 
 
Benchmarking samples Average grammage Standard deviation 
Dunicel table cloth 128,46 0,013 
Evolin table cloth 134,17 0,142 
Bed sheet 79,87 0,021 
H&M shirt 150 0,014 
Quality shirt 109,97 0,011 
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4.2 THICKNESS 
 
All the average values with standard deviation bars are shown in Figures 9 
and 10.  
  

 
Figure 9. Finnish hand sheet thickness values with standard deviation bars, 
where 1-9 had aimed grammage 100g/m2 and 10 had aimed grammage 50 
g/m2 

 
 

 
Figure 10. StratEx and benchmarking thickness values with standard devia-
tion bars, where 1-7 had aimed grammage 100g/m2 and 8 had aimed gram-
mage 50 g/m2 for stratEx samples. The rest are benchmarking samples.  
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Samples made with softwood have average thickness values in the range of 
295um to 376um (Appendix II). The dissolving pulp samples have average 
values in the range of 404um to 533um, excluding samples that were made 
purely from dissolving pulp and the 50g/m2 sample. This shows that the 
dissolving pulp samples are thicker than the softwood samples. This is due 
to the fact that the highly refined kraft pulp holds significantly more water 
and are highly fibrillated fibers forms tighter, stronger bonds compared to 
the dissolving pulp thus causing an increased web densification due to in-
creased hydrogen bonding sites, e.g. Carlsson (1983).  Also, PLA makes the 
sample thicker than lyocell, as PLA is a thermoplastic fiber and has a low 
water retention than lyocell.  Moreover, lyocell is cellulose based therefore 
has the potential to bond with pulp through hydrogen bonding. Both PLA 
and lyocell make the samples thicker than only using softwood or dissolving 
pulp. 
 

StratEx samples were generally thinner than Finnish hand sheet samples. 
The range here was 137,5um-302,5um (Appendix II). This relates partly to 
the weight of the samples. Among the benchmarking samples, the bed sheet 
was the thickest and the quality shirt the thinnest.  
 

 

4.3 TSA  
 
The TSA tests show that samples that include dissolving pulp yields better 
results in all categories compared to the softwood samples (Tables 7 and 8). 
The real softness and smoothess values were lower for dissolving pulp, 
which means the material is softer and smoother. The dissolving pulp sam-
ples were less stiff as well. Overall, this leads to the dissolving pulp samples 
having a better handfeel. 
 
Table 7. Finnish hand sheet softwood average and standard deviation values  
(HD=handfeel, TS7=real softness, TS750=smoothness) 
 
Softwood HF	 sd	 TS7	 sd	 TS750	 Sd D sd 
50LY	50SW 23,9	 7,6	 39,6	 22,6	 159	 16,1	 1,3 0,7 
50PLA	50SW 40,3	 4,8	 26,5	 8,1	 185	 6,0	 1,3 1,0 
30PLA30LY40SW 44,5	 2,8	 22,5	 10,6	 135	 8,2	 1,1 0,1 
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Table 8. Finnish hand sheet dissolving pulp average and standard deviation 
values. (HD=handfeel, TS7=real softness, TS750=smoothness) 
   
Dissolving pulp HF	 sd	 TS7	 sd	 TS750	 sd D sd 
50PLA	50DP 60,3	 0,6	 6,9	 0,7	 67,9	 0,5	 1,4 0,1 
35PLA	15LY	50DP 59,7	 0,7	 6,9	 0,4	 57,8	 8,7	 1,6 0,3 
25PLA	25LY	50DP 61,6	 0,2	 7,9	 0,3	 64,0	 14,1	 1,6 0,3 
15PLA	35LY	50DP 60,9	 0,6	 8,6	 0,5	 53,6	 6,6	 1,5 0,7 
50LY	50DP 59,4	 0,7	 10,3	 2,2	 61,0	 1,8	 1,4 0,1 
40PLA	30LY	40DP	 58,1	 0,5	 6,0	 0,4	 51,9	 0,3	 1,6	 0,2	
30PLA	30LY	40DP 59,8	 0,4	 6,9	 0,7	 46,2	 0,6 1,7 0,1 
20PLA	40LY	40DP 60,6	 0,6	 6,5	 0,8	 43,5	 0,6	 1,5 0,1 
100	DP 26,7	 11,2	 38,1	 7,9	 144,5	 40,9	 1,4 0,2 
25PLA	25LY	50DP		
50	g/m2 78,5	 0,9	 7,9	 0,6	 33,7	 1,3	 1,4 0,0 
 
 
The best real softness value is found in the sample that consists of 40% 
PLA, 20% lyocell and 40% dissolving pulp (Figure 11). Results request that 
PLA gives a slightly softer feel than lyocell. When looking at the real soft-
ness value of the samples that has 50% of dissolving pulp, the real softness 
value is generally higher, which means it is not as soft. Both PLA and 
Lyocell are known to be soft fibres and for this reason are used in the tex-
iles/fashion sector.  It is therefore no surprinse that they improve the soft-
ness of the hand sheets.  It is also found that the real softness improves as 
the fraction of PLA is increased.  This would suggest that PLA is better as a 
functional fiber that Lyocell when trying to improve material softness. 
 

 
Figure 11. Real softness for Finnish hand sheets. The material is softer when 
the values are low.  
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The best results in the smoothness category comes from the the 20% PLA 
40% lyocell mix (Figure 12). Therefore, lyocell is the better fiber when 
looking at the smoothness of a material. This is likely due to the fact that 
Lyocell fibres have an extremely smooth surface. Also, the less dissolving 
pulp in the mix, i.e. the higher the fraction PLA and/or Lyocell, the better 
the smoothness value is. The least smooth material is the 50% PLA 50% 
dissolving pulp mix.  
 

 
Figure 12. Smoothness for Finnish hand sheets. Materials are more smooth 
when the values are low. 
 
