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Summary 
 
Nanofibrillar cellulose (NFC) foams are an interesting class of cellular 
materials that are being explored for a variety of applications, ranging from 
the automotive to the biomedical industries. The cellulose nanofibrils itself 
has unique and desirable mechanical properties. With recent advances in 
the preparation of these foams, it is anticipated that these foams will find 
applications in diverse areas, including those where the mechanical 
response is important. This macroscopic response is inextricably linked to 
the microstructure of the material. Thus, it is imperative to have numerical 
models that can not only predict the macroscopic response but can also 
provide insights towards tailoring the microstructure such that improved 
macroscopic properties can be sought. Towards this end, we study 2- and 3-
D random cellular models along with characterising through 
experiments/simulations the macroscopic and cell wall material properties. 
 
In Paper A, we explore the suitability of two-dimensional random 
structures in representing the macroscopic compressive response of foams. 
Though the two-dimensional model fails to capture the exact response, only 
an order of magnitude agreement is found, we map the effect of internal 
contact on the macroscopic response and study the effect of linear size, wall 
thickness and non-straightness of the cell walls. It is concluded that 2-D 
models are inadequate and that the out of plane connectivity is non-trivial.  
 
In Paper B, NFC foams prepared from freeze-drying are experimentally 
characterised under uniaxial and biaxial loading conditions, with a view 
towards testing for structural anisotropy. It is found that the prepared foam 
is isotropic in the plane. The experiments also reveal that there are large 
irreversible deformations, when unloaded. A continuum hyperelastic model 
is fitted to the experimental data. 
 
In Paper C, tomography based scans of the NFC foams are used to arrive at 
the material properties of the cell walls. We reconstruct the three-
dimensional structure from the tomography scans and use it in finite 
element simulations to determine the elastic modulus and yield strength of 
the cell wall material. It is seen that the estimated elastic modulus is 
comparable to the upper limit for NFC paper, while the yield strength is 
comparable to estimates from indirect methods. The simulations also 
corroborate the damage mechanism, i.e. by plastic hinge formations 
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followed by the collapse of the inner structure, as observed by experimental 
studies. 
 
In Paper D, we utilise the material properties derived from the 
tomography-based work in simulating three-dimensional random 
structures. We validate the three-dimensional reconstruction method 
against the foam structures derived in microtomography. We then study the 
applicability of these random structures in representing the macroscopic 
response, together with studies on linear size and effect of partially 
open/closed cells. We also estimate the influence of cell face curvature on 
the elastic modulus and plateaus stress. It is concluded that 3-D models 
provide a reasonable representation of the response up to intermediate 
strain levels, but the densification regime is not captured by the considered 
representative size.  
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Sammanfattning 
 
Nanofibrillär cellulosa (NFC) skum är en intressant klass av cellulära 
material med möjliga applikationer som sträcker sig från fordonsindustrin 
till biomedicin då det har unika och önskvärda mekaniska egenskaper. I 
ljuset av de senaste framstegen inom framställning av skum förutspås det 
tillämpas inom en rad olika områden, inklusive områden där dess 
mekaniska egenskaper är viktiga. Den makroskopiska responsen är 
oskiljbart kopplad till mikrostrukturen hos materialet. Det är därför 
nödvändigt att ha numeriska modeller som inte bara kan förutsäga 
makroskopisk respons utan också ge insikt vid anpassning av 
mikrostrukturen så att förbättrade makroskopiska egenskaper kan uppnås. I 
detta syfte studerar vi 2- och 3-dimensionella slumpmässiga cellulära 
modeller och karakteriserar genom experiment/simuleringar de  
makroskopiska och cellväggens materialegenskaper.  
 
I Artikel A utforskar vi  lämpligheten av 2-dimensionella slumpmässiga 
strukturer för att representera skums makroskopiska respons i tryck. Även 
om den 2-dimensionella modellen inte kan beskriva det exakta beteendet, 
endast en storleksordning överensstämmelse uppnås, kartlägger vi effekten 
av inre kontakt på den makroskopiska responsen och studerar effekten av 
linjär storlek, väggtjocklek och cellväggens kurvatur. Slutsatsen som dras är 
att 2-dimensionella modeller är otillräckliga och att förbindelserna ut ur 
planet är icke-triviala. 
 
I Artikel B framställs NFC skum genom frystorkning och karakteriseras 
experimentellt vid enaxlig och bi-axiell belastning för att utvärdera 
materialets strukturella anisotropi. Skummet visas vara isotropiskt i planet. 
Vidare uppkommer stora icke-reversibla deformationer vid avlastning. En 
hyperelastisk kontinuum-modell anpassas till experimentell data.  
 
