
 

-o
tl

a
A

D
D

 
76

1
/

 7
10

2

 +g
hjfh

a*GM
FTSH

9  NBSI 6-7957-06-259-879  )detnirp( 
 NBSI 9-6957-06-259-879  )fdp( 

 L-NSSI  4394-9971
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

gnireenignE lacimehC fo loohcS  
smetsysoiB dna stcudorpoiB fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 o
la

ka
h

K 
ye

xe
l

A
 s

re
bi

F 
ci

so
lu

ll
e

C f
o 

gn
i

mr
oF

 
D3

 r
of 

sn
oi

ti
so

p
mo

C 
dn

a 
se

ru
tc

ur
tS

 d
ec

na
vd

A
 y

ti
sr

ev
i

n
U 

otl
a

A

 7102

 smetsysoiB dna stcudorpoiB fo tnemtrapeD

dna serutcurtS decnavdA  
D3 rof snoitisopmoC  

cisolulleC fo gnimroF  
 srebiF

 olakahK yexelA

 LAROTCOD
 SNOITATRESSID



 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  761 /  7102

snoitisopmoC dna serutcurtS decnavdA  
 srebiF cisolulleC fo gnimroF D3 rof

 olakahK yexelA

fo rotcoD fo eerged eht rof detelpmoc noitatressid larotcod A  
eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT( ecneicS  

cilbup a ta ,gnireenignE lacimehC fo loohcS ytisrevinU otlaA  
rebotcO ht6 no loohcs eht fo 2eK llah erutcel eht ta dleh noitanimaxe  

 .31 ta 7102

 ytisrevinU otlaA
 gnireenignE lacimehC fo loohcS

 smetsysoiB dna stcudorpoiB fo tnemtrapeD
 )taMCiB( slairetaM dna sdiolloC desab-oiB



 srosseforp gnisivrepuS
 sajoR .J odnalrO rosseforP

 ytisrevinU otlaA
 dnalniF

 
 srosivda sisehT

 nenoppliF iralI rosseforP
 ASU ,ytisrevinU nrubuA
 dnalniF ,ytisrevinU otlaA

 
 srenimaxe yranimilerP

 nospmaS .W mailliW rosseforP
 KU ,retsehcnaM fo ytisrevinU

 
 relleK nevetS .D rosseforP

 ASU ,ytisrevinU imaiM
 

 stnenoppO
 reuaB gnagfloW .rD .forP .vinU

 airtsuA ,ygolonhceT erbiF dna pluP ,repaP fo etutitsnI ,ygolonhceT fo ytisrevinU zarG

 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  761 /  7102

 
 ©  olakahK yexelA

 
 NBSI 6-7957-06-259-879  )detnirp( 
 NBSI 9-6957-06-259-879  )fdp( 

 L-NSSI  4394-9971
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

:NBSI:NRU/if.nru//:ptth  9-6957-06-259-879
 

 yO aifarginU
 iknisleH  7102

 
 dnalniF

 



 tcartsbA
  otlaA 67000-IF ,00011 xoB .O.P ,ytisrevinU otlaA  if.otlaa.www

 rohtuA
 olakahK yexelA

 noitatressid larotcod eht fo emaN
 srebiF cisolulleC fo gnimroF D3 rof snoitisopmoC dna serutcurtS decnavdA

 rehsilbuP  gnireenignE lacimehC fo loohcS

 tinU  smetsysoiB dna stcudorpoiB fo tnemtrapeD

 seireS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  761 /  7102

 hcraeser fo dleiF  ygolonhceT stcudorpoiB

 dettimbus tpircsunaM  7102 yaM 61  ecnefed eht fo etaD  7102 rebotcO 6

 )etad( detnarg hsilbup ot noissimreP  7102 tsuguA 32  egaugnaL  hsilgnE

 hpargonoM  noitatressid elcitrA  noitatressid yassE

 tcartsbA
 desab-rebfi wodne ot seigetarts etagitsevni yllacitametsys ot saw siseht siht fo evitcejbo ehT

 deilppa erew stnemtaert neerg dna sremylop desab-oiB .ytilibamrof dna ssenhguot htiw slairetam
 lanoisnemid-eerht rof ytiliba s'lairetam eht ,ytilibamroF .serutcurts gnigakcap D3 poleved ot

 smret ni eerf-tcefed erew taht serutcurts repap ni snoitamrofed citsalp yb deveihca saw ,gnipahs
 ,derolpxe saw ssenhguot repap evorpmi ot sdohtem fo tes A .ytilanoitcnuf dna ecnaraeppa fo

 -wol dna -hgih fo snoisrepsid suoeuqa ni srebfi fo tnemtaert lacinahcem denibmoc )a( :gnidulcni
 )c( dna gniyrd deniartsernu yb dewollof sbew repap fo noisserpmoc enalp-ni )b( ,tnetnoc sdilos

 rebfi fo tnemtaert lacinahcem ehT .gniyarps nietorp yb stnioj rebfi fo noitacfiidom lacimehc
 rebfi tnenamrep decudni tnetnoc sdilos hgih dna erutarepmet detavele ta snoisnepsus

 fo noitamrof eht htiw detaicossa era hcihw ,slruc dna sknik gnidulcni ,snoitamrofed
 desimorpmoc tub ytilibisnetxe eht desaercni yeht ,nrut nI .snoitacolsid dna snoisserpmocorcim

 erew sbew repap dna srebfi fo egaknirhs ,ylsuoenatlumiS .srebfi elgnis fo ssenffits laixa eht
 rieht elihw srebfi eht denethgiarts tnemtaert ycnetsisnoc-wol eht ,tsartnoc nI .detomorp

 noitacilppa ehT .noitallirbfi yb detomorp saw gnidnob rebiF .devreserp yltrap erew snoitamrofed
 gnikam ,ytiliba noitamrofed rieht devorpmi dna stnioj rebfi fo htgnerts eht detceffa nitaleg fo
ot detcejbus saw krowten rebfi ehT .desaercni osla saw egaknirhs gniyrd ehT .sbew rebfi gnorts  

 krowten dna gnilkcub rebfi ot del hcihw ,egaknirhs gniyrd dna tnemtaert evisserpmoc enalp-ni
 setisopmoc ni stnasrepsid yldneirf-oce dna srezilibitapmoc sa snietorp fo elor ehT .noisserpmoc

 osla saw )ALP( editcalylop elbamrofomreht dna )FNC( slirbfionan esolullec gnisirpmoc
 serutcurts rieht dna srebfi fo tnemtaert nietorp dna lacinahcem fo noitanibmoc ehT .detagitsevni

 a htiw elbissop erew sepahs ekil-yart ,revoeroM .%92 ot %5 morf ,ytilibisnetxe repap devorpmi
 dexfi a htiw gnimrofomreht rof erofeb dedrocer neeb ton sah taht noitamrofed enalp-fo-tuo fo level
 lareves fo elor eht tuoba egdelwonk lacitcarp dna latnemadnuf sedivorp siseht siht ,llarevO .knalb
 ot seigetarts noitacfiidom detseggus ehT .ytilibamrof dna ssenhguot repap ot gnitubirtnoc srotcaf
 dna sessecorp noisrevnoc dna gnikamrepap nredom htiw elbitapmoc era ssenhguot repap evorpmi

 .yllacimonoce dna ylisae detnemelpmi eb nac

 sdrowyeK  noitacfiidom lacimehc ,gnimrof D3 ,ytilibamrof ,ytilibisnetxe ,ssenhguot repap

 )detnirp( NBSI  6-7957-06-259-879  )fdp( NBSI  9-6957-06-259-879

 L-NSSI  4394-9971  )detnirp( NSSI  4394-9971  )fdp( NSSI  2494-9971

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  7102

 segaP  251  nru :NBSI:NRU/fi.nru//:ptth  9-6957-06-259-879





i

Preface 

This doctoral thesis was carried out in the group of Bio-based Colloids and Materials 
(BiCMat) at the Department of Bioproducts and Biosystems, School of Chemical 
Engineering, Aalto University during the years of 2012 – 2017. The work was performed
as a part of the Finnish Bioeconomy Cluster’s (FiBiC) Future Biorefinery (FuBio and 
FuBio JR2) and the Advanced Cellulose Materials (ACell) programmes funded by the 
National Agency for Technology and Innovation (TEKES) with industrial partners.

I am extremely grateful to my Supervisor Prof. Orlando J. Rojas for his endless support. 
His working style constantly kept me inspiring and motivating. For me it is still a mystery 
how he manages to keep providing such fast feedback rate no matter how challenging the 
enquiry is. It was a great pleasure and honor to work in his group with friendly and 
supporting atmosphere! My instructor, Prof. Ilari Filpponen is thanked for supporting and 
guiding my research and scientific writing during my studies. Also, I am grateful to Prof.
Janne Laine for giving me the opportunity to join the scientific community and for his 
supervision in the beginning of my studies. Prof. Orlando J. Rojas is also thanked for giving 
me the opportunity to visit his surface nanomaterial research group at North Carolina State 
University (NCSU), USA.

I am thankful for my co-authors Drs. Elias Retulainen, Alexey Vishtal and Jarmo Kouko
from VTT Technical Research Center of Finland Ltd for guiding me in the scientific world 
of fiber and paper technology and for fruitful and interesting discussions.

I want to thank all the past and present colleagues of my research group (BiCMat) and the 
members in the colloids and interface group in NCSU. Special thanks go to Lokanathan 
Arcot, Miika Nikinmaa, Ania Elert (Olszewska) and Jean Buffiere for keeping me in touch 
with the normal life and being my friends. The technical staff, Risu, Rita, Anu and Marja,
are thanked for assistance in the laboratories. I am also grateful to Alina Buffiere 
(Lozhechnikova) for fruitful discussions at work and elsewhere and being a wonderful
office-mate and friend.

My parents, brother, relatives and friends are thanked for supporting me during my doctoral 
studies. Finally, my deepest thanks go for my wife Olga and daughter Sofia, for their love 
and support during this work as well as for understanding my late homecoming.

Espoo, May 15th, 2017

Alexey Khakalo



ii

List of publications  

This thesis is mainly based on the results presented in the following five publications, 
which are referred to in Roman numerals in the text. Some additional data related to this 
work is also discussed. 

I Khakalo A., Vishtal A., Retulainen E., Filpponen I., Rojas O. J. (2017) 
Mechanically-induced dimensional extensibility of fibers towards tough 
fiber networks. Cellulose 24(1), 191-205. DOI 10.1007/s10570-016-1102-z 

II Khakalo A., Filpponen I., Johansson L.-S., Vishtal A., Lokanathan A. R., 
Rojas O. J., Laine J. (2014) Using gelatin protein to facilitate paper 
thermoformability. React. Funct. Polym. 85, 175-184. 
http://dx.doi.org/10.1016/j.reactfunctpolym.2014.09.024  

III Khakalo A., Kouko J., Filpponen I., Retulainen E., Rojas O. J. (2017) In-
plane compression and biopolymer permeation enable super-stretchable 
fiber webs for thermoforming toward 3-D structures. ACS Sustainable Chem. 
Eng. Just Accepted. DOI: 10.1021/acssuschemeng.7b02025.

IV Khakalo A., Filpponen I., Rojas O. J. (2017) Protein adsorption tailors the 
surface energies and compatibility between polylactide and cellulose 
nanofibrils. Biomacromolecules 18, 1426–1433. DOI: 
10.1021/acs.biomac.7b00173 

V Khakalo A., Filpponen I., Rojas O. J. (2017) Protein-mediated interfacial 
adhesion in composites of cellulose nanofibrils and polylactide: enhanced 
toughness towards material development. Submitted to Compos. Sci. 
Technol.



iii

Author’s contribution

I The author was responsible for the literature review and planning the work, 
interpretation of the results and writing the publication together with co-
authors. The laboratory work performed by the author included high- and 
low-consistency mechanical treatments of fibers, analyses of treated fibers 
and investigation of mechanical properties of the fiber networks as well as 
SEM imaging. M.Sc. (Tech.) Alexey Vishtal had the main responsibility for 
the wet strength analysis of the fiber networks and drying shrinkage 
measurements. 

II The author suggested the use of gelatin for paper formability improvement, 
designed the experimental plan, investigated cellulose-gelatin interactions 
with surface sensitive techniques, prepared gelatin-modified paper and 
measured its mechanical properties. He interpreted the results and wrote the 
manuscript together with co-authors. M.Sc. (Tech.) Alexey Vishtal assisted 
in the paper formability assessment. 

III The author suggested the concept of combined in-plane compressive 
treatment of paper with chemical modification, designed and performed the 
laboratory work, interpreted the results and wrote the manuscript together 
with co-authors. M.Sc. (Tech.) Sami-Seppo Ovaska assisted in the 3-D press 
forming experiments. 

IV The author had the main responsibility for planning the work, interpretation 
of the results and writing the publication together with co-authors. The 
author investigated proteins affinity with PLA as a function of pH with 
surface sensitive techniques, prepared CNF and PLA nanofilms and 
assessed the surface energy, its components, and the interfacial free energy 
of protein-coated PLA and CNF films as well as work of adhesion between 
protein-modified films by using contact angle measurements with four 
probing liquids.

V The author designed all the experiments in this paper, interpreted all results 
and wrote the manuscript together with co-authors. The author performed 
dynamic adhesion experiments according to JKR approximation to 
investigate the effect of casein-mediated surface modification of PLA and 
CNF; he prepared the composite materials and evaluated its mechanical 
properties and topography (via SEM and AFM imaging).



iv

List of abbreviations

2D Two-dimensional

3D Three-dimensional

AFM atomic force microscopy

CD cross- machine direction

CMC carboxymethyl cellulose

DP degree of polymerization

DS degree of substitution

DSC dry solids content

HC high consistency

IEP    isoelectric point

LC low consistency

LS Langmuir-Schaeffer

MD machine direction

MFA microfibrillar angle

MFC microfibrillar cellulose

NFC nanofibrillar cellulose

PLA polylactic acid

QCM-D quartz crystal microbalance with dissipation

SEM scanning electron microscopy

SPR surface plasmon resonance

SR schopper riegler

TEA tensile energy adsorption

TMSC trimethylsilyl cellulose

WRV water retention value

XPS X-ray photoelectron spectroscopy



Table of contents

Preface ................................................................................................................................. i

List of publications ............................................................................................................. ii

Author’s contribution......................................................................................................... iii

List of abbreviations .......................................................................................................... iv

1 Introduction and outline of the thesis.......................................................................... 1

2 Background................................................................................................................. 4

2.1 Formability of paper-based materials ................................................................. 4

2.2 Paper toughness .................................................................................................. 4

2.3 Effect of fiber properties on paper toughness ..................................................... 6

2.3.1 Chemical composition and crystallinity of the fibers ................................. 6

2.3.2 Structural aspects of the fibers.................................................................... 8

2.4 Structure of the fiber network ........................................................................... 10

2.4.1 Fiber orientation........................................................................................ 10

2.4.2 Drying shrinkage....................................................................................... 10

2.4.3 In-plane compaction.................................................................................. 11

2.4.4 Creping...................................................................................................... 12

2.5 Chemical modifications and additives .............................................................. 12

2.5.1 Chemical modification of fibers ............................................................... 12

2.5.2 Additives for improving the paper toughness ........................................... 14

2.6 External factors that contribute to paper toughness .......................................... 15

2.6.1 Influence of the strain rate on the paper toughness................................... 15

2.6.2 Influence of moisture and temperature on paper toughness...................... 15

2.7 Summary........................................................................................................... 16

3 Experimental............................................................................................................. 17

3.1 Materials ........................................................................................................... 17

3.1.1 Cellulose fibers ......................................................................................... 17

3.1.2 Cellulose nanofibrils (CNF)...................................................................... 18

3.1.3 Polymers and other additives .................................................................... 18

3.2 Methods ............................................................................................................ 18