It can be concluded from the results that sheets that has the most PLA has 
better real softness than the ones with high amount of lyocell, but lyocell 
makes the sheets smoother.  
 
The best results when looking at stiffness values are seen in the sample 
where there is an equal amount of PLA and lyocell (30%PLA 30% lyocell 
40% dissolving pulp). The stiffest is the sheet which has 100% dissolving 
pulp (Figure 13). 
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Figure 13. Stiffness for Finnish hand sheets. Material is less stiff when val-
ues are higher.  
 
 
Handfeel values are shown in Figure 14. It is seen that all handfeel values 
are close to 60. This means that handfeel is independent of the ratio of 
PLA/lyocell fibres in the material. Interestingly, the best result is found in 
the sample that has 25% PLA and 25% lyocell.  
 
 

 
Figure 14. Handfeel values for Finnish hand sheets. Materials have better 
handfeel at higher values.  
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One important thing when looking at thickness is the fact that smoothness 
drops when thickness is increased (Figure 15). At the same time, stiffness 
increases with the thickness of the material. The real softness remains the 
same despite the thickness, but the overall handfeel value is better when the 
material is less thick. 
 

 
Figure 15. How thickness affects between the samples in TSA. 
1=Smoothness, 2=Real Softness, 3=Handfeel 
 
 
TSA measurements were also performed on the material produced with 
StratEx, see Table 9 and Figure 16. It is very difficult to conclude anything 
clearly from these results. The two negative values from the handfeel results 
are particularly noteworthy. The reason behind this could come from the 
fact that the thickness measurement involves touching the sample. There-
fore, you cannot use the same sample that you measured in the TSA testing. 
If we remember that the StratEx samples were very uneven, this could ex-
plain the high variation in the results. This meant that was a possibility that 
a very thick part of the StratEx material was measured for thickness and 
grammage, and a less dense part was used in TSA measurement.  In general, 
the materials produced on Stratex were not comparable to traditional wet-
laid nonwovens or tissue and the TSA was not able to obtain meaningful 
handfeel values. 
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Table 9. StratEx TSA values 
 
Label HF	 sd	 TS7	 sd	 TS750	 sd D sd 
PLA	50/LY	0	/SW	50/ -1,1	 3,4	 57,6	 2,4	 158	 1,6	 1,6 0,1 
PLA	50/LY	0	/SW	45/SA	5 16,9	 4,5	 59,7	 16,4	 219	 12,2	 1,4 0,3 
PLA	15/LY	35/SW	50/ 5,6	 4,6	 53,2	 21,7	 159	 14,1	 1,6 0,1 
PLA	35/LY	15/SW	50/ -10,9	 4,1	 85,0	 15,9	 181	 13,5	 1,2 0,1 
PLA	15/LY	35/SW	45/SA	5 31,3	 3,9	 37,0	 20,5	 116	 13,0	 1,4 0,3 
PLA	35/LY	15/SW	45/SA	5 18,7	 3,9	 44,3	 14,7	 169	 9,9	 1,2 0,1 
PLA	15/LY	15/SW	50	
50g/m2 47,9	 2,5	 28,9	 10,7	 77	 6,3	 1,2 0,0 
PLA	35/LY	15/SW	50	
50g/m2 39,8	 2,4	 33,9	 13,1	 95	 7,6	 1,2 0,1 
 
 
 

 
Figure 16. StratEx TSA values. 
 
 
If anything was to be said despite of these uncertainties, it could be carefully 
assumed that the real softness and smoothness values are better when using 
45% softwood and 5% strength addictive. Also, the worst smoothness value 
is from the material sample with no lyocell. 
When comparing the StratEx samples to Finnish hand sheets, it can be also 
said than real softness and smoothness has higher values in StratEx samples, 
and stiffness values is less, which makes Finnish hand sheets better in each 
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category when measuring different softness values, even that handfeel value 
itself gives quite strange values.  
 
However, even though the StratEx samples were not very reliable, these 
smoothness value results can be used to support the results from the Finnish 
hand sheet tests: lyocell increases smoothness. Also it seems that strength 
addictive increases general handfeel. Replicate and samples with a more 
fiber distribution are needed to conclude this with certainty.  
 
When looking at benchmark samples it is seen that both table cloths show 
the highest real softness and smoothness, but also a high stiffness value, 
which means they are the least stiff (Table 10 and Figure 17). The quality 
shirt has the best handfeel value overall, even though the real softness and 
smoothness were not as good as the values for the H&M shirt. The stiffness 
value was, however, by far the best when testing the quality shirt.  
 
Table 10. Benchmarking samples 
 
Benchmarking HF	 sd	 TS7	 sd	 TS750	 sd D sd 
Dunicel	table	cloth 50,7	 1,0	 18,5	 1,8	 111	 1,4	 1,5 0,1 
Evolin	table	cloth 56,6	 1,1	 11,1	 1,1	 192	 0,8	 1,7 0,1 
Bend	sheet 61,2	 0,1	 5,3	 0,7	 21	 0,5	 2,0 0,1 
Quality	shirt 75,2	 0,5	 6,6	 0,9	 47	 0,6	 2,5 0,1 
H&M	shirt 55,8	 0,1	 4,8	 0,1	 19	 0,1	 4,4 0,1 
 

Figure 17. Benchmarking samples with the peaks.  
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When comparing the Finnish hand sheet samples to the benchmarking tests, 
the bed sheets has a handfeel value similar to the samples (around 60) in 
Figure 18. The Finnish hand sheet samples have a handfeel value better than 
the table cloths and somewhere between the H&M shirt and the quality 
shirt. 
 