I Artikel C används tomografibaserade tvärsnittsbilder för att bestämma 
cellväggens materialegenskaper. Vi rekonstruerar en 3-dimensionell 
struktur baserad på tomografibilder och använder den i finita element-
simuleringar för att bestämma elasticitetsmodulen och sträckgränsen för 
cellväggens material. Resultaten visar att den beräknade 
elasticitetsmodulen är jämförbar med den övre gränsen för NFC papper, 
medan sträckgränsen är jämförbar med uppskattningar från indirekta 
metoder. Simuleringarna bekräftar även skademekansimen att formering av 
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plastiska gångjärn följs av kollaps,  vilket också observerats i experimentella 
studier. 
 
I Artikel D använder vi de materialegenskaper som beräknats i det 
tomografibaserade arbetet i simuleringar av slumpmässigt genererade 3-
dimensionella strukturer. Vi validerar de 3-dimensionella strukturerna mot 
strukturena som fångats med tomografi. Vi studerar därefter om de 
slumpmässiga strukturerna kan användas för att representera den 
makroskopiska responsen tillsammans med studierna av linjärstorlek och 
effekt av de delvis öppna/slutna cellerna. Vi beräknar även påverkan av 
cellytans kurvatur på elasticitetsmodulen och på platåspänningen. Vi visar 
att 3-dimensionella modeller är relativt representativa upp till medelhög 
töjningsgrad men att förtätningen inte fångas  upp av med den 
representativa storlek som används. 

  



 
 

 v 
 

Acknowledgments 
 
My deepest gratitude goes to my advisor Artem Kulachenko for his 
guidance and support throughout this thesis. I wish to thank him for his 
forbearance and understanding in times of my inefficiency and inefficacy. 
More importantly, for teaching me that most problems are solvable. Thank 
you Artem. 
 
I also wish to acknowledge the financial funding from the department of 
Solid Mechanics, and BiMac Innovation. I should wish to thank Christian 
Gasser, Elsiddig Elmukashfi and Mårten Olsson for always patiently 
answering my questions, without ever belittling my ignorance. A word of 
thanks also to all other colleagues for the generosity of your spirit and 
kindness. 
 
Coming to terms with the mediocrity of my own natural faculties was made 
more bearable by the warmth accorded to me by the wonderful friends that 
I have had the pleasure of knowing in the years here. To you all, thank you 
very much. And to my parents and sister, for always giving selflessly and 
letting me be. Finally, thanks to, to paraphrase the historian Harari, the 
only lasting source of happiness: serotonin and dopamine. 
 
Prashanth Srinivasa 
February 2017, Stockholm 
 
 

 

  



 
 

 vi 
 

 

 

 



 
 

 vii 
 

List of appended papers 
 
Paper A: Analysis of the compressive response of Nano Fibrillar Cellulose 
foams 
Srinivasa, P., Kulachenko, A. 
Mechanics of Materials, Vol. 80, 2015, pp 13-26 
 
Paper B: Experimental characterisation of nanofibrillated cellulose foams 
Srinivasa, P., Kulachenko, A., and Aulin, C.  
Cellulose, Vol. 22, 2015, pp. 3739–3753. 
 
Paper C: Material properties of the cell walls in nanofibrillar cellulose 
foams from finite element modelling of tomography scans 
Srinivasa, P., Kulachenko, A., and Karlberg, F.,  
Cellulose, Vol. 24, 2017, pp. 519-533. 
 
Paper D: Three-dimensional random structure representation for 
nanofibrillar cellulose foams: Validation and representative volume 
simulations 
Srinivasa, P., Kulachenko, A. 
Report 609, Department of Solid Mechanics, KTH Royal Institute of 
Technology, Stockholm 

 

  



 
 

 viii 
 

In addition to the appended papers, the work has resulted in the following 
presentations and publications1: 
 
Effect of scaling on the bulk mechanical properties of hierarchical 
structures: Experimental characterisation and numerical modelling (EA, 
PP) 
Srinivasa, P., Kulachenko, A. 
6th European Congress on Computational Methods in Applied Sciences and 
Engineering, Vienna, Austria, 2012 
 
Mechanical behaviour of hierarchical structures (EA, PP) 
Srinivasa, P., Kulachenko, A. 
European Forest Products Doctoral Symposium, Helsinki, Finland, 2013 
 
Mechanical characterisation of Nano Fibrillar Cellulose (NFC) foams: Effect 
of internal contact on large strain compressive response (PP, PO) 
Srinivasa, P., Kulachenko, A. 
Wallenberg Wood Science Workshop, Göteborg, Sweden, 2013 
 
Material characterisation of nano fibrillar cellulose foams (EA, PP) 
Srinivasa, P., Kulachenko, A. 
Doctoral Students Summer Conference, Autrans, France, 2015 
 