3.2.1 Mechanical treatment of pulp fibers ......................................................... 18



3.2.2 Preparation of paper and nanocomposite films .........................................19

3.2.3 Chemical treatment by spraying with polymers ........................................19

3.2.4 In-plane compaction of paper handsheets .................................................19

3.2.5 Shrinkage measurement.............................................................................20

3.2.6 Mechanical properties of paper and composite nanofilms ........................21

3.2.7 Model thin films for adsorption studies.....................................................22

3.2.8 Quartz crystal microbalance with dissipation (QCM-D)...........................23

3.2.9 Surface Plasmon Resonance (SPR) ...........................................................24

3.2.10 Additional techniques................................................................................26

4 Results and discussion...............................................................................................28

4.1 Effect of fiber deformations on paper toughness...............................................28

4.2 Effect of chemical treatment .............................................................................31

4.2.1 Mechanical performance of gelatin-modified paper .................................31

4.2.2 Cellulose-gelatin interactions as a function of pH.....................................36

4.3 In-plane compaction and biopolymer treatment of paper..................................38

4.3.1 In-plane compressive treatment of paper...................................................38

4.3.2 In-plane compression and biopolymer permeation ...................................40

4.3.3 2D formability and 3D structures by press forming of in-plane compacted 
samples ......................................................................................................42

4.3.4 Synergies toward paper extensibility/formability......................................43

4.4 Green compatibilization of cellulose fibers with PLA......................................44

4.4.1 Protein affinity with PLA..........................................................................45

4.4.2 The surface energy of PLA upon protein adsorption ................................47

4.4.3 Dynamic adhesion between CNF and casein-modified PLA ....................48

4.4.4 Mechanical properties of the CNF and casein-modified PLA nanocomposite 
films ...........................................................................................................49

5 Concluding remarks ..................................................................................................52

5.1 Significance of this work...................................................................................52

5.2 Future research ..................................................................................................53

References .........................................................................................................................54



1

1 Introduction and outline of the thesis

Concerns about ecological impacts related to the amount of waste produced worldwide are 
constantly increasing. The production of plastics alone reached 311 million tonnes in 2014, 
a 38 % increase relative to the past decade (PEMRG Plastics Europe market research group 
2015). Packaging, closely followed by the building and construction industries, are the top 
markets for plastics, accounting for 40% and 20% of their annual consumption. About 4 -
5 % of the total crude oil production is used as a raw material for most plastics and an 
equivalent amount is converted into energy required for their production (Stevens 2001).
Moreover, the degradation time of synthetic petroleum-based plastics may reach several 
hundred years, which potentially results in ecological disasters such as the “Great Pacific 
Garbage Patch” that involves mainly floating plastic junk (Marks and Howden 2008).

Such problems can be tackled through the greater use in everyday’s life of renewable, bio-
based materials. For example, the use of paper and paperboard already accounts for 34% 
of the global packaging market. However, certain functional drawbacks of paper, including
their poor barrier properties, susceptibility to moisture and limited convertibility into 
complex 3D shapes, have hindered the increase of paper-based packaging. While barrier 
properties and moisture resistance can be improved by surface modification and by 
introducing functional coating and films (Andersson 2008), there are no simple methods to 
enhance the convertibility of paper into 3D objects.

The limitation of paper in 3D shaping originates from its poor formability (Svensson et al. 
2013), which is a complex set of mechanical attributes in response to forces involved in the
forming process (Vishtal and Retulainen 2012).

Therefore, the objective of this thesis was to improve the suitability of paper as precursor 
of advanced 3D structures. The main material and physical requirements for related
forming processes, such as fix blank forming, include the tensile strain and strength, or 
toughness. Therefore, this research aimed to produce a systematic analysis of the treatment 
conditions and factors that contribute to the paper toughness. The gained understanding 
was then utilized in the development of paper-based materials with improved formability 
and their subsequent conversion into advanced 3D shapes in thermoforming lines with 
fixed blank. This was conducted keeping in mind the design of new functional materials 
for packaging purposes. In general, this thesis document is divided in two main sections: 
(1) contribution of single fiber properties, inter-fiber bonding and modification of paper 
structure to improve paper toughness and formability (Papers I, II and III); (2) application 
of proteins to render cellulose and polylactide (PLA) compatible (Papers IV and V)
(Scheme 1).
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Scheme 1. General outline of the thesis work.

Paper I investigates the influence of single fiber properties on paper toughness. Fibers 
were subjected to mechanical treatments at different consistencies and the mechanical 
properties of handsheets were assessed with respect to various conditions applied during 
processing. It was found that treatment at high solids content induces fiber deformations, 
which are associated with an increased extensibility. Refining at low solids content partially 
released these deformations and also increased the fiber’s surface fibrillation. Finally, the 
combination of the aforementioned mechanical treatments led to a significant increase in 
paper toughness. In Paper II, a surface chemical treatment was utilized to further improve 
the extensibility of the paper handsheets prepared from the mechanically treated fibers 
(Paper I). It was found that spraying of gelatin protein onto handsheets before wet pressing, 
significantly improved the toughness and formability of freely-dried samples. Paper III
investigated the combination of fiber deformations and chemical treatment as well as paper 
structure modification, via in-plane compressive treatment. It was observed that by
employing such an approach the paper toughness and formability was improved to a large 
degree. The first three papers concentrated on the improvement of paper toughness and 
formability and, introduced complex relationships with regards to modifications at different 
structural levels, including moisture content and temperature during forming. The
remaining papers, however, broadened the materials used to cellulose nanofibrils (CNF)
and PLA, and focused on the compatibilization of these components. Paper IV evaluated
the interactions of proteins with PLA as a function of pH. The behavior of the proteins at 
the PLA and CNF interfaces, with respect to pH, was also investigated. Surface energy 
measurements and calculated work of adhesion suggested that the proteins enhanced the 
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interactions between CNF and PLA, which was further demonstrated in Paper V. Paper 
V evaluated the work of adhesion between CNF and PLA composites after interfacial 
modification with proteins, in the dry state, by using dynamic adhesion experiments as well 
as mechanical testing.
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2 Background

2.1 Formability of paper-based materials 

The development of new forming processes for paper started at ca. 2010, when a need for 
a more sustainable alternative to plastics sparked increased attention. The main motivation 
was to replace petroleum-based plastic packaging with novel paper-based products
(Hauptmann and Majschak 2011, Hauptmann et al. 2014, Huang and Nygårds 2012, 
Leminen et al. 2013, Svensson et al. 2013, Tanninen et al. 2014).

In general, the forming processes can be divided into two main category: sliding and fixed 
blank processes. In the forming process with sliding blank (deep-drawing, stamping), 
forming proceeds due to the sliding of paper into the mould and lateral contraction of paper 
that causes the microfolding of paper. In the fixed blank process (hot pressing, 
hydroforming, air forming and vacuum forming) paper is formed via straining of paper. 
Usually, the sliding blank process produces shapes with a relatively high depth, while those
produced in the fixed blank have significant limitations in depth. This is due to the fact that 
in the fixed blank process tensile deformation of paper prevails over compressive 
deformation. This indicates that only the paper grades with high extensibility, high strength 
(when the load is evenly distributed within the paper, which facilitates the full utilization 
of the extensibility potential of paper) and post-forming stiffness are suitable for the fixed 
blank forming process. Moreover, fixed blank forming process yields shapes with smooth 
and even edges that enables the gas-tight sealing of formed shapes with barrier films. In 
contrast, the shapes produced in the sliding blank process are non-sealable due to the 
wrinkles, which cause shape instability and impaired visual appearance (Wallmeier et al. 
2015).

Currently, there are only two types of forming processes for paper substrate in commercial 
use: stamping for the production of trays and plates, and the Multivac® process (vacuum-
assisted air forming) for the production of sealable trays for sliced cold cuts and cheeses. 
The emerging technologies in paper forming include deep-drawing, hydroforming and hot 
pressing (stamping with a fixed blank).

It can be concluded from the above discussion that paper substrates with high extensibility 
and strength, or toughness, might open up new possibilities in the preparation of deep 3D 
shapes with smooth edges. Therefore, strategies for improving the paper toughness are 
covered in the following chapters.

2.2 Paper toughness

Toughness is a mechanical term that measures the ability of a material to absorb energy 
before fracture. In most cases, toughness can be derived from the results of a tensile stress–
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strain test by measuring the area under the stress–strain curve up to the point of failure 
(Figure 2). In order for a material to be defined as “tough”, it must display both strength 
and ductility; often, ductile materials are tougher than the brittle ones. Therefore, in order 
to increase the paper toughness one should focus on improving its extensibility.

Figure 2. Stress-strain curves of brittle and ductile materials.

Paper extensibility is closely associated with the tensile strength, and therefore the same 
factors that affect the tensile strength also contribute to its extensibility. However, a strong 
paper may also be brittle whereas an extensible paper usually exhibits a decrease in tensile 
strength with an increase in extensibility. The deformation of paper is usually divided into 
elastic, viscoelastic, and plastic components. Elastic deformation is related to the condition 
when recovery of the deformation occurs immediately after stopping the loading while 
plastic deformation occurs during subsequent deformation. In forming 3D structures, a 
large plastic deformation is preferred in order to avoid springing back and deflection of the 
shapes (Vishtal and Retulainen 2012).

Seth (2005) reported that the extensibility of paper primarily depends on two main aspects: 
fibers and interfiber bonding. However, parameters such as the fiber network structure as 
well as external factors could also be included as separate elements to further improve the 
paper toughness, as indicated in Figure 3.



6

             
Figure 3. Overview of the factors that affect the paper toughness (redrawn from the permission of 
Bioresources journal) (Vishtal and Retulainen 2014b).

Despite presenting these factors individually, they are inter-dependent in the papermaking 
and converting processes. Therefore, the preparation of tough paper requires careful design 
and adjustment of process parameters so that they complement each other. The primary 
objective of the following sections is to briefly summarize the most relevant aspects for the 
production of tough fiber networks. The primary use of such networks is for the preparation 
of thermo-formable paper-polymer composite materials for, e.g., packaging applications.

2.3 Effect of fiber properties on paper toughness

Since the fiber extensibility directly correlates with that of paper, it is important to select 
the fiber raw material which chemical, physical and structural attributes that favor this 
property. The following sections are denoted for the aspects that should be considered when
selecting the fiber raw material to prepare paper with high toughness.

2.3.1 Chemical composition and crystallinity of the fibers

Chemically-pulped fibers are composed of cellulose, hemicelluloses and lignin, the latter 
of which is often present in very small quantities (< 0.5%). However, unbleached (2 to 5%) 
and especially, mechanical pulps (5 to 25% lignin) have significantly higher lignin content 
(Alén 2000). The proportion and internal structure of the aforementioned biopolymers in 
the fiber cell wall mainly define the mechanical properties of paper (Spiegelberg 1966).
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Cellulose is the main building block and structural component of the fibers and therefore it
obviously has a great impact on the extensibility of fibers and paper made thereof. Cellulose 

-1,4-anhydroglucopyranose units
linked together by glycosidic bonds with hydroxyl groups at the C-2, C-3 and C-6 positions.
Moreover, the individual cellulose chains undergo both inter- and intramolecular hydrogen 
bonding which contribute to the crystallinity and stiffness of the polymer (Figure 4)
(Roman 2009).

Cellulose is the stiffest chemical component in the fiber structure. In general, the elongation 
of cellulose fibers proceeds via two mechanisms: elastic axial elongation of the cellulose 
molecules and irreversible, time-dependent slippage between cellulose molecules (Altaner 
et al. 2014). In addition to covalent bonding, the axial elongation of the cellulose molecule 
is dependent on the intra- and intermolecular hydrogen bonds. The slippage between 
molecules, on the other hand, is dependent on the intermolecular hydrogen bonds. In fibers, 
the slippage is more likely to occur between the fibrils and fibril bundles, which are held 
together by amorphous cellulose and hemicellulose.

Figure 4. Structure of the cellulose chain showing the intermolecular (red, dashed) and 
intramolecular (black, dashed) hydrogen bonds (adopted from Niinivaara 2016).

Independent of its source, cellulose exhibits regions of ordered (crystalline cellulose) and 
disordered structures (‘amorphous’ cellulose) (Klemm et al. 1998), with a respective ratio 
of around 3:1 for bleached wood pulp (Fiskari et al. 2001, Ward 1950). In addition, the 
presence of less ordered (compared to crystalline cellulose) paracrystalline regions has 
been proposed (Larsson et al. 1997, Kulasinski et al. 2014). Crystallinity of cellulose 
largely depends on the origin of fibers and type of isolation process. Typically, an increase 
in the cellulose crystallinity leads to the enhanced strength and stiffness while the fibers 
extensibility and flexibility are decreased (Parker 1962, Thygesen 2006, Ward 1950). High 
stiffness and corresponding low extensibility of crystalline cellulose regions is likely to 
originate from the O3H···O5 and O2H···O6 intermolecular hydrogen bonds (Altaner et al. 
2014). In general, the amorphous cellulose regions are characterized by the absence of long 
range order and greater disorder in the orientation of the cellulose chains (Fink et al. 1987, 
Muller et al. 2000). The stiffness of the crystalline and amorphous regions differs 
significantly (220 GPa for crystalline vs. 10.4 GPa for amorphous) (Sun et al. 2014), which 
means that the cellulose extensibility is mainly controlled by the softer amorphous region. 
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However, it is not economically feasible to reduce the cellulose crystallinity to obtain
highly-extensible fibers.

Hemicelluloses tend to improve the bonding potential of fibers and, as a result, the 
extensibility of paper. The most common hemicelluloses in hardwood and softwood fibers 
are xylans and mannans, respectively (Alén 2000). Hemicelluloses are regarded as 
amorphous polymers with a relatively low degree of polymerization (50 to 300) and elastic 
modulus of 7 GPa. They also possess significantly lower softening temperature than 
cellulose. This can be observed as increased extensibility of hemicellulose; for instance,
strain at break of films prepared from arabinoxylan can be as high as 15% (Mikkonen et al. 
2012). Henriksson et al. (2008) showed that the microfibrillar cellulose (MFC) films with 
high hemicellulose content had the highest tensile strength and strain, which was attributed 
to decreased porosity of such films.

It has been reported that a high lignin content has a negative effect on paper extensibility;
mechanical pulps have significantly lower elongation than chemical pulps (Hatton 1997).
Lignin is naturally a stiff and non-extensible polymer in the dry state (Zhang et al. 2013)
and a selective removal of lignin from wood fibers is known to improve their elongation,
by around 20%, which might be associated with the rearrangement of the microfibrillar 
structure due to ease of slippage of fibrils in fibers. Hartler and Mohlin (1975) claimed that 
the maximum bond shear strength between fibers occurs at lignin contents of 7% for 
unbleached kraft and 10 to 12% for unbleached sulphite pulp. The low bond strength at the 
higher lignin contents in kraft pulps is most likely caused by the fiber-surface located kraft 
lignin, which has a low hydrogen bonding potential. The decrease in bond strength 
observed at lignin contents less than 7% was attributed to the removal of hemicelluloses, 
which typically occurs simultaneously with the dissolution of lignin. On the contrary, the 
bond strength of sulphite pulps had its greatest values at the highest lignin content. This 
was explained by the formation of sulphonic acid groups in the lignin during pulping, which 
posess a high bonding capacity.  

2.3.2 Structural aspects of the fibers

The morphology of fibers is one of the key factors determining their mechanical properties. 
Cellulose is stiff in an axial direction, with a theoretical modulus of the chain around 250 
GPa (Vincent 1999). The decrease in fiber stiffness and the corresponding increase in their
extensibility, in comparison with the cellulose molecule, is partially attributed to the spring-
like orientation of the microfibrils in fibers. Microfibril orientation is described by the 
microfibrillar angle (MFA) that is determined as the angle between the axis of fiber and the 
direction of the cellulose fibrils in the cell wall layer (Barnett and Bonham 2004) (Figure
5a). The elastic modulus of the cell wall layer along the longitudinal axis, represented using 
the anisotropic elastic theory (Lekhnitskii 1963), is proportional to cos4 , where is the 
microfibrillar angle. Therefore, fibers with high MFA tend to have higher extensibility and 
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lower stiffness than fibers with low MFA (Figure 5b). The increase in the elongation of 
high MFA fibers has been explained by the untwisting of the spring-like structure, sliding 
of fibrils under shear forces and higher flexibility of such fibers (Gurnagul et al. 1990, Horn 
1974, Martinschitz et al. 2008, Page and El-Hosseiny 1983).