The Finnish hand sheets can be considered fabric like when it comes to 
softness. This is concluded when comparing these samples to the bench-
marking samples, where softness values of the hand sheets prove to be equal 
to or close to the softness of the benchmarking samples. The same cannot be 
said about the StratEx samples. Here, the softness and smoothness values 
were much higher, and thus the actual softness and smoothness of these 
sheets were considerably worse than the benchmarking samples and the 
Finnish hand sheets.  
 

Figure 18. TSA results for benchmarking samples and Finnish hand sheets  
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4.4 TENSILE STRENGTH:  
 
There were difficulties getting measurement information for some Finnish 
hand sheet samples made with dissolving pulp. If the sample sheet did not 
yield a result, new replicates were measured. The samples which were the 
most difficult to measure (over 50 % error values) were:  

- 50% LY 50% DP (10 out of the 20 test pieces gave result) 
- 40% PLA 20% LY 40 DP (7 out of the 20 test pieces gave result) 
- 20% PLA 40% LY 40% DP (2 out of the 20 test pieces gave result) 

In an attempt to obtain the values from the missing measurements, the test 
was repeated. This time two test pieces were placed on top of each other. 
The purpose was to double the strength in case a single piece was too weak 
to give result. However, this did not change anything. This means that some 
of the calculated average values are not representing 10 ten test pieces as 
recommended. 
 
The strength of softwood kraft pulp is higher than the strength of dissolving 
pulp, see Table 11. This is due to the increased densification created by the 
high refining level of the kraft pulp which is known to result in a stronger 
sheet. 
 
Table 11. Tensile Strength, Tensile Strength Index and Strain values for  
Finnish sheets 
 
Softwood Label Tensile 

Strength 
(kN/m) 

Tensile 
Strenght 
Sd. (kN/m) 

Tensile 
Strength 
Index 
(Nm/g) 

Strain % 

1 50LY	50SW	 4,44	 0,301	 41,44	 2,44	
2 50PLA	50SW	 2,6	 0,625	 26,89	 2,3	
3 30PLA	30LY	40SW	 3,04	 0,152	 28,93	 1,81	
Dissolving 
pulp 

	
	 	 	 	

1 50LY	50DP	 0,694	 0,111	 6,58	 0,49	
2 50PLA	50DP	 0,221	 0,041	 2,34	 0,89	
3 25PLA	25LY	50DP	 0,431	 0,037	 4,34	 0,54	
4 35PLA	15LY	50DP	 0,233	 0,024	 2,30	 0,64	
5 15PLA	35LY	50DP	 0,352	 0,138	 3,57	 1,13	
6 30PLA	30LY	40DP	 0,302	 0,048	 2,96	 0,97	
7 40PLA	20LY	40DP	 0,203	 0,048	 1,97	 0,77	
8 20PLA	40LY	40DP	 0,367	 0,162	 3,70	 1,04	
9 100	DP	 0,648	 0,022	 6,06	 1,22	
10 25PLA	25LY	50DP	

50g/2	 0,116	 0,024	 2,19	 0,51	
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The highest value in dissolving pulp samples is with 100 % dissolving pulp, 
showing that PLA and/or lyocell are not able to bond with the cellulose fi-
bres as well thus reducing the tensile strength. It can also be seen that the 
samples including lyocell generally had better tensile properties than those 
containing PLA (see Figures 19 and 20). This is most likely due to two phe-
nomena. The first, is that since lyocell is cellulose based, in theory it should 
be able to bond with pulp fibers, although to a lesser extent than pure pulp 
fiber-fiber bonds. The second mechanism for strength could be due to the 
increased length of the lyocell fibres, where they can entangle mechanically 
with each and create a strength increase through fibre-fibre friction. Also, 
when the amount of lyocell is increased, the strain percentages are smaller 
(Figure 21).  
 
 

 
Figure 19. Tensile strength Index for all the Finnish hand sheets 
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Figure 20. Tensile strength Index for the Finnish hand sheets with dissolv-
ing pulp 
 
 

 
Figure. 21. Strain % for the Finnish hand sheets with dissolving pulp 
 
 
Figure 22 shows a plot of the tensile strength index vs. strain. It can be seen 
that the sample made of 100% dissolving pulp has the highest values in both 
tensile strength and strain, something that could be beneficial to certain tex-
tiles applications. Figure 22 also shows that the sample 50% LY 50% DP 
has the best tensile strength Index, but the lowest strain, excluding the sam-
ple with 50g/m2 grammage. The sheet containing 50% PLA and 50% DP 
has better strain, but lower tensile strength Index. 
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Figure 22. Tensile Strength Index (Nm/g) and Strain (%) for Finnish hand 
sheets.  
 
For the StratEx samples the results were showed a high degree of scatter 
and the standard deviation values are generally higher than for the Finnish 
hand sheets (Table 12, Figures 23 and 24).  
 
One thing to notice is that the strength in the machine direction was consid-
erably stronger than the cross direction. This is due to a higher degree of 
fibre orientation in the machine direction created by the dynamics of the 
forming method. There are no clear result showing whether PLA or lyocell 
adds the most strength to the material, but sheets which have higher amount 
of PLA mostly have higher average tensile strength index values than the 
sheets with lyocell. Strain at break % values are higher when the sample has 
more PLA than lyocell. 
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Table. 12. Tensile Strength, Tensile Strength Index and Strain values for  
StratEx samples 
 
Label direction	 Tensile	

Strenght	
(kN/m)	

Tensile	
strength		

sd.	
(kN/m)	

Tensile	
Strenght	
Index	
(Nm/g)	