Three-dimensional random structure representation for nanofibrillar 
cellulose foams (Submitted) (EA, PP) 
Srinivasa, P., Kulachenko, A. 
Deformation and damage mechanisms of wood-fibre network materials and 
structures, Euromech Colloquium 592, Stockholm, Sweden, 2017 
 
Cell wall properties of nanofibrillar cellulose foams from tomography and 
simulations (Submitted) (EA, PP) 
Srinivasa, P., Kulachenko, A. Karlberg, F. 
3rd International Conference on Tomography of Materials and Structures, 
Lund, Sweden, 2017 
 
 
 
 
 
 
 
 
 
 
 
 
1EA – Extended abstract, PP – Presentation, PO – Poster  



 
 

 ix 
 

Contribution to the papers 
The author’s contributions to the appended papers are as follows: 
 
Paper A:  
Principal author.  
P. Srinivasa developed the two-dimensional model, carried out the 
simulations and wrote the paper. The element routine and an in-house FE 
solver (FibNet) was provided by A. Kulachenko. A. Kulachenko provided 
guidance on simulations and contributed with comments on the 
manuscript and revisions. 
 
Paper B:  
Principal author.  
P. Srinivasa performed the experiments, carried out the analysis, worked on 
the constitutive model and wrote the paper. J. Sundström helped with the 
preparation of foams. The text for foam preparatory techniques was 
contributed by C. Aulin. A. Kulachenko contributed with comments on the 
manuscript and revisions.  
 
Paper C:  
Principal author.  
P. Srinivasa performed the image analyses, simulations, analyses and wrote 
the paper. F. Karlberg developed algorithms for cleaning up and meshing 
the structures generated from image analysis. A. Kulachenko and F. 
Karlberg contributed with comments on the manuscript. 
 
Paper D:  
Principal author. 
P. Srinivasa developed the three-dimensional model, carried out the 
simulations and wrote the paper. A. Kulachenko provided guidance on 
simulations and contributed to the writing process along with comments on 
the manuscript. 



 
 

 x 
 

 



 

1 

 

CONTENTS 

 

1. INTRODUCTION ............................................................................................... 3 

2. A BRIEF REVIEW .............................................................................................. 5 

2.1 Study of the geometric structure of the foams ............................................... 5 

2.2 Study of the cellular structure’s response to compressive loading ................ 7 

2.3 Nanofibrillar cellulose foams ......................................................................... 9 

2.3.1 Extraction of nanofibrils .......................................................................... 9 

2.3.2 Preparation of nanofibrillar cellulose (NFC) foams ................................ 9 

3. RESULTS .......................................................................................................... 11 

3.1 Experimental characterisation ...................................................................... 11 

3.1.1 Macroscopic mechanical response ........................................................ 11 

3.1.2 Microstructural properties ..................................................................... 13 

3.2 Geometric modelling and finite element simulations .................................. 16 

3.2.1 Two-dimensional representation ........................................................... 16 

3.2.2 Three-dimensional representation and validation ................................. 18 

4. CONCLUSIONS AND FINAL REMARKS ..................................................... 19 

5. BIBLIOGRAPHY .............................................................................................. 22 

6. SUMMARY OF APPENDED PAPERS ........................................................... 27 

 

 

 
 
 
 
 
 
 
 
 



Mechanics of Nanocellulose Foams: Experimental and Numerical Studies 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

3 

 

1. INTRODUCTION 

 

It is not nigh impossible to rewrite most of human history through the 

history of the science of materials. From the stone-age cultures and metal 

ages of antiquity through to the super-insulating aerogels for spacesuits and 
fungi based packing materials [1], the course of human history has often 

been inextricably linked to the development and utilisation of new 
materials. As our interaction with nature reaches levels that at times has 

become dangerous, it has become imperative to utilise and develop 
materials that can interact with our natural surroundings in a more amiable 

manner. Naturally occurring materials often need to be reordered to suit 

our requirements since they do not always appear in the form that we 
would like them [2]. This reordering necessitates knowledge of the right 

kind of order, an order where influences of it on the properties desired is 
completely understood. It is in these contexts, the quest for materials that 

reduce the impact on our natural surroundings and the quest for the correct 

order of these materials, that the study of cellulose-based materials 
becomes prominent. 