               

Figure 5. (a) A schematic of the wood cell structure. P, S1, S2, and S3 indicate the primary wall 
and secondary walls 1, 2, and 3, respectively. (b) Relation between MFA and extensibility of 
chemical black spruce fibers. (b) adopted from (Page and El-Hosseiny 1983).

The degree of orientation (with respect to the fiber axis) of the cellulosic microfibrils can 
also be affected by the artificial deformations exerted during the mechanical treatment at 
high solids content (HSC). HSC (~30%) mechanical treatments are known to create 
deformations in fibers, which are local structural changes in the fiber wall and, visually,
they appear in the form of dislocations, microcompressions, curls, twists, folds, kinks, etc. 
Microcompressions (telescoping axial buckling along the fiber axis), curls, and dislocations 
(irregularities in fibers origination from the jams or bends of fiber) are known to positively 
contribute to the extensibility of fibers. As a result, they have a definite effect on the 
elongation of wet paper (Barbe et al. 1984) and potentially they may increase the elongation 
of dry paper. These deformations originate from a combination of longitudinal and 
transverse compressive forces, which in the absence of water, induce rubbing and kneading 
between the fibers (Dumbleton 1972, Joutsimo et al. 2005, Mohlin et al. 1996, Page and 
Seth 1980, Seth 2005). The expected intense friction forces result in delamination and 
formation of microcompressions in the S2-layer of the fiber wall (Omholt 2010). However, 
deformations induced during HSC treatments are known to reduce the tensile stiffness and 
elastic modulus of paper (Hernandez and Selke 2001). Therefore, HSC treatment is usually 
accompanied with low consistency refining, which straightens the curled fibers leading to 
the enhanced stress transfer ability within the fiber network and improved bonding between 
the fibers. The combination of high and low consistency refining can be used to produce 
highly extensible paper, while at the same time the dewatering properties of the furnish
remain at a reasonable level (Sjöberg and Höglund 2005).
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Overall, the extensibility of individual fibers and paper may be affected by the fiber length,
strength, microfibrillar angle and coarseness since these properties have been found to 
correlate with each other (Kärenlampi and Suur-Hamari 1997). However, it is worth noting
that the effect of the fiber strength is much greater than that of the fiber length (Kärenlampi 
and Yu 1997). On the other hand, the simulation study by Kulachenko and Uesaka (2012)
showed that an increase in the fiber length (from 1.5 to approximately 3 mm) doubled the 
extensibility of paper.

2.4 Structure of the fiber network

Structure of the fiber network has a great influence on the mechanical performance of paper. 
Paper structure modification includes in-plane compressive treatments of the fiber web
(compaction and creping), where the improvements in the paper strain linearly correlate
with a decrease in the geometrical length and increase in the basis weight of the paper after 
treatment. Moreover, differences in paper structure arise from the fiber orientation during 
paper forming.

2.4.1 Fiber orientation

The fiber orientation greatly contributes to the tensile properties of paper. Most of the 
papers produced using modern paper machines have their fibers aligned more towards the 
machine direction (MD) than cross-machine direction (CD) due to the flow patterns in a
wet end. However, despite the difference in strain at break in MD and CD, the effect of 
fiber orientation on the strain at break of restrained-dried paper was not observed (Htun
and Fellers 1982). It was concluded that the strain at break of the paper is also determined 
by the extent of drying shrinkage and not only by the fiber orientation in the sheet. This 
means that the large anisotropy in fiber orientation results in MD-tension, which in turn 
contributes to a limited MD-shrinkage and strain in this direction. 

2.4.2 Drying shrinkage

The extensibility of paper significantly depends on the drying method. The higher the 
drying shrinkage, the higher the elongation of the paper (Fujiwara 1956, Page 1971, Waller 
and Singhal 1999). Moreover, high extensibility of unrestrained dried paper is attributed to 
the release of the fiber shrinkage during paper straining.

Fibers undergo anisotropic shrinking which can reach up to 30% in the transverse direction.
However, the axial shrinkage is limited to 1 to 3%. This difference might be attributed to 
the low microfibrillar angle and stiffness of crystalline microfibrils that, in turn, prevents

the longitudinal shrinkage (Page and Tydeman 1966, Page 1969, 1971). Lateral shrinkage 

of the fibers depends on the initial swelling and the axial stiffness of the fibers, which resists 
the axial shrinkage. Moreover, the area, number and adhesion in fiber contacts that transmit 
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the shrinkage forces from one fiber to another are also important factors that contribute to 
fiber shrinkage. Swelling and fiber shrinkage can be easily controlled by the extent of 
refining (Zeng et al. 2012, 2013), electrolyte concentration in water and its pH, and by the 
amount of carboxylic groups in pulp (Scallan and Grignon 1979, Scallan 1983). The axial 
stiffness of fibers can be reduced by certain high-consistency treatments, which create 
dislocations and microcompressions so that the axially flexible fibers create smaller 
resistance to sheet shrinkage. Also, an addition of fines and/or micro- and nanofibrillated
cellulose (Lobben 1977, 1978, Sampson and Yamamoto 2011) have been shown to increase 
the shrinkage of the paper.

Therefore, the mechanism for the shrinking of paper during drying can be postulated as
follows: fibers shrink laterally, which in turn promotes the axial shrinkage of the bonded 
fibers, and eventually the shrinkage of the whole fiber web proceeds via interfiber crossings. 
The extent of the paper drying shrinkage during the unrestrained drying varies greatly and 
typically reaches values between 3 and 10%.

2.4.3 In-plane compaction

The compaction of paper refers to an in-plane compressive treatment of moist paper in MD 
in order to improve its extensibility. Paper is compacted either between a moving rubber
blanket, steel roll and non-rotating nip bar (Clupak®), or between the steel roll covered 
with a rubber blanket and the heated steel roll (Expanda®). The typical influence of 
compaction on the mechanical properties of paper, as demonstrated in stress-strain curves, 
is illustrated in Figure 6. It is evident that the in-plane compaction improves the 
extensibility but reduces the tensile strength. However, tensile energy adsorption (TEA) is 
increased. Moreover, compaction decreases the elastic modulus and bending stiffness of 
paper. 

Figure 6. The stress-strain curves of the Clupak and Kraft sack paper in CD (left) and MD (right) 
(redrawn from the data of Shoudy 1959).
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An increase in paper elongation is primarily attributed to the buckling of fibers and the 
incorporation of microcompressions on fibers. A decrease in the tensile strength is 
explained by the partial disruption of the fiber-fiber bonds (Chen 1991) and reduced 
efficiency in stress distribution within the network. Typically, the extensibility also slightly 
increases in the CD as a 10% gain; in MD strain provides a 1 to 2% increase in CD strain 
(Shoudy 1959, Welsh 1965).

2.4.4 Creping 

Creping yields a highly-extensible paper with an elongation in the range of 10 to 200%
(Hollmark and Ampulski 2004). In creping, dry paper (typically 70 to 85% dry mass) is
released from the cylinder by using a creping blade, which causes the folding of the paper 
web, partial breakage of fiber-fiber bonds, fiber rearrangements and sheet buckling (Oliver 
1980, Stitt 2002). However, creped paper has wrinkled surface, low stiffness, and 
significantly decreased tensile strength.

2.5 Chemical modifications and additives

Chemical modifications and various additives can be used to manipulate the degree of 
bonding between fibers, which is not only crucial for the strength development but also 
contributes to the fiber network extensibility. For example, modifications and additives 
may be used to alter the mechanical behavior of paper in such a way that load is more 
evenly distributed within the fiber network and thus the stretch potential of single fiber
becomes fully realized.

2.5.1 Chemical modification of fibers 

In general, methods for the chemical treatment of fibers to improve the paper extensibility 
and formability in the fixed blank forming process are lacking. Typically, chemical 
modifications result in several unwanted changes such as decreased crystallinity and 
modification of the fiber wall structure, which affect the mechanical properties of fibers.
Secondary effects include increased fiber swelling, drying shrinkage and improved bonding 
strength. Generally speaking, the introduction of functional groups, grafting with various 
polymers, physicochemical adsorption of polyelectrolytes, etherification, esterification, 
blending with polymers, among others, can be employed to yield highly extensible paper.
However, most of these treatments are quite tedious and require non-polar solvents, which 
limits their usability in conventional pulp and papermaking processes.

For example, hydroxypropylation of cellulose has been used to produce a highly extensible 
and translucent paper with good strength properties. The improvements in extensibility 
were attributed to the improved fiber bonding and increased drying shrinkage (Vuoti et al. 
2013). Moreover, it was observed that a relatively low degree of substitution (DS<1) 
increased the flexibility and swelling of fibers, which provided additional interfiber
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contacts, and thus increased the drying shrinkage and improved the bonding (Didwania 
1968). The selective periodate oxidation of the C2-C3 hydroxyls of cellulose to produce 
dialdehyde cellulose and a subsequent sodium borohydride reduction of aldehyde groups,
to yield dialcohol cellulose, have been found as an effective approach to improve the
extensibility of fibers and paper (Larsson et al. 2014a). The stretch of single fibers in zero-
span tests and the elongation of paper made from such 
fibers increased from 4% (non-modified) to 23% (dialcohol form). The changes in the 
elongation of individual fibers were associated with the different core-shell structure of 
fibers, which increased the mobility and flexibility of the nanofibrils in the fiber wall. The 
paper extensibility improvement was attributed to a pronounced interfiber bonding
(Larsson et al. 2014a). Moreover, films prepared from dialcohol cellulose nanofibrils 
displayed extensibilities of up to 37% (measured at 90% RH) (Larsson et al. 2014b). It was
speculated that the performance of such films was due to the preserved crystalline core of 
the nanofibrils while the shell was comprised of flexible dialcohol cellulose. Esterification
of cellulose with hexanoic acid to a relatively high DS of 1.7 allowed a formation of 
thermoformable and water resilient materials, which after heated compression into sheets 
displayed strain at break values of around 30%. The structure of the hexanoated cellulose 
sheet was found to represent a continuous cellulose ester matrix reinforced with the 
unmodified cellulose I (Matsumura et al. 2000). Partial dissolution of the cellulose fibers 
can be used to produce extensible all-cellulose composites with excellent strength, strain, 
and stiffness. For example, treatment of filter paper with (LiCl)/DMAc increased the strain 
at break by 50% and decreased the crystallinity of cellulose from 80 to 20% (Nishino and 
Arimoto 2007). Furthermore, the swelling of the bacterial cellulose in 8% (LiCl)/DMAc 
for 60 minutes drastically changed the deformability properties of the resulting material.
The strain at break was increased from 3.5% to around 30%. Such increase was attributed 
to a loss of fibrous structure of bacterial cellulose, decreased crystallinity and change in the 
hydrogen bonding pattern (Soykeabkaew et al. 2009). Spraying of agar on pre-formed fiber
networks was shown to improve their formability (Vishtal and Retulainen 2014). Moreover, 
the construction of a polyelectrolyte multilayer on the surface of the fibers by the layer-by-
layer technique resulted in paper suitable for 3D forming. The formation of polyelectrolyte 
multilayers from polyacrylic acid and polyallylamine hydrochloride can significantly 
improve the tensile strength (from 25 to 70 Nm/g) and extensibility of paper (from 4 to 8%) 
(Marais et al. 2014). Grafting (chemical or physical coupling of polymers on the surface of 
cellulose) of softwood fibers with methyl acrylate has been found to improve the elongation 
of paper from 1.1% to 5.9% (Rezai and Warner1997a,b). Physical adsorption of 
carboxymethyl cellulose onto pulp may also be applied for the improvement of 
extensibility (Duker et al. 2007).
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2.5.2 Additives for improving the paper toughness 

Incorporation of various additives in the paper furnish or in the already formed fiber 
network is a commonly used approach to enhance the dry and wet strengths of paper. Most 
of the additives affect the fiber-fiber bonding by forming new or modified interfaces. A
high degree of interfiber bonding allows for more uniform distribution of tensile stresses 
by utilizing the strength and straining potential of fibers more efficiently. Moreover, the
interfiber interactions during the distribution of the shrinkage stresses during drying also 
affect the fiber structure in the web.

Microfibrillated cellulose (Klemm et al. 2011), combination of kraft fines and starch
(Retulainen et al. 1993, Taipale et al. 2010) have been added to the paper furnish to improve 
the strength and extensibility by increasing the RBA (relative bonded area) and drying 
shrinkage of paper. Moreover, the addition of styrene-butadiene latex (30 mg/g) to kraft 
pulp improved the elongation of paper from 1.8 to 4% (Alince 1977). Addition of a PLA 
latex dispersion to a paper in the amount of 20% is capable of improving the elongation up 
to 5-10% and such paper has also demonstrated convertibility in the 3D forming process 
(Svensson et al. 2013). Coating a paperboard with polyhydroxybutyrate (20 wt.% based of 
paper weight) yielded a material with strain at break values around 36% (Cyras et al. 2009).
In general, the addition of elastomeric polymers (20 to 40%) to a fiber network can improve 
the extensibility of resulting materials up to 30 to 40% (Waterhouse 1976). An addition of 
7.3 mg/g of carboxymethyl cellulose (FinnFix WRH) to the unbeaten softwood kraft pulp 
not only provided the enhanced strength but also the elongation of the paper was improved 
from 3.6% to 5.8% (Laine et al. 2002). Furthermore, the blending of cellulose fibers with 
poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) resulted in plastic-like material 
with the elongation up to 5.2% (Hameed et al. 2011).

It was hypothesized that besides improving adhesion between fibers, addition of polymeric 
compounds contributes to the material extensibility via lubrication, viscous dissipation and 
crack stopping mechanisms (Pelton 2004). Lubrication was ascribed to the attaining of a
slippery polymer layer on the fiber surface that allows fiber-fiber slippage during drying, 
and thus reduces the induced stress in the fiber network and, possibly, increases drying 
shrinkage without the introduction of microcompressions to fibers. Formation of
stretchable domains between the fibers increases the energy needed to separate fibers from 
each other and, as a result, viscous dissipation of the applied energy takes place. Finally, in 
the crack stopping mechanism the inclusion of small, stretchable domains between stiff 
fibers was suggested to stop cracks from propagating.  

To summarize, two main methods are available to apply polymers to paper: wet-end 
addition and impregnation of pre-formed fiber network. The drawbacks of the first method 
include limited adhesion of polymer (usually hydrophobic) to fibers in the aqueous medium, 
interference with the formation of hydrogen bonds between fibers and the retention of 
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polymer upon dewatering. When the polymer is introduced to an already formed fiber
network, the extensibility of the paper will be limited by the extensibility of the fiber 
network. In this case, high loading of polymer is required to obtain paper with higher 
extensibility. Moreover, surface addition of the relatively small amounts of extensible 
material on paper improves overall extensibility since surface layer was found to be 
responsible for failure initiation in paper (Stockmann 1974). Therefore, by strengthening 
and increasing the extensibility of only the surface layer of paper one might delay fracturing 
and thus improve overall extensibility.

2.6 External factors that contribute to paper toughness

In addition to the interfiber bonding, the properties of single fibers and network made 
thereof, the extensibility of paper is influenced by the straining conditions during its 
deformation. This section discusses the influence of strain rate as well as softening of 
polymers present in the paper on its extensibility.