Strain	%	

PLA	50/LY	0	/SW	50/	SA	0 MD	 3,20	 0,17	 33,47	 2,46	
PLA	50/LY	0	/SW	50/	SA	0 CD	 2,44	 0,04	 25,49	 2,39	
PLA	50/LY	0	/SW	45/	SA	5 MD	 3,40	 0,13	 34,37	 2,08	
PLA	50/LY	0	/SW	45/	SA	5 CD	 2,21	 0,12	 22,32	 2,26	
PLA	15/LY	35/SW	50/	SA	0 MD	 3,52	 0,24	 35,61	 1,77	
PLA	15/LY	35/SW	50/	SA	0 CD	 2,21	 0,17	 22,39	 1,70	
PLA	35/LY	15/SW	50/	SA	0 MD	 3,88	 0,24	 51,92	 2,59	
PLA	35/LY	15/SW	50/	SA	0 CD	 3,03	 0,36	 40,61	 2,17	
PLA	15/LY	35/SW	45/	SA	5 MD	 2,80	 0,20	 33,18	 1,55	
PLA	15/LY	35/SW	45/	SA	5 CD	 1,23	 0,14	 14,57	 1,31	
PLA	35/LY	15/SW	45/	SA	5 MD	 3,37	 0,22	 46,88	 2,19	
PLA	35/LY	15/SW	45/	SA	5 CD	 2,25	 0,16	 31,33	 1,96	
PLA	15/LY	15/SW	50,	50g/m2 MD	 1,72	 0,15	 36,09	 1,20	
PLA	15/LY	15/SW	50,	50g/m2 CD	 1,23	 0,04	 25,84	 1,31	
PLA	35/LY	15/SW	50,	50g/m2 MD	 2,21	 0,13	 41,75	 1,57	
PLA	35/LY	15/SW	50,	50g/m2 CD	 1,15	 0,17	 21,66	 1,47	
 
 

 
Figure 23. Tensile strength Index values for StratEx samples 
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Figure 24. Strain values for StratEx samples 
 
 

4.5 BENDING STIFFNESS INDEX 
 
The bending stiffness index for softwood and dissolving pulp samples can-
not be compared because they are measured from angles of 7,5 and 15 de-
grees respectively (Table 13). Even so, in both cases samples which includ-
ed lyocell have the highest bending stiffness index. This is an interesting 
result considering that lyocell reduces the sheet thickness, and at the same 
time lyocell increases bending stiffness. Figure 25 shows bending stiffness 
values for Finnish hand sheets with dissolving pulp.  
 

 
Figure 25. Bending Stiffness Index with Finnish hand sheets (50% DP) 
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Table 13. Average bending stiffness values for Finnish hand sheet samples. 
 
Softwood 
7,5° 

Label Bending 
stiffness 
index  
average 

Standard 
deviation 

1 50LY	50SW	 1,45 0,366 
2 50PLA	50SW	 1,27 0,100 
3 30PLA	30LY	40SW	 1,31 0,099 
Dissolving 
pulp 
15° 

	   

1 50LY	50DP	 6,00 0,117 
2 50PLA	50DP	 2,73 0,032 
3 25PLA	25LY	50DP	 5,57 0,070 
4 35PLA	15LY	50DP	 3,90 0,068 
5 15PLA	35LY	50DP	 5,19 0,071 
6 30PLA	30LY	40DP	 3,26 0,057 
7 40PLA	20LY	40DP	 3,60	 0,072 
8 20PLA	40LY	40DP	 3,73 0,087 
9 100	DP	 2,69 0,060 
10 25PLA	25LY	50DP		 3,55 0,025 
 
 
When plotting bending stiffness values together with the tensile index (Fig-
ure 26), the same trend is not seen for all the samples. However, looking 
only at samples 50LY 50DP, 50PLA 50DP and 25LY 25PLA 50DP (Figure 
27) a clear trend can be seen: tensile index and bending stiffness correlate to 
each other. When the tensile strength is higher, most likely the bending 
stiffness is also higher.  
 



 

 45 

 

Figure 26. Tensile Strength Index and Bending Stiffness Index for Finnish 
hand sheets 
 

 
Figure 27. Tensile Strength Index and Bending Stiffness Index for Finnish 
hand sheets for the sample: 50PLA50DP, 50LY50DP, 25PLA25LY50DP 
 
When it comes to the tensile strength index for the Finnish hand sheets, 
lyocell proved to provide more tensile strength than PLA. For the StratEx 
samples, some measurements proved the opposite. Here, in some cases, 
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PLA provided more tensile strength than lyocell. The StratEx results are not 
very reliable, however, and not only due to high standard deviation. There 
was a noticeable fiber loss during the manufacturing process. For example, 
the sample which had the best tensile strength index (35% PLA, 15% LY, 
50% SW and 35% PLA 15% LY 45% SW 5% SA), had a fiber loss of ap-
proximately 25% and 28% respectively. Due to this fiber loss, the conclu-
sions made on basis of the StratEx sample tests are unreliable, because the 
actual fractions of the different fibers are unknown. For instance, the PLA 
could be the fiber that was more easily lost in the manufacturing process, in 
which case the conclusion that the samples that included most PLA were 
also the strongest, would be false. This is also the reason why the Finnish 
handsheet sample tests are more reliable, since the fiber loss was less. 
 
 

4.6 MICROSCOPIC PICTURES 
 
Microscopic pictures show a closer look at the web structure and give an 
indication of how the fibers bond together and are dispersed over the sheets 
(Pictures 4-6: 50g&m2 and Pictures 7-9: 25g/m2). All the pictures are taken 
from same distance and the scale is shown in the picture 3. It can be seen in 
the following pictures that the samples with 100 g/m2 has a more even struc-
ture than the ones with Lyocell and PLA. 
 