Wood-based materials have been used since the Palaeolithic times. 
Cellulose, a polymer, is one of the primary building blocks of the cells of 

wood material (the others being hemicellulose, lignin and pectin). Cellulose 

exhibits remarkable mechanical properties with reported crystalline elastic 
moduli in the range of 130 - 150 GPa [3]–[5] and tensile strength of ~3 GPa 

[6]. The last two centuries have seen us go from mechanisation of the paper 
making process using wood based fibres to disintegrating the wood fibres 

into their nano sized constituents called as nanofibrillar cellulose (NFC or 
CNF). NFC has been subsequently used to develop a wide array of materials 

including thin films (nanofilms), aerogels, foams, etc. NFC aerogels and 

foams retain the important characteristics of their polymer counterparts 
like high relative density and large surface area (Figure 1). In addition to 

these properties, it is also possible to functionalise the constituent NFC in 
foams to tailor them for applications in diverse areas. Each of these 

materials is reported to have properties which make them suitable for a 
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wide array of applications in industries as diverse as automotive, 
biomedical, chemical and structural [7]–[15].  

 

Figure 1: SEM image of a 98.13 % porous foam showing cellular structure, and 
characteristic large surface area 

The subject matter of this thesis concerns NFC foams and understanding 
their compressive stress-strain response, linking its micro-scale properties 

to the macroscopic response and studying the suitability of random 
structure models in representing its macroscopic behaviour. The work and 

results of this thesis are documented in the articles appended. Thus, in the 

ensuing chapters, a very short review of cellular materials and their 
mechanics and random structure representation for foams will be presented 

as an introduction to the work in this thesis for the interested reader. 
Subsequently, an overview of the results from this thesis and conclusions 

will follow with a view towards summarising the work. 
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2. A BRIEF REVIEW 

 

There is an important distinction to be made between cellular and porous 

materials. Broadly speaking, all cellular materials are porous materials while 

the opposite is not true. The word cellular refers to materials, which are 
characterised distinctly by structures composed of “nearly-uniform domains 

of polygonal-like or polyhedral-like shape (in two- or three-dimensional 
systems respectively) separated by thin boundaries endowed with line or 

surface energy. [16]” This geometric structure leads to interesting 
mechanical properties and is exploited widely both in nature and 

engineering applications. The study of such materials involves two 

important branches: i) Study of the geometric structure of the material, ii) 
Study of this structure’s response to different loading and subsequent 

modelling.  

2.1 Study of the geometric structure of the foams 

The study of the geometric structure of foams (or equivalently the topology 

of foams) has very early origins. It has attracted the interests of biologists, 

mathematicians, physicists and engineers alike. Studies have shown that the 
macroscopic mechanical properties are strongly related to the geometric 

structure of the foams. Of the geometrical properties, some features are 
more crucial than the others. For example, the shape of the cells influences 

the properties more than cell size [17]. The topological characteristics like 

open/closed cells, edge/vertex connectivity etc. also have an influence on 
the macroscopic properties. Furthermore, other topological features in 

three-dimensions like open or closed cell faces also influence the response. 
Thus, proper representation of the cellular microstructure is of importance. 

One of the means of studying the properties of the foam is to consider the 
idealised unit cell, which may or may not tile the Euclidean three space. The 

idealised unit cell so sought has its motivation both in the physics of its 

creation and its topological characteristics. For example, Sir William 
Thomson [18] sought to find a cell that divides the Euclidean three space 
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with the minimum partitional area and arrived at the tetrakaidecahedron 
(Kelvin cell). The properties and the ability to represent the macroscopic 

response of foam materials for this cell and others like the rhombic 

dodecahedra, tetrahedron, icosahedron, pentagonal dodecahedron, etc. 
have been extensively studied [19], [20]. Furthermore, the macroscopic 

response of clusters of cells made up of the idealised cells has also been 
studied. This approach, however, suffers certain drawbacks. For example, it 

is limited to the study of periodic structures while many foam structures are 
not truly periodic and are random. 

With advances in computing ability, there has been a fair bit of focus on 

representing the true structure of foams through random structures and 
their statistical response like the Voronoi [21], weighted Voronoi [22]–[24], 

equilibrium foams [25]–[28], random packing of spherical voids [29] etc. 
These structures provide a more realistic representation of the geometric 

structure of random foams. In the present work, we utilise the Voronoi 

partitioning of space and study its suitability for representing the 
macroscopic response of NFC foams.   

The definition of a Voronoi partition in Euclidean two space taken from the 
book “Spatial Tessellations: Concepts and Applications of Voronoi 

Diagrams” [30] is as follows: Given a set of two or more but a finite number of 

distinct points in the Euclidean plane, we associate all locations in that space 
with the closest member(s) of the pointset with respect to the Euclidean 

distance. The result is a tessellation of the plane into a set of the regions 
associated with members of the point set. We call this tessellation the planar 

ordinary Voronoi diagram generated by the point set, and the regions 
constituting the Voronoi diagram ordinary Voronoi polygons. 

Mathematically, this can be expressed as below [30]. 

Let = { , … } ∈ ℝ , ℎ  2 < < ∞  ≠   ≠ ,  , ∈ .  