2.6.1 Influence of the strain rate on the paper toughness

Paper, as well as fibers, is made to behave viscoelastically, and the strength and elastic 
modulus increase with the strain rate (Hardacker 1970). However, the extensibility of paper 
is observed to decrease with increasing strain rate (Okushima and Robertson 1979). This 
phenomenon is likely related to the reduction of the viscoelastic and plastic deformations 
of paper, which result in a reduced redistribution of stresses, higher stress concentrations 
at the rupture zone and increased failure of the fibers themselves (Helle 1965). An optimum 
strain rate, 10000%/min, was suggested by Davison (1972) to give the maximum 
extensibility for a given sample. The distribution of the failure stress of fibers is most often 
characterized using the Weibull (1939) statistics. This model is based on the failure of a 
chain in which the weakest link controls rupture and seems to be well adapted to describe 
a set of tensile test results carried out at one gauge length. However, the standard Weibull 
distribution shows the inadequacies for describing the experimentally observed fiber 
strength scatter and the strength dependence on the gauge length. Therefore, Andersson 
and Sjöberg (1953) observed a slight strain increase with the decrease in the straining span 
length, which was explained by the lower probability of having weak spots.   

2.6.2 Influence of moisture and temperature on paper toughness

Chemical pulp fibers are mainly composed of hydrophilic polymers, cellulose and 
hemicelluloses, and therefore they are susceptible to the action of moisture and elevated 
temperature. When paper is heated and/or moistened, the polymers in the fiber wall soften,
leading to the changes in the mechanical properties of paper due to the reduction in fiber 
stiffness, reduced strength of H-bonds, and increased mobility of polymeric components in
fibers, allowing a certain degree of sliding between the fibers. Increased extensibility of 
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paper in the softened state is primarily attributed to increased plastic deformation, while 
the elastic component is mitigated and ultimate tensile strength is reduced (Caulfield 1990).
Usually, temperature and moisture effects are not independent since at elevated 
temperature the equilibrium moisture content of paper changes. The effect of the increased 
temperature is mainly related to the reduction in the axial stiffness of the fibers, when water 
acts as a plasticizer by interacting with intra- and intermolecular hydrogen bonds in 
cellulose and intermolecular bonds between fibers and fibrils, and thus allows the 
deformation and rearrangement of the cellulosic microfibrils (Alava and Niskanen 2006, 
Back and Salmén 1982, Goring 1963, Haslach 2000, Salmén and Back 1977b, Shiraishi 
1991). It is predicted that most wood polymers in paper soften at a moisture content around 
6 to 8% and temperature in the range 150 to 180 °C (Back and Salmén 1989, Salmén and 
Back 1977a, 1980, Salmén et al. 1984). However, the crystalline part of the cellulose does 
not soften under elevated temperature/moisture, and starts to degrade at a temperature of 
ca. 240 °C (Beyler and Hirschler 2001, Szczesniak et al. 2008). In an open system, where
water can evaporate from paper upon heating, the maximum improvement in extensibility 
can be observed in the temperature range between 60 to 70 °C and 80 to 100°C for chemical 
and mechanical pulps, respectively (Kunnari et al. 2007). However, in the absolutely dry 
state, cellulose, lignin, and hemicelluloses have softening temperatures of 230 °C, 205 °C, 
and 180 °C, respectively (Salmén 1990). The sole effect of moisture on the extensibility of 
paper is much stronger than that of temperature (Kunnari et al. 2007, Salmén and Back 
1980). In the recent study, Linvill and Östlund (2014) claimed that a gradual increase in 
moisture content of paper from 6% to 14% improves the strain at break of paper by 20%. 

2.7 Summary

Various factors contribute to paper toughness, and thus its formability. There are several 
methods to improve paper extensibility; however, these methods also have a negative
impact on tensile strength and stiffness. Therefore, some compromise should be achieved 
to ascertain good paper formability.  This compromise might be based on combination of 
methods, e.g.  selection of raw material, mechanical treatment of fibers and fiber network, 
chemical modification of fibers or use of certain additives, coupled with a suitable drying 
method. Utilization of extensible fibers does not necessary lead to tough paper. Therefore, 
in the production of tough paper, fiber structure, fiber bonding, and the structure of the 
fiber network should be addressed simultaneously.
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3 Experimental

The materials and methods used in the experiments included in this thesis are described in 
detail in the attached Papers I-V. The main cellulosic materials, polymers and other 
additives used in this work are presented in the Materials section. The main characterization 
methods used in this work are discussed in the Methods section. This chapter provides a 
general background for the experiments presented in the Results and Discussion.

3.1 Materials

3.1.1 Cellulose fibers

Bleached, once-dried softwood kraft pulp (Cellulose 80.3%, Xylan 10.4%, Glucomannan 
8.4% and total Lignin <0.9%) obtained from a Finnish pulp mill (Stora Enso, Finland) was 
used in all experiments. Dry fibers were soaked overnight in tap water and then 
disintegrated for 30 minutes by using Valley beater without load. The pre-processing of the 
fiber material depended on the experiments the fibers were used for. Common preparation 
steps for all fibre samples were mechanical treatment to a desired level, removing of fines
and washing to sodium counter-ion form. The fines removal and subsequent washing steps 
were done identically throughout the experiments. In brief, the fines were removed by 
flushing the treated pulp suspension in a stirred tank with a wire sieve (200 mesh) bottom 
and constant flow-through of fresh tap water. Thereafter, the fibers were washed into 
sodium counter-ion form according to the procedure described by Swerin and Wågberg
(1994). The washed pulp samples were stored in a refrigerator until further use.

For sheet experiments in Paper I, the fibers were mechanically modified using Wing
defibrator (WD) followed by subsequent PFI mill refining. The aim of the mechanical 
treatment was to create deformations in fibers during high-consistency treatment or to 
promote bonding and modify the network structure using low-consistency refining.
Following parameters were varied in these treatments: the dry solids content of the pulp, 
treatment temperature and refining intensity. The combination of the high-consistency 
treatment of fibers and subsequent low-consistency refining was found to be the most 
effective strategy in respect to the paper toughness improvement.

In Papers II and III, the fiber preparation was done in such a way to replicate optimal 
conditions found in Paper I thus to assure the creation of deformations favorable to paper 
extensibility and transfer them to bigger scale production. Therefore, PFI mill refining was 
replaced with Valley beater. 
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3.1.2 Cellulose nanofibrils (CNF)

Cellulose nanofibrils (CNF), used for the preparation of composite films in Papers IV-V,
were prepared from the bleached, once-dried softwood kraft pulp obtained from a Finnish 
pulp mill (Stora Enso, Finland). The fiber preparation was the same as in Paper I, described 
above, with an exception that the fibers were refined in a Valley beater to improve fiber 
accessibility and fibrillation efficiency until the fibers were broken into a paste-like 
cellulose material (SR ~85). Thereafter, pulp was diluted to solids contents <1 wt.% and 
coarse fiber fragments were removed by passing the suspension twice through a 200 mesh 
wire. Finally, the fibrillar suspension was disintegrated by a high-pressure microfluidizer 
(M110P, Microfluidics corp., Newton, MA, USA) with six passes. The prepared CNF 
suspension was stored at 4 °C until use.

3.1.3 Polymers and other additives

Gelatin from porcine skin (Type A, ~300 g Bloom gel strength, #232-554-6) used in Papers 
II-III, guar gum galactomannan (GG) (#232-536-8) used in Paper III, glutaraldehyde 
solution (50 wt.% in H2O, #340855) used in Paper II, casein sodium salt from bovine milk 
(C8654) used in Papers IV-V, soy protein acid hydrolysate (S1674) used in Paper IV and 
polystyrene (280 kDa molecular weight, #182427) used in Paper II were obtained from 
Sigma–Aldrich (US). A commercial soy protein isolate (SPI), Pro-Fam 955, with 90% 
protein concentration, used in Paper IV was kindly supplied by ADM (Decatur, IL). 
Polylactic acid, (PLA), Ingeo 3052D was purchased from NatureWorks LLC and was used 
for the preparation of model surfaces in the adsorption studies in Papers IV-V. According 
to the supplier, the glass transition temperature (Tg) of this PLA resin was in the range of 

, Landy PL-3000, (Miyoshi Oil & Fat Co., Ltd., Japan) 
was used to make the composite films in Papers III-V. The dry solids content of the PLA 
latex was 40.2 wt.% and the mean particle size determined by Dynamic Light Scattering 
(DLS) was 1.2 μm. The PLA latex was weakly anion ,
measured by conductometric titration. According to the manufacturer, the minimum film-
forming temperature (MFFT) of PLA latex was 20°C.

3.2 Methods 

3.2.1 Mechanical treatment of pulp fibers

The pulp fibers were mechanically treated using different equipment, including a wing
defibrator (WD) in Papers I-III, Valley beater in Papers II-III and PFI mill refiner in 
Paper I. The aim of the mechanical treatment was either to create deformations in fibers 
in high-consistency treatment or to modify bonding and the network structure using low-
consistency refining. A number of parameters were varied in this treatment: the dry solids 
content of the pulp, refining temperature, refining intensity, etc. The combination of the 
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high-consistency treatment of fibers followed by low-consistency refining was found to be 
the most effective in respect to the improvement of paper toughness. This treatment 
combination was applied to pulp in Papers I-III of this thesis.

3.2.2 Preparation of paper and nanocomposite films

Paper handsheets were prepared according to ISO 5269-1:2005 standard with an exception 
that the grammage of the handsheets was around 200 g/m2 (Paper II) and around 70 g/m2

(Papers I and III). In addition to standard plate drying used in Paper I, handsheets were 
also dried without restraint (23°C and 50% RH) between two synthetic wire fabrics with a 
gap of ~1–3 mm, which allowed a free shrinkage of the paper without extensive cockling 
during drying (Papers I-III). 

Nanocomposite films in Papers IV-V were prepared by pressurized filtration through an 

Next, the nanofilms were wet-pressed for 2 min between two blotting papers and, finally, 
hot pressed in a Carver Laboratory press (Fred S. Carver Inc.) at 80°C (50°C for PLA 
containing samples) and 1.8 kPa for 2 hours. Deionized water was used throughout the 
composite preparation procedure. 

3.2.3 Chemical treatment by spraying with polymers

Gelatin and guar gum powder were swelled in deionized water for 1 h and then dissolved
under rigorous mechanical stirring at 45°C and 85°C, respectively, until the dissolution of
the gelatin and guar gum was complete. Surface treatment was achieved by spraying 
aqueous 4 wt% (with respect to dry fibers) polymer solutions onto freshly prepared 
handsheets. For the preparation of gelatin-treated paper containing cross-linker, 
glutaraldehyde solution was sprayed on top of the sprayed gelatin layer in Paper II.
Reference samples were sprayed with deionized water. For this purpose, a commercial 
universal electrospray gun (Wagner W 140P, J. Wagner GmbH, Germany) was used. The 
amount of polymer added was controlled gravimetrically. Polymer application side of the 
handsheet was covered with plastic film to avoid polymers migration and excessive 
stickiness to blotting paper during the wet pressing. Finally, samples were air-dried (23°C 
and 50% RH) without restraint. PLA-containing samples were afterwards hot pressed at 
100 °C and 1.8 kPa for 5 min to activate the latex. Modified papers were stored under 
controlled conditions (at 23ºC and 50% RH) for further characterization.

3.2.4 In-plane compaction of paper handsheets

In-plane compressive treatment of paper was performed using a tailor-made compaction 
unit developed by VTT in Jyväskylä (see Figure 7). 
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Figure 7. The in-plane compaction device in the strained (a) and non-strained position (b).

In this device, paper is placed between two strained rubber bands (Poisson’s ratio is 0.49) 
and the bands are pressed together by a piston-driven plate. Pressing force was adjusted in 
a way to allow rubber bands to slide between the supporting plates but providing sufficient 
friction between paper and rubber. Such pressure level was kept constant at 0.4 MPa for all 
experiments. Once paper was pressed between the bands, tension was released and the 
bands started to spring back to restore their original length. Consequently, paper was 
contracted following the contraction of rubber bands. The strain and the consequent strain 
recovery of the rubber bands was 13%. Prior to compaction, dry handsheets were moisten 
by spraying deionized water until ~40% water content was reached and then kept in sealed 
plastic bags overnight for homogenization. In this study, MD refers to the compaction 
direction in the device since only randomly oriented papers from a laboratory sheet former 
could be obtained. The samples were also compacted twice and at 45° angle. Compacted 
handsheets were allowed to shrink during drying under controlled conditions (23ºC and 50% 
RH).  

3.2.5 Shrinkage measurement

Paper shrinkage was measured to estimate the contribution of mechanical or chemical 
treatments on paper drying shrinkage as well as to assess changes in dimensions of paper 
subjected to the in-plane compaction. The procedure applied for shrinkage measurement is 
following: the handsheets were marked after wet pressing by making holes using a square 
plate with awls at each corner. The four punched holes made a square with a known 
perimeter. After this, the handsheets were allowed to dry freely or were subjected to in-
plane compaction. The shrinkage was calculated according to Equation (1) that compares 
the perimeter of a square formed by four small holes punctured at each corner of the 
handsheet, before and after drying: = × 100% (1)

where Pw and Pd are the perimeter of the square in wet and dry handsheet, respectively. 
Measurements were performed at least from eight sheets using a high-resolution scanner 
(UMAX PowerLook 2100XL-USB) and a tailored calculation software. 
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3.2.6 Mechanical properties of paper and composite nanofilms

The stress-strain properties of prepared paper handsheets and composite nanofilms were 
measured in tension with MTS 400/M (MTS Systems, USA) vertical tensile tester with a 
load cell of 200 N equipped with TestWorks 4.02 measuring program. Tests for prepared 
paper handsheets were run according to ISO 1924-3:2005 standard. Composite nanofilms
were cut in strips with the dimensions of (60 x 15) mm2 with a lab paper cutter. The strip 
thickness was separately measured with a L&W micrometer. The gauge length was set to 
40 mm and the testing velocity to 0.5 mm/min. The samples were conditioned for 3 days 
at 23 °C and 50% RH before testing.

Formability strain of modified sheets were measured using a 2D formability tester 
developed by VTT, Jyväskylä (Figure 8). This unit is equipped with a double-curved heated 
press and bottom support (temperatures up to 250 °C) and blank holders. Typically, a paper 
sample with a grammage range from 80 to 300 g/m2 can be preheated to the die temperature 
within 0.5–0.7 s. In practice, this means that the temperature of the paper at the moment of 
forming is close to that of the die. The testing proceeds as follows: a paper sample (20 mm 
wide and ~110 mm long) is fixed by the two blank holders. The press is then moved into 
contact with the sample (at approximately 3% strain) and retained still for 0.5 s in order to 
preheat the sample. Then, the press continues a downward movement until breakage of the 
sample. The velocity of the forming press was 1 mm/s. The formability strain of the 
samples was measured as an average value collected from 10 samples at die temperatures 
of 23 (room temperature), 60, 75, 90, 105 and 120°C. Prior to testing, the samples were 
conditioned at 50% and 75% RH and 23 °C. 

Figure 8. 2D formability tester at VTT, Jyväskylä.
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The dynamic mechanical analysis (DMA) measurements were carried out under tensile 
configuration in dynamic (frequency/strain experiments) and in static (creep experiments) 
mode using the Q800 instrument (TA Instruments, USA). The samples were cut into strips 
with a width of 5.3 mm and more than 15 mm long by pressing with a custom-made razor 
blade mic setup at nitrogen 
atmosphere (constant frequency 1 Hz, amplitude 15 μm, preload force 0.5 N, temperature 
range from 25 to 200°C at a heating rate of 2°C/min). Creep/relaxation test was performed 
by applying single creep (stress of 10 MPa) /recovery (unstressed) cycle at a dry 
atmosphere and a constant temperature of 25°C. Deformation under stress was expressed 
as a change of a strain and strain recovery. Two parallel measurements were carried out.