 
Picture 4. 100 % dissolving pulp, grammage ≈ 50g/m2 
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Picture 5. 50 % Lyocell and 50 %, dissolving pulp, grammage ≈ 50g/m2 
 
 

 
Picture 6. 50 % PLA and 50 % dissolving pulp, grammage ≈ 50g/m2 
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Picture 7. 100 % dissolving pulp, grammage ≈ 25g/m2 
 
 
 

 
Picture 8. 50 % Lyocell and 50 %, dissolving pulp, grammage ≈ 25g/m2 
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Picture 9. 50 % PLA and 50 %, dissolving pulp, grammage ≈ 25g/m2 
 
 

4.7 METHODS AND MACHINERY  
 
There was a fiber loss when creating the Finnish hand sheets. It was seen on 
the wire plate of the machine. This could be collected and measured to 
know exact amount of fiber loss on the plate. This information would be 
beneficial when aiming at a more precise grammage of the sheets. However, 
this was not the only observed fiber loss: During the drying and pressuring 
processes, fibers were stuck on the plastic plates and adjacent sheets. This 
fiber loss would be more challenging to measure due to the somewhat poor 
bonding of the fibers, and collecting these fibers would require different 
experimental settings. After the creation process, there was also a fiber loss 
during the measurements and general handling of the sheets. This leads also 
to a safety issue. When measuring the sheets with the TSA, protective 
equipment should be worn to avoid inhalation of fibers.  
The main problem with the StratEx samples was the uneven dispersion of 
fibers in the sheets. This means that the creation process could possibly be 
optimized so that the sheets would have a more even dispersion of fibers.  
 
When working with samples that are varying when it comes to calculated 
qualities (grammage, thickness etc.) it is advisable to use more replicates to 
get a more precise average value.  
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Since there were problems with the folding of the samples when measuring 
with the TSA, this machinery could be optimized so that the samples did not 
have to be folded around the measuring ring. The TSA measurement princi-
ple did work for fabric-like material samples, but there was a lot of errors 
involved with the measurement process. In the long run, a more effective 
measurement machinery could be used, since the time involved in redoing 
tests to get proper values, would not be efficient for large-scale measure-
ments.  
 
There were problems getting results when using the tensile tester. Here, 
there were issues measuring the tensile strength for several samples. It is 
unclear why some samples were not measured properly, but perhaps they 
broke too early in the measurement process. In the example of the sample 
with 20% PLA, 40% LY, 40% DP, there were only 2 readable measurement 
results out of 20. Since the strain value was also the lowest of all the sam-
ples, it is possible that the 18 samples that did not yield a result, actually 
broke too early in the measurement process. Therefore, it is possibly not the 
best testing method when testing strain and strength. However, the lack of 
results still show that the material is probably too weak to be used as fabrics 
in the textile industry.  

 
4.8 OBJECTIFICATION OF MATERIAL QUALITIES 
 
It is clear that when it comes to the textile manufacturing industry, there is a 
need for objective knowledge on material qualities like softness. While us-
ing the tissue softness analyzer (TSA) to objectify softness of nonwoven 
materials, there are still theoretical and methodological issues involved 
when using this method. First of all, the way a person perceives softness is 
very complex and it is a mixture of physically measurable things, but also 
more abstract values such as emotions and associations, time, place and so 
on. That means, that when one is focusing only on the physical values of the 
material, some things are left out. TSA focusses on 3 main factors: real 
softness, stiffness and smoothness, which are all measured to quantify quali-
tative data. One can argue that measuring these 3 values involves 
an inherent risk that the characterization of the qualities of the material is 
reduced to something more simple than it actually is. Despite this, it is ex-
tremely important and useful to do these kinds of measurements. The devel-
opment of fabric-like material is still in its early stages. That means that is 
useful to do an objectification of values like softness, handfeel and smooth-
ness, that are already known to be subjectively relevant. It is a good way to 
do a rough-sorting of which methods, materials, fibers and machinery are 
even relevant to use in future development. The reduction of qualities is 
there, but it has a purpose. As soon as the choice of components of ideal 
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fabric-like materials are found, it would of course be advisable to include 
subjective tests as well, but at this stage the purpose is to point the research 
in the right direction.  
 

5. ENVIRONMENTAL PERSPECTIVE 
 
The pulp and paper industry, as well as the textile industry, is traditionally 
known to output a high amount of environmental pollution due to large con-
sumption of chemicals and energy (Bajpai 2012; Fletcher 2014). New pro-
duction methods, however, can offer potential opportunities to change the 
industry to be more sustainable. A sustainable industry could be achieved if 
new materials are created with a focus on environmental friendly fibers, less 
harmful chemicals, efficient energy and water consumption, smart logistics 
and well trained workers with ethical working conditions. At the same time, 
there should be a focus on creating higher value non-disposable, but biode-
gradable products, which are designed according to consumer needs with a 
well planned waste management plan. If these focus points are met, it can 
be said that we are closer to an ideal green future balance between society 
and technology. The purpose of this thesis is not evaluate every step of sus-
tainability when producing nonwoven biomaterials by paper machines be-
cause this project would be to vast and complex and could easily be a whole 
thesis in itself. 
 
The materials which were produced during this thesis are not ready for mass 
production or commercial use, because the quality of the materials has to be 
improved. When the material is improved, it is more likely that new meth-
ods, chemicals and fibers can be used, added or changed. It is difficult to 
estimate how environmental friendly a specific material actually will be in 
the future, when the exact steps of production are unknown. However, it can 
be said that the fibers which are currently in use; lyocell and PLA, are often 
considered to be environmental friendly fibers (Blackburn 2005). 
There were no chemicals used when creating the nonwovens in this thesis. 
Using cellulose as the base for the nonwovens has many beneficial sustain-
able aspects, such as its natural origin and biodegradability (Blackburn 
2005). At the same time, cutting down forests can lead to deforestation, 
threat biodiversity or increase global warming (Landsberg and Waring 
2014). Therefore, using the wood based cellulose can be controversial. The 
kind of effect that using wood based cellulose will have on the environment 
will depend on how and where the cellulose is collected and how the forest 
is treated afterwards. When environmental values are respected and biodi-
versity is not threatened, textiles made of cellulose can be said to be sustain-
able (McCullough 2014). 
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There are several things often forgotten when talking about the sustainabil-
ity of a product. The appeal of the material to the user, as well as lifespan 
and the end-use of the materials are all important for the materials sustaina-
bility. (Ulrich and Eppinger 2004). According Karana et al. (2015) a materi-
al is not “only what it is, but also “what it does, what it expresses to us, 
what elicits from us, and what it makes us to do”, but this is often not ad-
dressed when creating new sustainable materials. Early bio-plastics such as 
PLA were discovered already around 1890, but it took until the 1960’s to 
become part of the materials used in the packing industries. (Stevens 2001). 
Therefore, bio-based materials can make a change and be commercialized 
only if they actually will be accepted by users (Karana 2015). It can be said 
that nonwovens created with paper machines have to match the needs of the 
users and branded so that they appeal to product developers and to the con-
sumers. 
 