We call the region given by ( ) = { |  ∥ − ∥≤∥ − ∥  ≠ , ∈

} the planar ordinary Voronoi polygon associated with , and the set 

given by Υ = { ( ), … ( )} the planar ordinary Voronoi diagram 

generated . We call  of ( ) the generator point of the 

 Voronoi polygon, and the set = { , … } the generator set of the 
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Voronoi diagram Υ. Such a partitioning can be extended to three and higher 
dimensional spaces. 

2.2 Study of the cellular structure’s response to compressive 
loading 

The dominant application of cellular materials in structural applications is 

under compressive loading, although tensile loading conditions are not 
uncommon. The analysis of cellular structures includes regular and unique 

cells that tile the two- and three-dimensional space (referred to as 
honeycomb structures) and more generally those with the irregular cellular 

arrangement (referred to as foams). The stress-strain response of cellular 
materials to compressive loading (subject to the type of constitutive 

material) is characterised by three distinct regions: i) an initial elastic region 

where the stress varies linearly with strain, ii) a stress plateau where there is 
a negligible increase in stress with strain, and iii) a densification regime 

where the stress increases sharply with strain. Irrespective of the material of 
the foam, the linear elastic region is attributed to the bending of the cell 

walls while the densification is a geometric effect attributed to internal 

contact of the cell walls post complete collapse. The mechanism behind the 
stress plateau, often referred to as the energy absorbing region, is, however, 

governed by the properties of the constituent material and can be variously 
attributed to elastic buckling, plastic yielding or brittle fracture.  

The relative density of the foam (ρ∗ ρ⁄ ), defined as the ratio of the density 

of the foam to the density of the constituent material is the most important 
characteristic. Depending on whether the constituent material in the foams 

is distributed on the edges or faces of the of the polyhedral cells, a 
distinction can be made between open and closed cell foams respectively. In 

closed cells, deformations proceed by bending of the edges and stretching 
of the membranes [20], [31]. Their relative contribution is known to be 

governed by the amount of constituent solid material in the cell faces as 

opposed to its edges [20]. In the limit of the material on the faces of the 
cells vanishing, the closed cell foam behaviour is approximated by the open 

cell foam. Honeycombs lend themselves to exact analysis owing to the 
regularity of geometry. The macroscopic properties of the hexagonal 
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honeycomb can be linked directly to their microstructure geometry and 
constituent solid properties by analysing a unit hexagonal cell. The result of 

such an exact analysis for in-plane properties of regular hexagonal 

honeycomb taken from the book “Cellular Solids” [17] is documented in 
Table 1. 

Table 1 Scaling laws for hexagonal honeycombs and open cell foams 

 Linear behaviour 
Non-linear 
behaviour 

Nature of 
deformation 

Hexagonal 
honeycomb 

∗

=
∗

= 2.3  
∗

= 0.22  elastic buckling 

∗

= 0.57  
∗

=
2
3

 plastic collapse 

Open cell 
foams 

∗

=
∗

 
∗

=
∗

 elastic buckling 

∗

=
∗

 
∗

=
∗

 plastic collapse 

 

Foams, owing to their irregular geometry do not lend themselves to such 
exact analyses that can account for the geometry as in the case of 
honeycombs. However, borrowing from the results of the analysis of the 
honeycomb, arguments based on dimensional analysis can be made to 
describe the dependence of the properties of the foam on the ratio ( ⁄ ) and 
thus on its relative density (ρ∗ ρ⁄ ). These analyses depend only on the 
deformation mechanism and the relations do not provide any explicit 
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dependence on the geometry of the structure. The geometric dependence is 
to be found from experiments, or where possible from simulations. As an 
illustration, the results from the dimensional analyses of open cell 
behaviour for foams deforming by elastic buckling or plastic collapse, taken 
from the book “Cellular Solids” [17], is provided in Table 1. The properties 
with asterisk in the superscript correspond to the macroscopic properties 
while those with subscript “s” correspond to the constitutive solid 
properties. The constants to  correspond to the geometry of the foam 
and must be determined experimentally or through simulations. 

2.3 Nanofibrillar cellulose foams 

2.3.1 Extraction of nanofibrils 

Wood exhibits a hierarchical structure and has distinct components at 

different length scales that make up the wood tissue, and is a prime 
example of naturally occurring cellular material. The cell walls are an 

example of a composite material with fibre reinforcements. They are 

arranged in a matrix of hemicellulose (which is amorphous) reinforced with 
macrofibrils (which are bundles of microfibrils or nanofibrils). The diameter 

of the microfibrils/nanofibrils is 3-4 nm [32]–[35] and that of the microfibril 
bundles is 10-25 nm [36], [37]. Since the diameter of the fibrils is in the 

nanometre range, it is more appropriate to refer to them as nanofibrils.  