3.2.7 Model thin films for adsorption studies

Langmuir-Schaefer deposition (LS) was used to attach regenerated cellulose II surfaces on 
QCM-D and SPR crystals (Paper II). This technique involves spreading of a water 
insoluble material on a water surface and an evenly distributed monolayer can be produced
by using external barriers. The horizontal dipping procedure, Langmuir-Schaefer 
deposition (LS), was utilized to transfer a monolayer from a water-air interface onto only 
one surface of a solid substrate. Trimethylsilyl cellulose (TMSC) dissolved in chloroform 
was added to a water surface, which after evaporation created a uniform TMSC-layer. The 
properties of the TMSC-monolayer were controlled by keeping the surface pressure of the 
bath constant at 15 mN/m during the dipping cycles. The hydrophobic TMSC was 
transferred onto polystyrene covered QCM-D and SPR crystals. Theoretically, a bilayer of 
TMSC is transferred at each dipping cycle. The uniformity of the TMSC-layer on the 
crystal was insured by dipping 30 TMSC-monolayers onto each crystal surface. The TMSC 
deposited onto a crystal was converted to cellulose form using an HCl-vapor treatment
according to Kontturi et al. (2003). The description of preparation of cellulose model 
surfaces using the LS-method has been described in more detail in Tammelin et al. (2006).

The spin-coating technique was employed in Paper IV to prepare ultrathin PLA surfaces 
on QCM-D and SPR crystal surfaces. The spin-coating technique is based on the spreading
of dissolved or dispersed materials in volatile solvents on solid surfaces by high speed 
spinning. The properties of the ultra-thin films are controlled by several parameters such 
as spinning acceleration, spinning speed, solvent properties and concentration of the liquid 
(Hall et al. 1998). In the spin-coating technique used to prepared PLA model surfaces, PLA 
was first dissolved in chloroform at a concentration of 5 g/L and applied on gold covered 
QCM-D and SPR crystals. The solvent was then evaporated by spinning the crystals with 
a spinning speed of 3,500 rpm for 30 s.
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3.2.8 Quartz crystal microbalance with dissipation (QCM-D)

The QCM-D technique was used to characterize adsorption of proteins on cellulose (Paper
II) and PLA (Paper IV) model surfaces. This method is widely used in surface science due 
to its unique property to follow mass adsorption on solid surfaces while simultaneously 
obtaining information on the viscoelastic properties of the adsorbed layer. The QCM-D
utilizes an oscillating quartz crystals, on which changes in frequency and dissipation are
monitored (Figure 9). 

Figure 9. Operating principle of the QCM-D device.

The changes in frequency of an oscillating crystal are the result of increased mass deposited
on the sensor surface including the liquid medium coupled to the adsorbed layer, whereas 
the energy dissipation of the sensor surface is caused by frictional losses in the adsorbed 
layer. The principles of this method are described in detail by Rodahl et al. (1995).

Th if the adsorbed layer is rigid, uniformly 
distributed on the surface and small compared to the mass of the solid support (crystal), is 
proportional to the frequency change according to the Sauerbrey´s Equation (2) (Höök et 
al. 1998, Sauerbrey 1959):

=  (2)

where C is the device sensitivity constant (17.7 ng Hz-1 cm-2 for a 5 MHz quartz crystal),
and n is the corresponding overtone number. However, if the 

adsorbed layer is soft (i.e., viscoelastic) or highly hydrated, the Sauerbrey relation is not 
valid due to the high energy dissipation during the crystal oscillation thus leading to mass 
overestimation. The energy dissipation is measured by cutting the driving voltage of the 
crystal, and recording the decaying of the amplitude as a function of time. Viscoelastic 
adsorbed layers have higher energy dissipation due to frictional losses compared to rigidly
adsorbed layers, observed as shorter damping times. The dissipation factor of the 
oscillating system is defined as:=                              (3)
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where Ediss is the energy dissipated during one oscillation cycle and Estor is the total energy 
stored in the oscillating system. The principles of dissipation measurements in QCM-D
have been described in detail by Höök et al. (1998).

For estimation of the true sensed mass of a viscoelastic adsorbed layers the Voight-
model was applied in this thesis. This model can be represented as a system consisting of 
a spring and a dashpot filled with viscous fluid connected in parallel (Voinova et al. 1999).
This iterative model uses both the change in the oscillating 
in the energy dissipation The calculations were carried out in 
a Q-tools data analysis program. The principles of this model are described in detail by 
Voinova et al. (1999). 

The QCM-D experiments were carried out using a QCM-D E4 instrument (Q-Sense AB, 
Sweden). Before experiments, the cellulose model films were stabilized by introducing a
buffer solution through the measurement chamber until a stable baseline was acquired. 
Constant fluid flow of 0.1 ml/min through the measurement chamber was used. The 
changes in frequency and dissipation were followed as a function of time at the 5 MHz 
fundamental frequency and its seven overtones. The details of the experiments are 
presented in detail in Papers II and IV.

3.2.9 Surface Plasmon Resonance (SPR)

The surface plasmon resonance (SPR) technique was employed to analyze adsorption of 
proteins on cellulose (Paper II) and PLA (Paper IV) model surfaces. The SPR method is 
an optical technique that is based on a physical phenomenon called surface plasmon 
resonance (Schasfoort and Tudos 2008). The SPR phenomenon takes place when a 
semitransparent thin metal film, typical gold or silver, is attached to a prism and a 
monochromatic p-polarized light beam is directed to pass the prism. When the beam is 
reflected from the metal film under conditions of total internal reflection (Figure 10), the 
photons of a light beam interact with free electrons (plasmons) of the metal film causing a 
surface plasmon resonance wave (SPR-wave) propagating through the metal film. This 
coupling between the plasmons and the light photons consumes energy that can be 
monitored as a drop in the intensity of the reflected light. The angle at which this drop in 
intensity is observed denotes as the SPR angle. The SPR angle is highly sensitive to any 
changes in the refractive index (RI) at the sensor-analyzed solution interface. Therefore, it 
can be utilized in the analysis of adsorption of molecules on the sensor surface. More 
information of this method is presented in the review articles of Pattnaik (2005) and 
Homola et al. (1999).



25

Figure 10. Schematic representation of the working principle of the surface plasmon resonance
technique. The adsorbed molecules on the gold surface alter the refractive index of the surface, 
which is sensed as a change of SPR-angle. (Adapted from Cooper 2002).

SPR, can be calculated by first calculating
the thickness of the adsorbed layer, d, according to Equation 4 presented by Jung et al. 
(1998):

=   ( ) (4)

where ld is a characteristic evanescent electromagnetic field decay length and can be 
estimated as SPR angle is a change 
in the SPR angle, m is a sensitivity factor for the sensor obtained after calibration of the 
SPR, n0 is the refractive index of the bulk medium (1.334 RIU for buffers), and na is the 
refractive index of the adsorbed SPR,
can easily be calculated according to the Equation 5.=  ×  (5)

where d is the thickness of the adsorbed layer (estimated from Equation (4
bulk density of the adsorbed substrate, which can be determined from specific volume in 
aqueous solution. The refractive indices and the specific volumes for various substances 
can be found in the literature.

The SPR measurements were carried out with a SPR Model Navi 200 (Oy BioNavis Ltd, 
Finland) in Papers II and IV. Before experiments, the cellulose model films were 



26

stabilized by flowing a buffer solution through the measurement chambers until a stable 
baseline was acquired. All experiments were duplicated at least once to get accurate results. 
The details of the experiments can be found in Papers II and IV.

The contribution of water coupled to the adsorbed protein layers was calculated from the 
mass determined from SPR and QCM-D experiments, according to Equation 6:

%  = 100 ( ) (6)

3.2.10 Additional techniques

Atomic Force Microscopy imaging (AFM). AFM imaging was used to characterize 
topographical and morphological changes on the cellulose model surfaces in Paper II and 
the PLA thin films in Paper IV. This method is based on a sharp tip with a radius of 
curvature 5-10 nm, that is attached to an oscillating cantilever. The tip scans the surface of 
a sample and the movements of the tip are monitored with a laser beam and a photodiode. 
The data from the movements is then used to produce a three dimensional map of the 
analyzed surface. In this work, tapping imaging mode was applied to the surface 
characterization where the tip is oscillated with a constant oscillation frequency and the 
changes in amplitude are monitored. When the tip scans the sample surface, the oscillation 
frequency is kept constant by vertical movements of the cantilever, which is used to 
produce a three dimensional height image. The principles of the AFM imaging techniques 
can be found in detail in reports of (Meyer 1992, Rugar and Hansma 1990).

The AFM experiments in this work were carried out by using a Nanoscope IIIa Multimode 
scanning probe microscope (Digital Instruments Inc., USA). All images were scanned in 
tapping mode in air using silicon cantilevers (NSC15/AIBS from MicroMash, Estonia, 
radius of curvature less than 10 nm, height of the tip approximately 25 nm). The AFM 
images scan sizes were 1 x 1 2 2 and no image processing was done except 
flattening. The experimental conditions in detail can be found in Papers II and IV.

X-ray photoelectron spectroscopy (XPS). The changes in chemical composition of the 
cellulose model surfaces (Paper II) were characterized by XPS. In this work, an AXIS 
Ultra photoelectron spectrometer by Kratos Analytical with a monochromatic -
Ray source was used. The XPS experiments were performed on dry samples and the spectra 
were collected normal to the surface. The sampling area was less than one mm in diameter, 
and several locations on each sample was analyzed. The relative amounts of carbon, oxygen,
nitrogen (protein marker) were determined from C 1s, O 1s and N 1s signals from low-
resolution scans. More information about to the XPS technique can be found in Moulder 
and Chastain (1992).

Scanning electron microscopy (SEM). SEM imaging was performed with a Zeiss Sigma 
VP (Carl Zeiss NTS Ltd, Germany) field emission scanning electron microscope using an 
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acceleration voltage of 1.5 kV. In order to avoid charging and to enhance the signal from 
the sample, sputter-coating (Emitech K100X) with platinum forming a thin layer of 10-
15 nm was conducted.

Surface energy (SE). Surface free energy and surface energy components of PLA and CNF 
films after protein adsorption were determined from contact angle (CA) measurements with
four pure liquids of different polarities, namely water, formamide, diiodomethane, and 
ethylene glycol. The CA of sessile drops was determined using a KSV CAM200 optical 
contact angle goniometer (KSV Instruments). The tests were performed at room 
temperature and results are presented as an average value of at least 5 experiments. A more 
detailed explanation of the surface energy calculation is provided in the Paper IV.

Contact adhesion measurements. Adhesion between CNF and protein-coated PLA in dry 
state was measured using a Micro Adhesion Measurement Apparatus (MAMA, Ab Akribi 
Kemikonsulter, Sundsvall, Sweden). This method is based on the Johnson, Kendall, and 
Roberts (JKR) theory of contact mechanics which suggests that when solid bodies are in 
contact they deform due to the interfacial attractive forces and the deformation is related to
the Dupré work of adhesion. The details of the experiments as well as the preparation of 
working surfaces for contact adhesion measurements can be found in Paper V.
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4 Results and discussion

The most important findings of this work are summarized in this chapter. The more detailed 
results can be found in the attached Papers I-V.

4.1 Effect of fiber deformations on paper toughness

Mechanical treatments of fibers at high solids content (HSC) are known to induce fiber 
deformations that contribute to the paper extensibility (Seth 2005). On the other hand, 
moderate laboratory beating at low solids content (LSC) tends to straighten the fibers via
reducing fiber deformations (Mohlin et al. 1996, Seth 2005) and to improve the bonding 
within the fibers. Industrially, combination of these methods is used to improve the tensile 
energy absorption (TEA) of paper (Sjöberg and Höglund 2005) for the production of sack 
and bag paper grades.

The following section describes the parameters of HSC and combined HSC and LSC 
treatments of fibers that affect the paper toughness. It introduces optimization of solids 
content of fibers and temperature during HSC treatment as well as the intensity during LSC 
refining. A detailed description of these treatments and their influence on the fiber structure 
and mechanical properties of paper can be found in Paper I. The primary aim was to find
a relevant and effective method for the creation of deformation favorable to the toughness
of paper. The influence of the selected treatments with optimized conditions and their 
combination on fiber properties can be found in Table 1.

Table 1. The effect of HSC wing defibrator (WD) treatment at 40% solids content and 110°C, LSC 
PFI refining at 2000 revolutions and their combination on fiber properties and drainage resistance

Treatment Fiber length
(mm)

Fiber
width 
(μm)

Kink
(1/mm)

Curl
(%)

Shape
factor

Kink
angle (°)

SR WRV
(g/g)

Reference 2.3 25.6 1.5 18.9 84.9 55.7 12 1.1
WD 2.0 23.8 2.9 27.1 81.1 59.1 12 1.4
PFI 2.3 26.5 1.5 20.0 82.9 60.0 19 1.7

WD+PFI 2.1 23.8 1.5 20.2 82.9 59.3 25 1.7
Standard deviation is less than 5%. Weight-weighted average fiber length is reported. 

As supported by the data presented in Table 1, the HSC treatment creates severe 
deformations to fibers, which are reflected in the decreased fiber dimensions and shape 
factor of fibers and the increased amount of kinks and curl while the drainage of pulp 
remained unaffected. On the other hand, LSC mainly promotes fibrillation, which is 
reflected in the increased SR and WRV. However, performing LSC refining after HSC 
treatment results in fiber straightening and reducing fibers kinks and curl while 
simultaneously contributing to fibrillation. The changes in the structure of fibers were also 
visualized using optical microscopy (Figure 11).
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Figure 11. Optical microscope images of an unmodified fiber (a), WD treated fiber (110 °C and 40% 
DS) (b) and a fiber after a combined WD+PFI treatment at 2000 revolutions (c).

As illustrated in Figure 11, the untreated (reference) fiber appeared as stiff ribbon and its
surface was smooth. However, after the WD treatment (110 °C, 40% DS) the fiber became 
twisted and kinks and curl became visible (Figure 11b). A significant straightening of fiber
was observed after subsequent PFI refining (Figure 11c). In addition, PFI refining was
found to fibrillate the fiber.

The data in Table 2 show the effect of suggested individual (HSC wing defibrator treatment 
and LSC PFI refining) treatments as well as their combination on the mechanical properties 
of paper dried with and without restraint. HSC wing defibrator treatment increased the 
elongation of paper but had only a minor effect on the tensile strength despite improved 
bonding between the fibers based on the Scott bond values. The results indicate that PFI 
refining can also be quite effective in improving the strength and extensibility of 
unrestrained and freely-dried paper. However, when these treatments applied subsequently,
the extent of fiber-fiber bonding was significantly enhanced, which is indicated by the 
increased paper density and considerably improved toughness.

Table 2. The effect of HSC wing defibrator (WD) treatment at 40% solids content and 110°C, LSC 
PFI refining at 2000 revolutions and their combination on mechanical properties of paper (restrained 
and free drying). TSI – Tensile strength index, TEAI – Tensile energy adsorption index, TSfI –
Tensile stiffness index, SB – Scott bond, DS – drying shrinkage

Sample Density,
kg/m3

TSI,
Nm/g

Breaking
strain,

%

TEAI 
kJ/kg

TSfI,
MNm/kg

Elastic
Modulus

GPA

SB,
J/m2

DS
%

Restrained drying

Reference 534 26.6 2.5 0.5 3.4 1.8 90.4 -
WD 574 34.6 3.9 1.0 3.9 2.2 230.8 -
PFI 710 68.1 4.1 1.9 6.2 4.4 567.9 -

WD+PFI 718 73.7 4.7 2.3 6.3 4.6 741.6 -
Free drying

Reference 512 22.7 4.9 0.8 2.0 1.0 99.4 3.0
WD 534 28.7 8.2 1.6 1.8 1.0 298.3 5.1
PFI 589 63.1 8.9 3.3 2.5 1.5 680.4 5.8

WD+PFI 573 53.7 11.9 3.9 1.9 1.1 1757 7.4

Standard deviation is less than 5%
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Extensibility and toughness for all samples studied was higher for freely dried paper, which 
means drying shrinkage makes a significant contribution to the above-mentioned properties 
of paper. The shrinkage of paper depends on fiber swelling and associated with it fiber
shrinkage, on the fiber bonding where the fiber shrinkage promotes the axial shrinkage of 
“neighbor” fibers and on the axial stiffness of the neighbor fibers (Retulainen et al. 1998).
However, it should be noted that different mechanisms might contribute to the development 
of the shrinkage potential of paper. It is likely that the enhanced shrinkage after the LSC 
refining is triggered by the increased swelling and improved bonding of fibers. Whereas in 
case of the HSC treatment the shrinkage may be increased because of the reduced axial 
stiffness of fibers.