The whole lifespan of a material needs to be taken into account, including 
what will happen to it when the material is thrown away (Ulrich and Ep-
pinger 2004). Cellulose based nonwovens, that were made without the use 
of harmful chemicals, will be safely biodegradable, so the material can be 
called sustainable. But this could be taken even further. It is possible to cre-
ate new life from disposed product. In 2011 shoe brand called OAT, came 
up with the sneakers which had hidden seeds inside the fabric. When the 
shoes were worn down and thrown in the soil, it degrades and flowers will 
spring from the seeds. (Oatshoes 2011). This proves many things are possi-
ble. When developing and creating new products, textile engineers should 
focus on the whole lifespan and what happens to the fabric when is not in 
use anymore.  
 
It is interesting to ponder the direction of green biomaterial technology 
when the textile production is global and the context of textile production so 
complex. It can be assumed that when the distances between different pro-
duction facilities are shorter, and negative environmental impacts of trans-
portation are reduced. If the main material comes from Northern Europe, the 
biomaterial production should be kept close. Even though a big part of the 
textile industry and production has moved to developing countries, there are 
still new biomaterial production facilities that have opened in the recent 
years in Finland and Sweden. IONCELL is a new generation of cellulose 
fiber which is produced in Finland using novel recyclable ionic liquids. The 
Finnish pulp and paper industry is the one of the leading industries behind 
this new cellulose based material. (Helsinki innovation services 2014). The 
interesting fact here is that the biomaterial production is also planned to be 
kept in Finland. The new bio-product mill in Äänekoski in Finland, which 
will focus on various bio-based products, has received a 1,2-billion-euro 
investment. The new mill is scheduled to open in 2017 and it is estimated to 
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create 2500 jobs (Fedarene 2016). Finland is not alone with this trend, and 
Sweden also plans to establish production of commercial sustainable cellu-
lose based textile materials, which are also made in Sweden. The Swedish 
Government commissioned Formas, VINNOVA and the Swedish Energy 
Agengy have created a national strategy for the development of a bio-based 
economy to support sustainable development. They have also predicted that 
the production of nonwovens based on sustainable forestry will increase 
considerably when commercial materials will be made available. Production 
of new bio-based products are expected to create new jobs in Sweden. 
(RISE 2016). 
 
Environmental concerns are one of the driving forces that catalyze the pro-
duction and development of new bio-based materials. However, economics 
also plays a major role in this matter. Cradle to Cradle is a concept that was 
developed in the 1990s by Prof. Dr. Michael Braungart, William 
McDonough and the scientists of EPEA (the Environmental Protection and 
Encouragement Agency). The main principles of Cradle to Cradle is to have 
products which have an ideal circular economy and zero waste. One of the 
main keys on the road to sustainable products is to find changes which have 
not only ecological, but also economic benefits. (Epea 2016). In case of the 
forestry industry, the role of economics becomes obvious when looking at 
the existing machinery and the production facilities. Here, it can be said that 
economics is the reason behind the interest putting the existing machinery 
and production facilities to use in new ways. However, throughout the 
whole production it should be very carefully evaluated whether or not these 
facilities are actually the best way to reinvent the use of cellulose in the tex-
tile industry. Moreover, there might be better choices of machinery and a 
need to develop and optimize the facilities, and not only look at the fibers 
and materials that can be used.  
 
Economic and environmental agendas do not always work together, and it 
might be stated that for companies today, it is a constant balance between 
the two. Even so, in many cases the two have been combined, and actual 
environmental friendliness is also profitable. For instance, it is profitable to 
save water, energy and chemicals in the production processes. The good 
example of this comes from IKEA; The company reports that it has saved 
54 million dollars in warehouse energy efficiency program over a period of 
only a few years. (Kelly-Detwiler 2014). This would at the same time also 
be considered more environmental friendly, and is an example of economics 
and environmental agendas working together. It is quite possible that this 
can be the case within the textile industry as well.  
 
New ideas and innovative thinking is definitely the key to changing things 
for the better. Even though economics can be an obstruction in some cases, 
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it can also open up for new possibilities if the right investments are made. It 
is therefore important to continue researching and support new develop-
ments economically, since these new options might be the key to an envi-
ronmental friendly textile industry.  

6. CONCLUSION 
 
From the TSA tests it can be concluded that the best softness is achieved 
when using more PLA than lyocell in the Finnish hand sheet samples. The 
opposite holds true when looking at smoothness. Here, lyocell gives a better 
smoothness value. When looking at stiffness, lyocell and PLA affect the 
material almost equally. The best handfeel value comes from an equal 
amount of PLA and lyocell. This means that lyocell can replace PLA in a 
nonwoven fabric-like material, if softness is compromised for smoothness. 
Even though there are some differences between the two fibers, the results 
are overall very close to each other. The handfeel values of the Finnish hand 
sheets are definitely comparable to the handfeel of the benchmarking prod-
ucts, making them a competitive alternative to existing materials when it 
comes to softness, smoothness and stiffness. 
 