The earliest attempts to isolate these nanofibrils, in the 1980s, were through 

the process of mechanical disintegration using by “subjecting dilute slurries 

of cellulose fibres to repeated high-pressure homogenizing action. [38], 
[39]” Currently, the wood fibres are treated enzymatically and/or chemically 

to ease the extraction of nanofibrils or to retain its beneficial properties 
[40]–[46]. This improved and more energy efficient method has provided 

the further impetus towards research of NFC based materials for a wide 

range of applications. 

2.3.2 Preparation of nanofibrillar cellulose (NFC) foams 

There exist quite a few methods to prepare NFC foams. For some time, the 

laboratory preparation methods were unsuited for large scale 
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manufacturing. Recent advances have overcome this shortcoming [47]. The 
available methods range from freeze drying followed by sublimation [13], 

[45], [48], supercritical carbon dioxide drying [49], [50] to drying aqueous 

foams with surface modified NFC [47]. The foams used in this study were 
prepared by carboxymethylation pre-treatment of fibres [46], [51]. The 

process is described in [52]. The pulp is dispersed in ionized water followed 
by a solvent exchange to ethanol interspersed with filtration. Following the 

carboxymethylation treatment, the fibres are washed with deionised water 
and acetic acid. The fibres are then impregnated with a solution bicarbonate 

of sodium followed by washing with deionised water and draining. The 

resulting dispersion is passed through a homogeniser to NFC fibrils. To 
prepare foams of requisite density/porosity, the dispersion is diluted with 

deionised water to the required levels. The NFC gel so obtained is then 
placed in aluminium trays and plunged into liquid nitrogen. The frozen 

mould is now transferred to a pre-cooled vacuum oven and let to dry. The 

drying time was typically 5 days. 
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3. RESULTS  

 

The results of this thesis can be broadly classified into experimental and 

numerical results. Although the order of the appended papers is different, it 

is convenient to look at the results beginning with experimental followed by 
the numerical results.  

3.1 Experimental characterisation 

One of the aims of modelling these foam materials is to build models that 
can allow to probe the effects of microstructure, thereby providing a means 

of tailoring it. However, prior to the modelling of NFC foams, two 
important features are necessary: i) macroscopic stress-strain response that 

defines the target for modelling and ii) the microstructural properties of the 

material that influences the macroscopic response. The latter is particularly 
significant since the microstructural properties, both geometric and 

material directly influence the macroscopic response. For example, when 
considering random structures for representing cellular structure response, 

the predicted values of the macroscopic properties are sensitive to the 

orderliness, regularity, dispersity, cell size distribution and other such 
characteristics.  

3.1.1 Macroscopic mechanical response 

NFC foams were prepared by the method described in Section 2.3.2 and 
were experimentally characterised in uniaxial and biaxial loading 

conditions. The requirements of sample size and several samples 

necessitated manufacturing of foams in large trays of 170 x 110 x 30 mm3 
volume. This helps to obtain samples free of cracks that result from rapid 

cooling when immersed in liquid nitrogen. Two separate porosities were 
characterised, viz. 98.96 % and 98.13 %. The tests were carried out on a 

custom build Zwick® biaxial testing machine. The foams were tested both in 
force-controlled and displacement-controlled modes. In both the uniaxial 

and biaxial cases, we resorted to cyclic loading which provided additional 
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insights. The results of these experiments are shown in Figure 2 and Figure 
3. 

 

Figure 2 Uni-axial stress strain response of NFC foam of porosity 98.96 % in a) 
displacement controlled and b) force controlled experiments 

 

Figure 3 Bi-axial stress strain response of NFC foam of porosity 98.96 % in a) displacement 
controlled and b) force controlled experiments 

We have argued that there is a qualitative difference in the compressive 
stress-strain response of NFC foams, as compared to the open cell polymeric 

foams. An important distinction was the lack of a well-defined plateau at 
intermediate stress-strain levels. The experimental results bear evidence to 

this. The initial elastic region is followed by an increasing stress region as 

opposed to a plateau. Foams prepared using trays of large volumes are 
susceptible to producing a cellular structure, which is anisotropic, owing to 

the thermal gradient created when dipped in liquid nitrogen. Interestingly, 
the biaxial response did not show any such directionality in the in-plane 
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directions. The main conclusions of this characterisation are summarised 
below. 

 The primary loading path is characterised by a constantly increasing 

stress response and the unloading shows large irreversible 
deformation. 

 The cyclic loading of the foams in displacement-controlled tests 

suggests large-scale plastic damage in the primary loading cycle. This 

is because there is a true stress plateau in the secondary loading 
cycle.  

 The large plastic damage in the primary loading cycle likely reduces 

the loading bearing ability of the cell walls while also inhibiting any 
strain hardening in the secondary loading cycle. 