The morphology and microstructure of the produced papers were investigated by SEM 
(Figure 12). As observed, the paper made from untreated fibers is comprised of relatively 
straight, wide, stiff and less collapsed fibers (Figure 12a). However, the fibers obtained 
after the WD treatment became slightly deformed e.g. curled and thinner, which in turn 
improves the fiber bonding within the network and results in a denser fiber network (Figure
12b). In the case of fibers subjected to PFI refining, the degree of bonding is significantly 
improved and, as a result, the corresponding papers contain large dense areas (Figures 12c
and d). Moreover, the paper (Figure 12d) from the combined WD and PFI treatments 
exhibit the combined effects from each mechanical treatment, i.e., fiber curling and 
improved interfiber bonding. 

Figure 12. SEM micrographs of networks containing reference fibers (a), WD modified fibers (b), 
PFI refined fibers after 2000 revolutions (c) and WD + PFI treated fibers after 2000 revolutions (d).
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The results discussed so far indicated that HSC wing defibrator treatment caused 
deformations i.e. curl, kinks in fibers, which have an important role in the elongation 
potential of fiber and paper. Moreover, these deformations to a certain extent can be 
preserved during subsequent PFI refining, which in turn tends to straighten the fibers,
release kinks and improve fiber bonding. Fiber curl does not necessarily lead to improved 
paper extensibility due to the reduced load bearing ability of curly fibers in the paper. The
extensibility of the freely dried and restrained dried paper is dependent on different factors. 
In the case of freely dried paper, the shrinkage potential is the dominant factor while in the 
case of restrained dried paper, the fiber wall morphology has a crucial role. The combined 
HSC wing defibrator treatment and subsequent LSC PFI refining was found to be the most 
promising and straightforward strategy to produce tough paper while maintaining 
reasonable fiber dewatering properties.

4.2 Effect of chemical treatment

4.2.1 Mechanical performance of gelatin-modified paper

Extensible fibers should be connected via compliant, strong and deformable bonds to result 
in tough paper. In this case, interfiber bonding and the mechanical properties of fiber joints
facilitate even stress distribution during paper loading. The character of fiber bonding was 
modified in this thesis work by the spray application of gelatin onto freshly prepared paper 
before wet pressing (Paper II). The influence of the addition of gelatin on the mechanical 
properties of freely dried paper is shown in Figure 13.

Figure 13. Stress–strain curves of gelatin-modified paper (a) and glutaraldehyde cross-linked 
gelatin-modified paper (b).

As evident from Figure 13 and Table 3, tensile strength of the gelatin-modified paper 
increased until 8 wt.% gelatin content, indicating that an optimal cellulose–gelatin 
interaction is reached at this particular loading level. Therefore, it is reasonable to postulate 
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that the application of gelatin as a minor component in a paper may contribute to the fiber–
fiber bonding by filling the voids and by increasing the contact areas between the fibers. 
Gelatin upon drying tends to recover partial collagen-like triple-helix structure stabilized 
mainly by the formation of inter-chain hydrogen bonds between carbonyl and amines 
groups. Thus, the films containing only gelatin are brittle and susceptible to crack due to 
the strong cohesive energy density of the polymer (Rivero et al. 2010) and tensile strength 
values around 87 MPa for gelatin films prepared by casting method were reported (Silva et 
al. 2008, Cao et al. 2009). Therefore, with higher gelatin addition levels, when continuous 
gelatin matrix is ensured, mechanical properties of cellulose-gelatin composite systems
were expected to improve. However, the strength properties of the treated paper slightly 
decreased at gelatin loadings higher than 8 wt.% and after 12 wt.% addition level remained 
practically unchanged. The possible explanation could be that the gelatin matrix is likely 
to shrink more than the paper during drying and, therefore, upon high gelatin loading levels,
the interfiber bonding that was established during paper forming, was partly disturbed. In 
addition, pronounced paper shrinking during drying may reduce axial stiffness of the fibers, 
which in turn reflected the reduction of stiffness in modified papers (Table 3) as well as is 
indicated by the decreased modulus of modified papers with the levels of gelatin addition
higher than 8%. Nevertheless, the extensibility and associated with it toughness or TEA 
Index (the tensile energy absorbed by the sample before failure) of the gelatin-modified 
paper was found to increase steadily with gelatin within the whole range of loading. In 
addition to improved interfiber bonding, application of gelatin might possibly also 
contribute to the drying shrinkage of the treated paper. This was observed by comparing 
the extensibilities of samples that were dried under restraint. For instance, while dried under 
restraint, the extensibility of the sample treated with 4% gelatin (GEL 4%) was 2% lower 
than that of the sample subjected to free drying. Furthermore, the shrinkage was even more 
pronounced for the samples with higher gelatin content (data not shown).

To evaluate the deformation ability of gelatin-treated paper, DMA creep/relaxation 
experiments were performed. As illustrated in Figure 14, deformation (strain) increases 
with gelatin loading. Moreover, strain recovery data indicates less pronounced relaxation 
of treated samples. These findings are of particular significance what comes to post 
processing in thermoforming since gelatin application not only facilitates paper 
deformation, but also fixes/freezes the shape of deformed paper. 
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Figure 14. Creep behavior of gelatin-modified papers as simple creep-recovery cycle at nitrogen 
atmosphere and constant temperature of 25°C, stress of 10 MPa.

The possibility of chemical cross-linking of gelatin inside the paper structure was also 
explored. Figure 13b illustrates the stress–strain curves and Table 3 summarizes the 
mechanical properties of gelatin-treated paper after glutaraldehyde cross-linking where 
gelatin content was fixed to 4wt.%. The extensibility of the treated papers increased from 
11.4% to 14.1% after crosslinking with 0.5% glutaraldehyde (w/w based on cellulose). 
Likewise, the tensile index increased from 70.3 to 77 N m/g. At 1% glutaraldehyde addition, 
level of extensibility reached maximum value of 15%, whereas the tensile strength 
remained almost unchanged when compared to that of 0.5% glutaraldehyde addition. 
However, further addition of the cross-linker (1.5%) did not improve the mechanical 
properties of the treated papers. It should be also noted that the tensile stiffness of gelatin-
treated paper increased approximately 30% reaching a maximum value of 3.4 kN m/g upon 
8 wt.% gelatin addition (Table 3). For the comparison, the tensile stiffness index of the 
untreated reference sample was found to be 2.6 kN m/g.

Table 3. Mechanical properties of gelatin-modified paper and glutaraldehyde cross-linked gelatin-
modified paper

Sample Density,
kg/m3

Tensile Strength 
Index,
Nm/g

Breaking
strain,

%

Tensile energy 
adsorption index, 

kJ/kg

Tensile stiffness 
index,

MNm/kg
Gelatin addition (wt.%)

0 740 59.3 ± 3.1 9.7 ± 0.5 3.3 ± 0.2 2.6 ± 0.3
4 770 70.3 ± 4.4 11.4 ± 0.4 4.8 ± 0.4 3.0 ± 0.4
8 820 77.9 ± 5.6 14.3 ± 0.6 6.3 ± 0.5 3.4 ± 0.3

12 760 74.2 ± 4.2 18.0 ± 1.2 7.7 ± 0.7 2.7 ± 0.4
16 680 73.2 ± 5.8 21.1 ± 1.4 9.3 ± 0.7 2.5 ± 0.3
20 710 70.2 ± 5.3 21.6 ± 2.0 9.3 ± 0.8 2.3 ± 0.4

4 wt.% gelatin addition + glutaraldehyde
4 + 0.5 730 77 ± 5.9 14.1 ± 0.6 6.4 ± 0.3 3.0 ± 0.4
4 + 1 740 76.8 ± 5.8 15.0 ± 0.8 6.7 ± 0.5 3.0 ± 0.4

4 + 1.5 730 73.3 ± 5.7 14.3 ± 0.7 6.2 ± 0.5 3.0 ± 0.4
± values correspond to standard deviations from 10 replicates.
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The distribution of additives and the structure of paper treated with gelatin and
glutaraldehyde were explored using SEM imaging. Figure 15 illustrates cross-section SEM 
micrographs of the gelatin-treated papers. It is apparent that despite its surface application, 
gelatin does not accumulate on the surface of the paper but partially penetrates throughout
the fiber network. Gelatin fills the voids between fibers and improves the bonding within 
the paper. Moreover, this leads to a more even distribution of the applied stress, which 
favors the mechanical properties of the paper. However, when glutaraldehyde crosslinking
is performed, gelatin penetration inside the fiber web is slightly deteriorated (Figure 15c)
possibly due to a fast rate of cross-linking that locks the protein in place. Thus, the surface 
effect is more pronounced in this case.

Figure 15. SEM cross-section micrographs of reference sample (a), gelatin-treated paper (4 wt.% 
gelatin) without (b) and with crosslinking (1 wt.% of glutaraldehyde) (c).

The influence of the elevated temperature and moisture content on the formability strain of 
the untreated and gelatin-treated with and without cross-linking paper can be found in 
Figure 16.
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Figure 16. Formability strain (a and c) and strength (b and d) as a function of processing temperature 
of paper as well as gelatin-treated paper with and without crosslinking. Samples were conditioned 
at relative humidity levels of 50% (a–b) and 75% (c–d). denotes the water content of the samples.

With the increased processing temperatures, the elongation of the gelatin-treated papers 
was generally increased until reaching a maximum (Figure 16a and c). It is likely that the 
elevated temperature reduces intermolecular forces within the structure, which increases 
the mobility of polymeric chains and improves their flexibility (Gregorova et al. 2013).
However, the strength of the samples was reduced throughout the investigated temperature 
range (Figure 16b and d). It was also observed that further increase in temperature
decreases the formability strain, which may be due to the extensive softening of wood 
polymers leading to the immature initiation of a fracture. The maximum increase in 
elongation with temperature was approximately 2.5% regardless of the water content of the 
gelatin- treated paper (with and without cross-linker, Figure 16a and c). It should be noted 
that the elongation also increased in the case of the reference paper samples but to a lesser 
extent (increase of 1.8% and 0.85%). Therefore, it can be postulated that the disruption of 
hydrogen bonding between cellulosic fibers, facilitated by entrapped water, is more 
pronounced in the reference paper samples compared to the gelatin-treated paper. The 
humidity level, which correlates with the water content in the sample, was found to have a 
minor effect in the elongation of the samples, i.e., the gelatin- treated paper with higher 
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water content only exhibited approximately 1% larger strain compared to the samples with 
lower moisture levels. This finding may be attributed to the plasticizing effect of water. 
However, it should be noted that the maximum elongation values for gelatin-treated papers 
at different moisture content were found at different processing temperatures (Figure 16a
and c).

4.2.2 Cellulose-gelatin interactions as a function of pH

Cellulose–gelatin interactions were studied by QCM-D and SPR as a function of pH using 
Langmuir–Schaefer (LS) cellulose films. It should be noted here that the electrostatic 
charge of gelatin is dependent on the solution pH, i.e., gelatin is negatively charged above 
its isoelectric pH of 5.8 and positively charged below it. Gelatin adsorption on slightly 
negatively charged cellulose LS films at pH 4, 5.8 and 10 is presented in Figure 17.

Figure 17. Adsorption of gelatin on LS cellulose films measured as a shift in QCM frequency (third 
overtone, f) (a), by SPR (reported as change in SPR angle) and resulting changes in surface 
chemical composition from XPS data (c) as indicated by the ratios of oxygen and nitrogen atom 
concentration on the surface of the cellulose surfaces after gelatin adsorption at three different pH 
values. The O/N ratio of gelatin is given as a reference.

It was found that the gelatin adsorption is rather irreversible as no significant desorption 
was observed after rinsing with the background buffer solution. Moreover, the highest 
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adsorbed amount was detected at pH 5.8, which is the isoelectric pH of gelatin. This is in 
line with the well-known fact that protein adsorption is maximized near the isoelectric pH.
At pH 4 gelatin is positively charged and it behaves as a polyelectrolyte (pKa of glutamic 
COOH is 4.3). Therefore, it was expected for the adsorption of gelatin onto slightly 
negatively charged cellulose to be high considering the electrostatic interactions. However, 
gelatin adsorption at pH 4 was found to be less than at pH 10, when gelatin is negatively 
charged (pKa of arginine is 9.0). The amount of free amino groups in gelatin molecules is 
much higher than carboxylic acid groups, therefore, if compared to observations at pH 4, 
there are more unprotonated -amino groups than protonated carboxylic acid groups at pH 
10 (Farris et al. 2010). Overall, there is indication that hydrogen bonding and other non-
specific interactions are important in cellulose-gelatin interactions.

The thicknesses of the adsorbed gelatin layers determined by QCM-D were found to be 
significantly higher than those obtained from SPR experiments. This confirms the 
hydrogel-like nature of gelatin in aqueous solution. The amount of coupled water in the 
adsorbed protein can be calculated by comparing the QCM-D and SPR data. The water 
content of gelatin adsorbed at the isoelectric pH is slightly lower (~92%) when compared 
to those at pH 4 and 10 (~96% in both cases). This is likely attributed to the reduced amount 
of charged groups in gelatin at the isoelectric pH, which decreases water coupling or 
hydration. The respective adsorbed masses for gelatin were calculated by applying Voigt 
viscoelastic model and SPR mass (Equations (4) and (5)) in Table 4.

Table 4. Calculated QCM-D and SPR adsorbed masses ( m, mg/m2), layer thicknesses (nm), and 
coupled water of gelatin adsorbed from aqueous solutions on LS cellulose surfaces. The QCM-D
adsorbed mass was calculated by using the Voigt viscoelastic model.

QCM-D (wet weight) SPR (dry weight) Water 
(%)Thickness (nm) m (mg/m2) Thickness (nm) m (mg/m2)

pH 4 7.75 ± 0.05 9.3 ± 0.2 0.28 ± 0.05 0.38 ± 0.05 96
pH 5.8 21.64 ± 0.14 26 ± 0.8 1.68 ± 0.1 2.27 ± 0.1 91
pH 10 12.77 ± 0.1 15.3 ± 0.4 0.48 ± 0.05 0.65 ± 0.05 96

± values correspond to standard deviations from 2 replicates.

The LS cellulose films with adsorbed gelatin were further investigated with X-ray 
photoelectron spectroscopy (XPS). Figure 17c includes the oxygen/nitrogen atom % ratios
(O/N) of respective surfaces. As expected, the highest amount of nitrogen (lowest O/N ratio) 
was found from the surface in which the gelatin was adsorbed at pH 5.8. XPS results were 
in good agreement with the adsorption studies (QCM-D and SPR).

Finally, topographical changes of gelatin-modified LS cellulose surfaces were studied with 
atomic force microscopy (AFM). At pH 5.8, the adsorbed gelatin layer displays globular 
conformation, whereas at pH 4 and pH 10 the layer appears to contain more prominent, 
elongated structures (Figure 18). In addition, a higher roughness is found for the samples 
obtained after adsorption at pH 4 and pH 10 (0.76 and 0.82, respectively) compared to that 
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found at pH 5.8 (0.59). These observations can be ascribed to the reduced solution stability 
of gelatin molecules at isoelectric pH while the large degree of gelatin swelling at pH 4 and 
10 is a contributing factor to the increased surface roughness under these conditions.

Figure 18. AFM height images and corresponding roughness profiles of unmodified cellulose (a), 
and cellulose with adsorbed gelatin at pH 4 (b), 5.8 (c) and 10 (d). 