Another point to remember is that dissolving pulp preferable when making 
fabric-like materials compared to softwood. This applies to the TSA testing 
values. It does not, however, hold true when talking about tensile strength. 
This means that softwood and dissolving pulp represent the choice between 
durability and handfeel.  
 
According to the bending stiffness tests, lyocell provided more stiffness 
than PLA, so in this case PLA should provide slightly better drape, because 
drape relates to stiffness. According to tensile tests lyocell adds more tensile 
strength than PLA. Therefore, if handfeel remains same, but the strength 
increases, it is clear that lyocell is a viable substitution for PLA, and perhaps 
even better. However, sheets that include lyocell, PLA and dissolving pulp 
are still relatively weak compared to other fabrics.  
 
The problem with fabric-like materials made from lyocell, PLA, softwood 
and dissolving pulp is durability. The tensile strength is particularly low in 
the Finnish hand sheet samples made from dissolving pulp. It is possible to 
achieve fabric-like properties using paper machines, but to make nonwoven 
fabrics competitive on the market of existing textiles, tensile strength must 
be increased. Also, when measuring fabric-like nonwoven materials on a 
larger scale, a better machinery is required if the research is to be more ef-
fective.  
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7. FUTURE RESEARCH 
 

Since the field of fabric-like materials produced by paper machines is a rela-
tively new field, there are a lot of possible research areas within this field. 
As mentioned before, the optimization and development of the machinery 
for production and testing is of high importance. Another study very closely 
related to the work in this thesis is the investigation of how different fiber 
lengths affect the properties of the sheets. This should be done to get a 
clearer understanding of how the different fibers actually affect the proper-
ties of the material, as certain fibers length might influence the properties 
differently.  
 
One of the main problems of the samples of this thesis was the tensile 
strength. Once the tensile strength is increased, more applications for 
nonwoven fabric-like materials become available. Therefore, research on 
how to improve tensile strength should be conducted. It would be interesting 
to see how different types of bonding between the fibers affect the tensile 
strength. This could for instance be done chemically, by hydro-
entanglement or by needle bonding (White 2007). Of course the environ-
mental perspective has to be considered when considering the viability of 
these types of bonding, especially when it comes to chemical bonding.  
 
Speaking of bonding and durability, it is an area that could prove to be very 
important when it comes to the development of product that are more dura-
ble and have a longer life-cycle. Currently there are two increasingly dis-
tinctive trends for nonwoven textiles: Easily degradable, short life-cycle 
products and on the other side higher value, non-disposable products. In 
both cases, the environmental impact should be carefully assessed. Degra-
dability in short life-cycle products might not actually be environmental 
friendly if it requires a lot of logistical effort. At the same time, a short 
lifecycle also means that the production rate goes up, which influences the 
environmental impact. High value non-disposables might be more environ-
mental friendly if the production is not too impactful, and so durability and 
increase of life-span of products are important research areas.  
 
To continue along these lines, it is important to assess the actual possibility 
of producing and selling new, sustainable products. If one considers an ide-
al, environmental product, long lifespan, low-impact production and de-
gradable are optimal qualities. However, if the materials that meet theses 
standards do not fit in the current needs of the consumers, it is unlikely that 
a product like this will ever succeed. Therefore, cross-disciplinary work is 
of high importance when developing new bio-based materials. This means 
that engineer should not work isolated from product developers, designers, 



 

 56 

marketing researchers etc. An example of this is the Material Driven Design 
(Karana et al. 2015), where the needs of consumers and designers are com-
bined with the development processes of engineers.   
 
There are a few potential future applications for bio-based textile-like 
nonwovens. One of them, and probably the most attractive of the applica-
tions, is apparel textiles. It can be seen as a long term goal to incorporate 
textile-like nonwovens in the production of apparel textiles, since the quali-
ty of the material needs to be improved a lot before it can outcompete the 
quality of current commercial textiles. One way to come closer to that goal 
is to combine wood fibers with cotton or other polymeric fibers. When 
combining different fiber types with a wet-laid technique and state of the art 
techniques used in papermaking, such as stratified forming and micro-
creping, it would be possible to improve the performance and functionality 
of the material. Pilot trials of this process, which are demonstrated in Inn-
ventia, have shown promising results (RISE 2016). 
 
When mixing wood fibers with fibers such as cotton or manmade fibers, one 
way to make the total material more environmental friendly is to use recy-
cled materials. Also, many trials of tuning different elements and processes 
are needed to the find the best possible end product. One way to start using 
this kind of material could be in accessories such as hats, bags or shoes, 
where the required quality is lower than for whole-piece garments. 
 
Home or interior textiles can become a major market for nonwovens made 
by paper machines. In particular, materials that have a combination of cellu-
lose and PLA open up many possibilities. When a material includes PLA, it 
can be injection molded, 3D-printed, hot pressed or used in a laminate, 
which gives it a wide range of possible properties depending on how it was 
created. More interesting aspects of the material appearance can be added 
when using different colors or transparency. When working in hot-pressing 
conditions, the opaque cellulose-PLA material can be made more transpar-
ent or even patterned within the same sheet. The advantageous thing about a 
cellulose-PLA mix is that different shapes can be molded and re-shaped. 
This can not be done with cellulose-lyocell mixed materials. Even so, it still 
makes sense to research the possible replacements of PLA with lyocell, 
since certain parts of the products do not require the qualities of PLA. 
 
One of the possible, and the most likely application area for bio-based 
nonwovens are packing materials. Nonwovens can be made thin, light-
weight and biodegradable. The nonwovens which were created in this thesis 
were quite fragile, but it does not mean it can not be used as packing materi-
al, since different types of layers can be attached together depending on 
what qualities are wanted. It was seen in the experiments that using more 
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softwood in sheets improved the tensile strength. Where adding more 
lyocell or PLA softness is increased. It might be beneficial for some appli-
cation that one side of the “sandwich” type of material remains soft, while 
the other side is harder and stronger. Also, different layer types can be used 
in different parts of the material: For instance, some part of the material 
might provide structural integrity, where PLA film provides transparency, 
and dissolving pulp-lyocell mix provides softness. Since the packing indus-
try has an interest in these kinds of packing materials and it is a growing 
market, it is definitely an area that is worth to keep researching. From an 
environmental perspective this research is of high importance, since the 
packing materials is a big part of waste production, and the bio-based pack-
ing materials are degradable. 
 