 The force controlled tests demonstrate negligible hysteresis in cyclic 

loading and there is no stress-softening. 

 The biaxial tests, both in displacement- and force-controlled modes 

exhibit no anisotropy in the in-plane directions.  

 A pseudo-elastic material model based on the Ogden strain energy 

formulation, with a modified neo-Hookean strain energy for the 
unloading, is seen to be well suited for the uniaxial response, but ill-

suited for the biaxial response beyond intermediate strains. 

3.1.2 Microstructural properties 

As described in Section 2, the macroscopic response of foams depends on 

the microstructural characteristics, both geometric and material. The 

constituent solid material properties are often hard to estimate, owing to 
the length scales involved. Indirect means of estimating these properties for 

NFC foams include utilising the scaling laws [7], [53] and indentation 
testing on thin films, which may not be exactly representative [54]. In this 

work, we estimate the constituent solid properties by reconstructing the 

NFC foam structure from tomography scans and using them in finite 
element simulations.  

The X-ray computed microtomography is used to reveal the microstructure 
of 3-dimensional materials by using X-ray beams to scan the object at 
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various orientations, thereby providing a stack of images of the spatial 
density distributions. These images, in turn, can be used to reconstruct the 

microstructure through a series of image processing techniques. The result 

of such a scan and reconstruction is shown in Figure 4. Subsequently, this 
structure geometry is discretised and finite element simulations are carried 

out with a view to extracting the constituent solid material properties. 

 

Figure 4 (a) Reconstructed structure from tomography scans and (b) discretisation with 
solid finite elements 

The image processing technique used in reconstructing the structure relies 

on associating a binary value, such that the original greyscale images that 
are obtained are converted into binary images. This involves defining 

threshold values on the grey scale images, such that intensity values above 

and below certain values are associated with material and voids 
respectively. If the structure is suitably representative, this operation can be 

controlled by the macroscopic value of porosity. Owing to the limitations of 
the method, and the desire for retaining the microstructural geometric 

features, this operation becomes arbitrary. As a way of overcoming this 
arbitrariness, we successively threshold the images at different values 

obtaining structures of differing porosity. These are then simulated to 

obtain a compressive stress-strain response as shown in Figure 5. Since it is 
not always possible to reach the actual macroscopic porosity of the 

structure while retaining the geometric integrity, we utilise the macroscopic 
stress-strain response to extrapolate the values, thereby obtaining the 
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elasto-plastic material properties of the constituent solid material (Figure 
6). The finite element simulations also provide insights into the 

deformation mechanisms of the cell wall. The main conclusions of this 

characterisation are summarised below. 

 

Figure 5 Compressive stress-strain responses obtained from finite element simulation of 
structures reconstructed from varying degrees of thresholding 

 

Figure 6 Extrapolation of the constituent solid material properties from the simulated 
macroscopic response of reconstructed structures [57] 

 The estimate of the elastic modulus of the constituent cell wall 

material is 29.78 GPa. The estimate of elastic modulus is quite high 

as compared to the earlier estimates from indirect methods [7], [53], 
[54] and is comparable to that of cellulose nanopaper [55]. 

 The yield strength of the material is estimated to be 40.76 MPa. This 

contrasts with the values of 67 MPa and 227 MPa obtained by 
Sehaqui et al. and Ali et al. respectively. 
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 The constants of scaling, representative of the geometry of the 

structure, suggest a cellular structure, which is neither fully open, 
nor fully closed. 

 The deformation of the cell walls is observed to be through the 

formation of plastic hinges. They are initiated by localised plastic 
deformation in the cell wall, following which a hinge/band forms 

along the surface of the cell wall. This is consistent with the 

experimental observations of Martoïa et al. [56]. 

 The cell walls of the foams used in our study are dense and are of 

only 5.45 % porosity, thereby almost acting like a continuum. 

3.2 Geometric modelling and finite element simulations 

A proper representation of the NFC foam geometry together with an 
appropriate material model allows for the study of the influence of the 

microstructural characteristics on the macroscopic behaviour of NFC foams. 
This also paves way for utilising the models so developed, in exploring the 

material in its possible structural applications.  

3.2.1 Two-dimensional representation 

Two-dimensional random Voronoi structures were investigated for their 
ability to represent the compressive stress-strain response of NFC foams. 

The structures investigated were truly random, in the sense that there is no 
restriction imposed on the initial distribution in space of the seed points. 

The structures were generated to be spatially periodic, thereby allowing for 
the implementation of periodic boundary conditions. With a view of 

capturing the densification at large strains, internal contact was defined 

within the internal boundaries of every cell in the structure. We began by 
establishing a representative volume size. Subsequently, to overcome the 

initial stiff response associated with straight cell walls in the Voronoi 
structure, we superposed the buckling modes of the structure before 

carrying out large strain compression loading.  