To summarize, interfiber bonding of paper can be modified using gelatin to improve paper 
toughness. Gelatin is adsorbed on cellulose fibers and thus it modifies the fiber-fiber
bonding, probably by strengthening and changing the viscoelastic properties of the fiber
joints. This observation can be supported by the change in the stress-strain curve of paper 
treated with gelatin (Figure 13), where both the increased initial stiffness and region of 
extended elongation indicated modified fiber bonding. Moreover, gelatin matrix is likely 
to shrink more than the paper during drying and, therefore, upon gelatin loading, paper 
drying shrinkage was found to increase, which is beneficial for the overall extensibility. 
Therefore, gelatin can be used to improve the paper toughness due to strong adhesion to 
fibers to fully utilize their extensibility potential as well as a certain deformability upon 
applied stress.

4.3 In-plane compaction and biopolymer treatment of paper

In addition to the fiber properties and fiber bonding, the structure of the paper is another 
essential factor contributing to the paper toughness. The structure of the paper was modified 
towards the improvement of extensibility by in-plane compaction and detailed information 
about this treatment can be found in Paper III of this thesis.

4.3.1 In-plane compressive treatment of paper

In-plane compaction is the type of compressive treatment used for the production of 
extensible sack and bag paper grades (Ankerfors and Lindström 2011, Lahti et al. 2014, 
Poppel et al. 2000). In general, in-plane compaction increases extensibility (by up to 15 %)
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but leads to reduction of tensile strength and stiffness (Lahti et al. 2014, Poppel et al. 2000).
In-plane compaction is associated with a reduction in the linear length of paper, increase in 
density and roughening of the surface due to the formation of micro-buckles. The stress–
strain curves of the paper, which was modified structurally by in-plane compaction, are 
presented in Figure 19, including MD and CD directions. In this study, MD refers to the 
compaction direction in the device since only randomly oriented papers from a laboratory 
sheet former could be obtained. The key mechanical properties are reported in Table 5. The 
uncompacted reference paper is included for comparison.

Figure 19. Stress–strain curves of compacted paper in MD (a) and CD (b). 2×: compaction was 

performed twice; 1+1: compaction was performed in both directions, first in MD followed by 
compaction in CD; 45°: mechanical properties measured at 45° relative to the direction of 
compaction. Note the different scales on the horizontal X-axes for the strain.

Application of in-plane compaction increases the MD strain while the strength and stiffness 
indexes are reduced, as indicated in Figure 19. Also, CD strain decreased despite slight 
shrinkage upon the MD compaction, Table 5. This observation can be linked to alignment 
of induced deformations. Moreover, compaction may result in partial bond disruption, 
which in turn possibly favors greater orientation of fibers in the lateral direction of the 
compaction. During drying, new bonds between oriented fibers are formed, which is 
supported by higher strength and stiffness values in CD. The increase in strain and the 
decrease in tensile strength index became even more pronounced through higher MD 
compressive strain (17.4% vs. 11.3%), when compaction was performed twice 
(Compaction 2×) leading even to negative shrinkage (expansion) of paper in CD during 
compaction. This effect can be connected to the Poisson contraction of the rubber bands 
and their corresponding expansion in CD. 

To produce paper with less anisotropic properties, compaction was performed in both 
directions, first in MD followed by compaction in CD (Compaction 1+1). Compared to the 
reference, uncompacted paper, such strategy improved the extensibility in all directions 
while maintaining the strength properties at sufficient levels. It is noteworthy that the last 
compaction step contributed to a higher extent to the extensibility.
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Table 5. Mechanical properties of in-plane compacted paper

Sample Density,
kg/m3

Tensile 
Strength 

Index,
Nm/g

Breaking
strain,

%

Shrinkage 
(%)

Tensile 
energy 

adsorption 
index, 
kJ/kg

Tensile 
stiffness 
index,

MNm/kg

Reference 554 50.4 ± 1.5 8.5 ± 0.3 4.5 ± 0.2 2.4 ± 0.1 2.02 
Mechanical properties in longitudinal direction (MD)

Compaction 444 23.8 ± 3.1 14.0 ± 1.4 11.3 ± 0.7 1.7 ± 0.2 0.22 
Compaction 2× 412 16.1 ± 1.3 21.0 ± 0.7 17.4 ± 0.6 1.5 ± 0.1 0.18 
Compaction 1+1 405 28.4 ± 2.6 9.5 ± 1.9 4.8 ± 0.4 1.5 ± 0.1 0.84 

Mechanical properties in lateral direction (CD)
Compaction 444 35.6 ± 4.9 5.6 ± 1.2 1.6 ± 0.7 1.3 ± 0.3 2.22 

Compaction 2× 412 33.2 ± 4.6 4.2 ± 1.1 -3.7 ± 0.6 0.9 ± 0.3 2.65 
Compaction 1+1 405 24.4 ± 2.7 10.5 ± 0.5 10.1 ± 0.4 1.6 ± 0.2 0.24 

± values correspond to standard deviations from 10 replicates. Shrinkage denotes 
dimensional changes due to drying shrinkage and due to the compaction. Reference sample 
was moisturized to 60% dry solids content and dried freely.

4.3.2 In-plane compression and biopolymer permeation

To restore the tensile strength of in-plane compacted paper and further improve its 
toughness, addition of various bio-based water dispersions was performed by spraying onto 
paper before or after compaction. The results for the mechanical properties of chemically 
modified papers (4 wt.% biopolymer addition with respect to dry cellulose fibers) are 
summarized in Table 6 and stress-strain behavior of respective samples is depicted on 
Figure 20.

Figure 20. Stress–strain curves of chemically modified (4 wt.% biopolymer addition by spraying 
with respect to dry cellulose fibers) compacted paper in MD (a) and CD (b). Note the different scales 
on the horizontal X-axes for the strain.

PLA containing samples were hot pressed in order to activate the latex. For comparison, 
hot-pressing was performed for other samples as well resulting in similar mechanical 
properties (data not shown). Activation of latex by hot pressing is hypothesized to facilitate 
the spreading of the latex on the fiber surface and improve the relative bonded area in paper, 
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resulting in reasonable improvement of mechanical properties with unaffected structural 
density. However, the effect of PLA latex on the mechanical properties of compacted paper 
was practically negligible in MD and somewhat even negative in CD, Table 6. A possible 
explanation for these results includes the hydrophobic nature of pre-activated PLA latex,
which makes it highly unlikely to establish new bonds within the compacted paper structure, 
at least without the activation step (hot pressing). Application of guar gum (GG), on the 
other hand, produces a clear improvement in mechanical properties of compacted paper, in 
both directions. It is important to note that application of GG restricted the MD shrinkage 
of paper during in-plane compaction (10.0% vs 11.3%) suggesting that the GG-reinforced 
structure somewhat resists the deformations caused by compaction. Nevertheless, as 
evident from Table 6, compaction of GG-containing paper resulted in 13% and 63% 
increase in extensibility and strength, respectively, in MD with comparison to compacted 
sample. In CD, same properties improved by 23% and 31%, respectively. Compared to the 
control sample (compaction), in-plane compaction of gelatin-containing paper resulted in 
even further improved mechanical properties, namely 20% and 125% increase in MD strain 
to failure and tensile strength, respectively. In CD, the respective properties improved by 
60% and 70%. Moreover, stiffness and TEA index were improved as well. It is also worth 
noting that upon gelatin loading we were able to compensate the loss of tensile strength 
due to in-plane compaction compared to reference, uncompacted paper. A beneficial effect 
of water-soluble additives might also be attributed to the formation of new bonds between 
the biopolymers upon paper drying (compaction was performed at 60% dry solids content 
of paper). Therefore, an attempt was made to reinforce the compacted paper structure even 
further, e.g. to introduce gelatin after compaction (sample Compaction + Gel). Table 6
indicates that application of gelatin onto in-plane compacted paper structure even further 
improved the measured mechanical properties both in MD and CD, Figure 20. This is a 
remarkable result but even more impressive is the increase in paper tensile stiffness relative 
to the control sample (compaction), by 690% in MD and 50% in CD. 

Table 6. Mechanical properties of compacted paper treated with 4 wt.% bio-based aqueous 
dispersions

Sample Density,
kg/m3

Tensile 
Strength 

Index,
Nm/g

Breaking
strain,

%

Shrinkage 
(%)

Tensile 
energy 

adsorption 
index,
kJ/kg

Tensile 
stiffness 
index,

MNm/kg

Mechanical properties in longitudinal direction (MD)
Compaction 444 23.8 ± 3.1 14.0 ± 1.4 11.3 ± 0.7 1.7 ± 0.2 0.22

PLA + compaction 541 22.8 ± 1.6 14.6 ± 0.5 10.9 ± 0.6 1.7 ± 0.1 0.43
GG + compaction 479 38.9 ± 3.8 15.9 ± 1.5 10.0 ± 1.2 3.4 ± 0.5 0.53
Gel + compaction 498 53.6 ± 4.3 16.7 ± 0.9 9.7 ± 0.9 4.3 ± 0.4 0.63
Compaction + Gel 640 67.3 ± 3.7 14.6 ± 0.8 8.3 ± 0.8 5.4 ± 0.4 1.74

Mechanical properties in lateral direction (CD)
Compaction 444 35.6 ± 4.9 5.6 ± 1.2 1.6 ± 0.7 1.3 ± 0.3 2.22

PLA + compaction 541 33.8 ± 2.1 4.9 ± 0.4 -0.5 ± 0.3 1.1 ± 0.1 3.00
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GG + compaction 479 46.6 ± 4.4 6.9 ± 0.9 1.3 ± 0.5 2.0 ± 0.3 2.2
Gel + compaction 498 59.7 ± 4.7 8.9 ± 1.1 1.5 ± 0.6 3.1 ± 0.5 2.24
Compaction + Gel 640 81.1 ± 4.9 8.3 ± 0.5 2.1 ± 0.3 3.8 ± 0.2 3.40

± values correspond to standard deviations from 10 replicates. Shrinkage denotes 
dimensional changes due to drying shrinkage and due to the compaction. Reference sample 
was moisturized to 60% dry solids content and dried freely.

4.3.3 2D formability and 3D structures by press forming of in-plane 
compacted samples

The influence of the elevated temperature on the formability strain of untreated and
modified papers is illustrated in Figure 21.

Figure 21. 2D formability strain of modified papers at different temperatures. Samples were 
conditioned overnight at 75% RH.

As evident from Figure 21, compaction itself is an effective strategy resulting in paper 
formability strain of 21%. PLA, on the other hand, was found to limit the formability strain 
of compacted paper. A possible explanation for this result can be the poor interfacial 
adhesion between PLA and moistened cellulose (samples were conditioned at 75% RH 
prior to testing). Surprisingly, despite GG being an effective additive to improve the 
mechanical properties of compacted paper, it did not lead to improved formability strain. 
In contrast, gelatin-loaded compacted paper performed extraordinarily, reaching a 
maximum formability strain of 27%. 

Finally, gelatin treatment was combined with paper in-plane compaction to produce 3D 
shaped material by the press forming method with a fixed blank (maximum blank holding 
force). Earlier it was reported that the formability of paper in fixed blank forming processes 
was governed by the extensibility and tensile strength of paper, i.e. its toughness. Therefore, 
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the performance of the material was assessed through the peak depth of the rectangular 
trays manufactured with a fixed blank, Table 7.

Table 7. Average peak depths and corresponding material strain of rectangular trays manufactured 
by a press forming method with a fixed blank. Paper sample had a basis weight ~220 g/m2 and were 
conditioned overnight at 75% RH. The female mould temperature during forming was 120°C and 
160°C

Test point
120°C 160°C 120°C 160°C
Average peak depth, 

(mm)
Corresponding strain 

(%)
Compaction 2× 14 13 16.4 14.8
Compaction 1× 16 14 19.9 16.4
Compaction 1+1 17.5 16 22.6 19.9

Gel 4% + Compaction 2× 18 19 23.5 25.3
Gel 4% + Compaction 1× 20 18.5 27.1 24.4

Gel 4% + Compaction 1+1 21 20 28.9 27.1
The standard deviation in the data is less than 5%.

It is evident from Table 7 that superior paper behavior under multiaxial load was observed 
for 1+1 compacted samples. Transversal compaction enhanced the formability of the paper 
due to uniform distribution of the elongation forces that take place. Poor performance of 
2× compacted papers arise from the insufficient CD extensibility, leading to premature 
failure for the sample. In addition, the results indicate a superior performance of the system 
after gelatin treatment. The optimal converting temperature and humidity are found to be 
120°C and 75% RH (moisture content of ~9%), respectively. Moreover, prepared 3D 
shapes (as in trays) presented smooth edges, Figure 22, which indicate that the material can
be subjected to vacuum sealing or deposition of additional barrier layer as post processing 
steps of packaging material preparation.

Figure 22. Photo of samples manufactured by the press forming method with a fixed blank by using 
the sample “Gel 4% + Compaction 1+1”.

4.3.4 Synergies toward paper extensibility/formability

Considering factors contributing to the extensibility and formability of paper on different 
structural levels, we suggest combined approach for the improvement of the paper 
toughness, which is schematically outlined in Figure 23. The pulp fibers first are processed 
following a simple mechanical treatment with a judicious combination of low and high 
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concentrations and temperatures. Fibers with high length (e.g. softwood kraft pulp) are 
preferential due to higher amount of deformations per fiber are created during high-
consistency mechanical treatment; moreover, they result in relatively high network strength. 
Once the paper is formed, it is in-plane compacted. However, tensile strength and stiffness 
are significantly reduced upon this process. Subsequently, compacted paper is treated with 
water-soluble polymers (e.g. gelatin) and dried without restraint. Application of water-
soluble polymers facilitates bonding between the fibers thus improves the tensile strength 
and stiffness of in-plane compacted paper. Moreover, some polymers promote paper 
shrinkage during unrestrained drying, which improves paper extensibility further. The final 
stage in this approach is to ensure adequate softening of the paper during forming step. The 
conditions, namely the moisture and temperature, are adjusted in accordance with the type 
of forming equipment, basic properties of the paper and visual appearance of the 3D shaped 
structures after forming. Also, it should be noted that this approach has a certain degree of 
flexibility, e.g. some of the treatment steps can be modified, interchanged or even replaced. 
For instance, instead of using water-soluble polymers, thermoplastic polymers could be 
applied. Likewise, certain chemicals could be applied before in-plane compaction in order 
to enhance paper extensibility together with strength chemicals addition after compaction 
to reinforce the paper structure. 

Figure 23. Combined approach for the improvement of paper toughness and formability.

4.4 Green compatibilization of cellulose fibers with PLA 

Apart from hydrophilic bio-based polymers, addition of thermoformable polylactic acid 
(PLA) might be an attractive strategy towards paper toughness and formability 
improvement. Polylactic acid (PLA) is one of the most promising thermoformable 
polymers owing to its biodegradability, relatively low cost and good processability. 
However, insufficient mechanical properties of a combination of PLA and natural fibers 
arise from poor interfacial adhesion between cellulose fibers and PLA. In this section, the 
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ability of proteins to compatibilize CNF and PLA is presented, which is further discussed 
in more detail in Papers IV and V.

4.4.1 Protein affinity with PLA

At first, interactions between PLA surfaces and proteins (casein, gelatin, soy protein acid 
hydrolysate, SPAH, and soy protein isolate, SPI) were accessed by using the SPR and 
QCM-D techniques as a function of pH. The isoelectric points (IEP) of casein, gelatin and 
soy proteins were ~4.6, ~5.8 and ~4.5, respectively. The sensograms recorded upon 
adsorption of the given protein from aqueous solution at pH below, above and at the IEP
on PLA-coated QCM-D crystals are included in Figure 24.

Figure 24. Adsorption of proteins on PLA thin films monitored by (a,b,c) QCM-D and (d,e,f) SPR 
as a function of time at (a,d) pH 3, (b,e) the isoelectric point, IEP and at (c,f) pH 8. The proteins 
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included casein, gelatin; soy protein acid hydrolysate (SPAH) and soy protein isolate (SPI). Protein 
injection and rinsing with background electrolyte buffer is indicated by the vertical arrows.