The surface area of  packing materials can vary from small to big if it is hot 
pressed to have specific folds. A product can be made to react to heat and 
change its shape like a memory material. This can be beneficial with for 
example fried food packages, where only hot water is needed to produce a 
ready-made meal. The first samples of this kind have already been tested 
successfully in Innventia (Lockner 2013).  It would possibly mean smarter 
packing, and thus less environmental impact per product due to more effec-
tive transportation. The widespread use of smarter packing materials is a 
research area that calls for more investments in the future. 
 
Currently, a cellulose-PLA combination has more application opportunities 
than cellulose-lyocell, but PLA can in specific cases be replaced by lyocell. 
This way, the price of the products could be reduced and other qualities like 
tensile strength could possibly be improved. Future research should focus 
on producing the best possible materials from one type of pulp mix, but also 
combining different mixes together to match the applications. 
 
Whether future research aims at aiding the development of short-lifespan, 
bio-degradable packing materials or more durable, long lasting textile prod-
ucts, the goal is clear. Changing the material industry to be more sustainable 
is of high importance and the development of cellulose based, textile-like 
nonwoven materials is one very important step of the way. 
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APPENDIX I.  
 
Grammage average values and standard deviation for Finnish hand sheets.  
Softwood Label Average Standard 

deviation 
Aimed 
grammage 
(g/m2) 

1 50LY	50SW	 107,14	 0,67	 100	
2 50PLA	50SW	 96,70	 13,81	 100	
3 30PLA	30LY	40SW	 105,06	 0,74	 100	
Dissolving 
pulp 

	 	 	 	

1 50LY	50DP	 105,43	 4,82	 100	
2 50PLA	50DP	 94,40	 14,23	 100	
3 25PLA	25LY	50DP	 99,38	 1,51	 100	
4 35PLA	15LY	50DP	 101,22	 12,96	 100	
5 15PLA	35LY	50DP	 98,49	 2,40	 100	
6 30PLA	30LY	40DP	 102,07	 1,78	 100	
7 40PLA	20LY	40DP	 102,87	 1,99	 100	
8 20PLA	40LY	40DP	 99,15	 14,11	 100	
9 100	DP	 106,93	 6,44	 100	
10 25PLA	25LY	50DP		 53,06	 0,95	 50	
 
Grammage average values and standard deviation for StratEx samples 
 Label Average Standard 

deviation 
Aimed 
grammage 
(g/m2) 

1 50	PLA	50	SW		 95,73	 13,24	 100	
2 50	PLA	45	SW	5	NFC	 99,02	 3,93	 100	
3 15	PLA	35	LY	50	SW		 98,70	 23,46	 100	
4 35	PLA	15	LY	50	SW	 74,68	 3,96	 100	

5 15	PLA	35	45	SW	5	NFC	 84,53	 3,75	 100	

6 35	PLA	35	15	LY	45	SW	5	NFC	 71,85	 6,14	 100	

7 15	PLA	35	LY	45	SW	5	NFC	 47,65	 2,50	 50	
8 35	PLA	15	LY	45	SW	45	5	NFC	 52,90	 1,57	 50	
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APPENDIX II. 
 
Thickness average values and standard deviation for Finnish hand sheets 
Softwood Label Average 

(um) 
Standard 
deviation 

Min. 
values 

Max.  
value 

1 50LY	50SW	 295 08,4 290 310 
2 50PLA	50SW	 371 11,9 360 390 
3 30PLA	30LY	40SW	 376 12,6 360 400 
Dissolving 
pulp 

	     

1 50LY	50DP	 404 35,0 340 430 
2 50PLA	50DP	 491 24,6 450 530 
3 25PLA	25LY	50DP	 434 09,6 420 450 
4 35PLA	15LY	50DP	 488 13,1 470 510 
5 15PLA	35LY	50DP	 429 29,9 390 470 
6 30PLA	30LY	40DP	 487 15,6 460 500 
7 40PLA	20LY	40DP	 533 23,5 500 580 
8 20PLA	40LY	40DP	 484 16,4 450 500 
9 100	DP	 265 24,6 230 300 
10 25PLA	25LY	50DP		 249 07,3 240 260 
 
Thickness average values and standard deviation for StratEx sheets 
 Label Average 

(um) 
Standard 
deviation 

Min. 
Value 

Max. 
Value 

1	 50	PLA	50	SW		 240 14,1 220 260 
2	 P5	LA	45	SW	5	NFC	 302,5 22,7 280 340 
3	 15	PLA	35	LY	50	SW		 187,5 08,2 180 200 
4	 35	PLA	15	LY	50	SW	 210 07,0 200 220 
5	 15	PLA	35	45	SW	5	NFC	 257,5 21,6 230 290 
6	 35	PLA	35	15	LY	45	SW	5	NFC	 227,5 08,2 220 240 
7	 15	PLA	35	LY	50	SW	 167,5 14,7 150 190 
8	 35	PLA	15	LY	50	SW	 137,5 04,3 130 140 
 
Thickness average values and standard deviation for Benchmarking  
Benchmarking samples Average  

(um) 
Standard  
deviation 

Min. 
value 

Max. 
value 

Dunicel table cloth 297,5 5 290 300 
Evolin table cloth 370 8,1 360 380 
Bed sheet 547,5 29,8 520 590 
H&M shirt 537,5 5 530 540 
Quality shirt 210 0 210 210 
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