The protein adsorption was found to be rather irreversible since negligible mass release 
was noted upon rinsing with the background buffer solution. The adsorbed amount of 
gelatin monitored with QCM-D is higher than that for other proteins, at any given pH.  This 
might be due to the more flexible nature of gelatin, which enhances adsorption. SPAH, on 
the other hand, is a soy protein with a relatively small molecular mass and high solubility 
in water. Thus, SPAH molecules arrange in a compact structure at the PLA interface, which 
leads to a formation of a thin, rigid layer.

QCM-D measures the amount of adsorbed material together with the water coupled 
hydrodynamically, which leads to an overestimation of the effective adsorbed mass. 
Therefore, SPR was utilized to monitor protein adsorption onto PLA films (see respective 
sensograms in Figure 24), under identical experimental conditions as those used in QCM 
experiments. In agreement with QCM-D results, the highest SPR adsorbed protein mass 
occurs at the IEP, where solvency is most limited. It should also be noted that casein 
adsorption is higher at higher pH, which might be attributed to the disruption of casein 
micelles, which in turn expose their hydrophobic residues, leading to adsorption via 
hydrophobic interactions.

The QCM-D adsorbed protein mass was calculated using the Voigt viscoelastic model and 
Equations 4 and 5 were used to calculate the respective SPR adsorbed mass. Results from 
the both techniques are summarized in Table 8 together with the amount of coupled water 
in the adsorbed protein layer (Equation 6).

Table 8. Calculated QCM- 2) and coupled water for proteins adsorbed 
on PLA surfaces at different pH. The QCM-D adsorbed mass was calculated by using the Voigt 
viscoelastic model. The proteins included casein, gelatin, SPAH and SPI

Casein Gelatin SPAH SPI
QCM-D adsorbed mass, mg/m2

pH 3 9.5 ± 0.6 92.7 ± 5.2 0.8 ± 0.1 6.6 ± 0.4
IEP 16.3 ± 0.7 80.6 ± 4.8 0.4 ± 0.1 9.9 ± 0.5
pH 8 8.5 ± 0.5 70.0 ± 4.2 4.8 ± 0.3 8.1 ± 0.5

SPR adsorbed mass, mg/m2

pH 3 1.2 ± 0.2 0.7 ± 0.1 0.2 ± 0.1 0.9 ± 0.2
IEP 3.1 ± 0.3 1.3 ± 0.2 0.4 ± 0.1 1.5 ± 0.2
pH 8 1.9 ± 0.2 0.5 ± 0.1 0.1 ± 0.1 0.3 ± 0.1

Water in the adsorbed protein layer (%)
pH 3 87.4 99.2 75.0 86.4
IEP 80.9 98.4 9.5 84.8
pH 8 77.6 99.3 97.9 96.3

± values correspond to standard deviations from 2 replicates.
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4.4.2 The surface energy of PLA upon protein adsorption

To assess the changes in surface energy (SE) of PLA films upon protein adsorption, the 
average contact angles (CA) for liquids of different surface tension were measured. The 
dispersive and polar contributions of the surface free energy were calculated from the CA 
according to the acid–base theory (Paper IV) (Figure 25).

Figure 25. (a) Surface free energy of CNF, PLA and protein-adsorbed PLA films at different pH 
and (b) calculated work of adhesion between the CNF and PLA and CNF and protein-modified PLA 
films at different pH. The standard deviation in the data is less than 5%.

The surface free energy of the CNF film was 47.8 mJ/m2, which is within the range of 
values previously reported for cellulose nanofibrils, 43-54 mJ/m2. The surface free energy 
of PLA calculated in this study is 38.9 mJ/m2 and comprises only the dispersive component.
This contribution indicates the ability of the surface to participate in London or dispersive 
interactions (nonspecific component of the surface energy). Upon protein adsorption, the 
surface free energy of the PLA films changes as a function of pH, which is reasonable given 
the introduction of new functionalities (amino and carboxylic acid groups) onto PLA. The 
electrostatic charge of proteins depends on the solution pH (negatively or positively 
charged above or below the IEP, respectively), which affects the protein conformation at 
the interface and the net surface charge. At pH 3, the effect of casein and SPAH adsorption 
on the surface energy of PLA film is significant whereas that of gelatin and SPI is less 
pronounced. Casein decreased the SE mainly through the dispersive component (from 38.9 
mJ/m2 to 28.4 mJ/m2). SPAH adsorption, on the other hand, resulted in a significant 
increase in the SE of PLA, from 38.9 to 50.4 mJ/m2. The main change occurred in the polar 
component (the dispersive contribution remains unchanged). Adsorption of proteins at the 
IEP affected the SE of PLA to a minor extent; at pH 8 only casein adsorption increases 
PLA SE (a higher surface energy is noted with the increase of adsorption pH). 

The thermodynamic work of adhesion (WA), as determined by the surface energy data, 
governs the strength of the interface, which is also enhanced by the interfacial area between 
the components. Figure 25b presents the calculated WA between CNF and PLA films 
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(unmodified or protein-treated). It can be seen that WA between CNF and protein-modified 
PLA is higher than that with the unmodified PLA. It is important to note that the WA 
between the CNF and polymers greatly depends on the balance of polarity. Therefore, it is 
not surprising that higher WA values are observed for the structures where CNF is in 
contact with the protein-modified PLA surfaces, which possess a higher polarity than that 
of the unmodified PLA. This increase is most pronounced for the systems containing SPAH 
(pH 3) and casein (pH 8): the WA increased from 82 to 98 and to 95 mJ/m2, respectively.

4.4.3 Dynamic adhesion between CNF and casein-modified PLA 

The work of adhesion between CNF and casein-modified PLA was also assessed by using 
a Micro Adhesion Measurement Apparatus (MAMA), which can be used to monitor the 
contact area at the solid-solid interface in the dry condition (Paper V). Three different 
systems were investigated: PDMS:CNF (control), PLA:CNF and casein-modified 
PLA:CNF. The surfaces were loaded and unloaded at ambient conditions and the 
experimental results for each system are presented in Table 9.

Table 9. Work of adhesion (WA) calculated from the loading data (Wloading) and from the pull-off 
force (Wmin) between a flat surface of CNF-coated silica and caps of PDMS, PLA-covered PDMS 
and casein-modified PLA on PDMS.

System Wloading (mJ/m2) Wmin (mJ/m2)
PDMS/CNF 52.6 ± 0.8 372 ± 8
PLA/CNF 39.7 ± 0.5 160 ± 4

PLA-CAS/CNF 60.4 ± 0.4 420 ± 21
± values correspond to standard deviations of three replicate samples

The calculated work of adhesion (WA) from the loading data and from the pull-off force 
for untreated PDMS against CNF-coated silica were 52.6 ± 0.8 mJ/m2 and 372 ± 8 mJ/m2,
respectively (Table 9). WA values of 39.7 ± 0.5 mJ/m2 and 160 ± 4 mJ/m2 were calculated 
for PLA-coated PDMS. It should be mentioned that compared to uncoated PDMS, the low 
adhesion might be due to the chemical dissimilarities between PLA and CNF (poor 
interfacial attraction). Finally, the WA values of 60.4 ± 0.4 mJ/m2 and 420 ± 21 mJ/m2

were calculated for casein-treated PLA. It should be noted that the work of adhesion was 
significantly improved upon addition of casein in the system (from 39.7 to 60.4 mJ/m2).

The SEM investigation of prepared CNF/PLA nanocomposite films suggested that the 
interfacial adhesion of CNF and PLA is insignificant as the nanocomposite displayed 
cracks, which are indicative of the poor PLA film formation (Figure 26a). Moreover, these 
cracks might strongly influence the mechanical properties of the nanocomposites. However,
the adhesion between casein-coated CNF and PLA (Figure 26b) seems to be significantly 
improved when compared to that of the pristine CNF and PLA (Figure 26a). This indicates 
that casein can be employed for tuning the interfacial adhesion (compatibility) between the 
CNF and PLA.
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Figure 26. SEM plane images of CNF/PLA composite films prepared in the absence of protein (a) 
and with casein used as compatibilizer between CNF and PLA (b).

4.4.4 Mechanical properties of the CNF and casein-modified PLA 
nanocomposite films 

Mechanical properties of the nanocomposite films were evaluated by using tensile tests and 
Table 10 summarizes the average values of tensile strength, elongation at break, Young’s 
modulus and toughness (the area under the stress–strain curve) for the CNF, protein-free
CNF/PLA composite and CNF/PLA composite after treatment with 1 wt.% casein. The 
tensile strength, modulus, and strain of the CNF films were 86 MPa, 10.1 GPa and 1.8% , 
which are in agreement with the typical values of 75–250 MPa, 6–18 GPa, and 1–10% 
reported in the literature (Rojo 2015). PLA films showed the typical characteristics of a 
soft, ductile material. In contrast, the tensile strength and Young’s modulus of CNF/PLA 
nanocomposite films were significantly reduced when compared to those of the CNF film. 
This indicates that the stress transfer at the interface of more crystalline CNF and 
amorphous PLA was rather poor. Moreover, the addition of PLA resulted in only a small 
improvement in ductility (0.5%), which indicates that the mechanical performance of the 
composite was mainly determined by the CNF component. Upon addition of casein (1 wt.%) 
the tensile strength and Young’s modulus of the CNF/PLA nanocomposite film was 
increased by 14 and 12%, respectively. Most importantly, the ductility of the film was 
increased by a factor of 2.3 that, in turn, improved the film’s toughness by ~60%. This 
indicates that the CNF/PLA nanocomposite film is simultaneously reinforced and 
toughened upon casein addition. So, it can be postulated that the presence of casein
improves the adhesion of fibers to the polymer matrix as was previously showed by contact 
adhesion measurements. 
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Table 10. Tensile properties of CNF, PLA, CNF/PLA and CNF/PLA with 1 wt.% of casein films

CNF PLA CNF/PLA
CNF/PLA 

with 1 wt.% 
of casein

Tensile strength (MPa) 86 ± 6 1.6 ± 0.1 70 ± 5 78 ± 5
Tensile index (Nm/g) 99 ± 12 1.4 ± 0.0 69 ± 3 72 ± 5
Breaking strain (%) 1.8 ± 0.2 318 ± 13 2.3 ± 0.3 5.3 ± 0.3

Elastic modulus (GPa) 10.1 ± 0.6 0.01 5.6 ± 0.4 6.3 ± 0.3
TEA index (J/g) 1.1 ± 0.1 3.3 ± 0.2 1.7 ± 0.1 2.7 ± 0.1

± values correspond to standard deviations from 5 replicates

To further investigate the role of casein on improving PLA compatibility with CNF and 
applicability of prepared composites in thermoforming processes, DMA experiments were 
performed. Figure 27 displays the storage modulus as a function of temperature for the 
casein-containing composite.

Figure 27. Storage modulus of films of CNF, CNF/PLA and CNF/PLA with 1 wt.% of casein.

As was expected, the glass transition of PLA (60-65°C) clearly decreased the storage 
modulus of PLA-containing samples. Interestingly, further heating of the samples revealed 
that the reinforcing effect of the CNF holds only in casein-containing samples and therefore 
the decrease in storage modulus is far less pronounced when compared to that of the 
CNF/PLA composite. This may be explained by the ability of casein-treated CNF to restrict 
the motions of the PLA chains, which in turn may be due to the increased interactions 
between the PLA matrix and the casein-treated CNF. 

To summarize, we demonstrate that proteins can be used as compatibilizers and eco-
friendly dispersants in systems comprising cellulose nanofibrils (CNF) and polylactic acid 
(PLA). Denatured proteins readily adsorb onto PLA and an increase by ~30% and ~20% 
of the surface energy is recorded upon application of SPAH at pH 3 and casein at pH 8,
respectively. Moreover, based on contact angle measurement, ~15 % increase in the work 
of adhesion between CNF and PLA is observed upon casein adsorption at pH 8. Contact 
adhesion measurements, in turn, validated ~50% increase in work of adhesion for similar 
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system. Finally, compared to neat CNF/PLA nanocomposites the protein-modified 
materials displayed approximately 130% increase in extensibility and 60% improvement 
in tensile toughness whereas tensile strength and Young’s modulus were only slightly 
improved (6 and 12%). Overall, it is demonstrated that surface modification of PLA with 
denatured proteins improves its compatibility with CNF, making them an ideal choice 
towards the preparation of green nanocomposites.
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5 Concluding remarks 

The primary objective of this investigation was to produce tough fiber webs, suitable for
thermoforming and 3D shaping so that cellulose-based packaging materials are realized.
The key features in producing tough paper include the modification of the fiber properties,
inter-fiber bonds and fiber network structure. The stretchability needed to make paper 
extensible may take advantage of fiber’s intrinsic plasticity (in the case of high MFA) or, 
otherwise, can be developed by axial deformations. Conventionally, kinks, curls, and 
associated with their formation dislocations and microcompressions will likely influence 
positively the extensibility of fibers and respective paper products. Incorporation of highly 
deformable polymers, via either wet-end addition to the fiber suspension or by polymer 
permeation via spraying, before wet pressing, leads to strong and deformable fiber joints.
Moreover, in order to maximize of material performance under the action of elevated 
temperature and moisture, the polymers to be used in such efforts should have chemical 
affinity with cellulose. In this case, stress can be distributed evenly within the paper 
structure, which in turn facilitates utilization of the intrinsic fiber stretch potential to its full 
extent. In addition, improved fiber bonding contributes to the drying shrinkage of paper if 
the applied polymers provide strong wet adhesion and high fiber bond density. Surface 
treatment of paper by formation of a polymer layer with sufficient adhesion to cellulose 
can also increase the toughness of the structure. This effect mainly comes from the 
reinforcement of weakly bonded fibers. Finally, in-plane compression and drying shrinkage,
two structural modification strategies, can lead to buckling and compressing of the fibers, 
which further improve paper elongation upon straining. The drawbacks of such treatments
(losses in tensile strength and stiffness), however, can be compensated by application of 
biopolymer additives, which contribute to fiber bonding. It was also shown that proteins 
improve compatibility between cellulose and thermoformable poly(lactic)acid. 

5.1 Significance of this work

The presented work described optimized chemical-mechanical modifications of fibers,
without impairment of dewatering properties, in order to achieve tough paper products.
Upon combined fiber treatment at high and low solids content, both paper extensibility and 
tensile strength increased by ~140%, which corresponds to ~390% increase in paper 
toughness. Upon in-plane compression of paper, its extensibility was further increased by 
~65%. The associated reduction in tensile strength was compensated with surface 
application of moderate amounts of a protein, gelatin. As a result, tensile strength increased 
by ~125 % leading to ~20% improvement in extensibility and ~150% in paper toughness. 
Moreover, important knowledge about the role of moisture and temperature in paper 
formability was unveiled. The optimal deformability in the fixed blank process was reached 
at a paper temperature of 70–90 °C and moisture of 7–9% by weight. Overall, if compared 
to any of the commercially available materials, the proposed thermoforming via fixed blank 
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offered a superior paper performance and resulted, as a proof of concept, in trays with a 
considerable depth in its gallery (bowl or cavity) and with smooth raised edges.

This thesis provides fundamental and practical knowledge about the role of several factors
contributing to paper toughness and formability. The suggested modification strategies to 
improve paper toughness are compatible with modern papermaking and conversion 
processes and can be implemented easily and economically.

5.2 Future research 

Even though we reported significant findings regarding the influence of fiber mechanical 
treatments on paper properties, it would be of interest to investigate the effect of such 
treatment on the properties of the individual fibers. Also, a quite wide window exists for 
optimization of in-plane compressive treatments, which might open new possibilities for 
further improvement in the mechanical properties of paper. This applies also for the 
combination of such treatments with strength additives. From the practical point of view, 
it might be interesting to apply proposed compatibilization strategies using proteins 
between thermoformable PLA and cellulosic fibers and to investigate their contribution to 
the paper formability. 
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