The comparison of the macroscopic compressive response to the 
experimental results available in literature was underwhelming. There was 
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only an order of magnitude agreement in the response, with the simulation 
results underestimating the compressive response as compared to the 

experiments. We utilised a linear elastic model, and thus the compressive 

response obtained from the two-dimensional structure must correspond to 
the theoretical maximum for this representation. The main conclusions 

from the analysis of the two-dimensional representation are summarised 
below. 

 Increased linear size of the structure, at high degrees of irregularity, 
increases the positive gradient of plateau stress regions. This is seen 
to be a consequence of the increase in the ratio of contact area to the 
available area for contact. 

 A decrease in the thickness of cell walls, while maintaining 
irregularity and cell count, but varying the linear size, decrease the 
slope of the plateau region and thus the effect of internal contact. 

 The influence of the superposed buckling modes, and thus the 

straightness of the cell walls, have a strong influence up to strain 

levels of about 1 %. At strain levels exceeding 4 %, the straightness of 
the cell walls has a negligible effect. This is seen by the fact that 

irrespective of the number of buckling modes superposed - thereby 
affecting the straightness of the cell walls – the macroscopic stresses 

reach identical stress levels (Figure 7). 

 

Figure 7 Influence of buckling mode superposition on 400 and 900 cells structure [58] 

 The total area in contact as a function of the total available area is 

mapped to the overall compressive response. 
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 2D representation is inadequate to represent the NFC foam 

compressive response. 

3.2.2 Three-dimensional representation and validation 

The work from two-dimensions was extended to three-dimensional random 

Voronoi structures. Here, to have more realistic representation and reduced 
polydispersity, we utilise centroidal tessellations to relax the Voronoi 

structure. We began by validating the response of the Voronoi structure 

against the tomography based simulations. To do this, cylindrical samples 
of the size identical to those of the structures constructed from tomography 

scans were carved out from larger three-dimensional Voronoi structures 
(Figure 8). These were then similarly loaded in compression. To introduce 

curvature into the cell walls, a linear thermal analysis was carried out with 

uniform thermal loading, while defining the cell walls to be three layered-
shells with differing coefficients of thermal expansion. Subsequently, we 

studied the full structure for scaling effects, the effect of the curvature of 
the cell walls and partially closed cell structure. The main conclusions are 

summarised below. 

 In validation, lower porosity is well represented by the random 
structure. At higher porosities, the random structure overestimates 
the peak stress as well as the densification regime. This is attributed 
to the increased thinning of the cell faces as compared to its vertices 
in the tomography based simulations, an effect that is not captured 
by uniform thinning of the cell walls in the reconstruction.  

 The relative elastic modulus and the relative yield strength converge 

for structures with 125 cells (Figure 9). In fact, the compressive 

response converges for the 125-cell structure to the 216-cell structure 
up to strain levels of 0.7. 

 Comparison with the 2D model shows that the response from the 3D 

structure is stiffer and provides a reasonable estimate of the 
experimental values of the 98.13% porous foam up to strain levels of 

about 0.6. The stiffer response is attributed to increased area 
available for contact as compared to the three-dimensional model. 
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Figure 8 Cylindrical sample reconstructed using Voronoi tessellation 

 

 
Figure 9 Convergence of the 125 cell RVE based on the (a) relative elastic modulus and (b) 

relative yield strength. 

 

 The densification stresses are, however, overestimated by the 3D 

model in comparison to the experiments.  
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4. CONCLUSIONS AND FINAL REMARKS 

 

The thesis aimed to explore the characterisation of NFC foam from both, 

the geometric and material standpoint. Towards this end, the feasibility of 

utilising random structures in representing the macroscopic compressive 
response was studied. In addition, the material properties of the cell walls 

that make up the NFC foam were explored alongside its characterisation in 
biaxial loading conditions. These studies combined, have answered some of 

the questions that are important towards developing models to study the 
compressive response of NFC foam. 

The experiments for determining the compressive response of foams, 

especially in cyclic and biaxial loading conditions indicated two important 
things: i) The foams undergo extensive irreversible damage in the firsts 

cycle of loading, and only then do they settle into an identical cyclical 
response, ii) Even for foams prepared by freeze-drying, with the possibility 

of having directionality owing to temperature gradients in the preparation 

process, the in-plane response is isotropic. The study of the material 
properties of the cell wall, through finite element simulations of structures 

reconstructed from tomography scans, revealed that the elastic modulus 
can be as high as ~30 GPa, the reported upper limit for NFC paper. The 

simulations also threw light upon the nature of deformation, providing an 

explanation for the large irreversible damage observed in the experiments – 
plastic hinge formation followed by the collapse of the inner 

microstructure. More importantly, the proposed method provides a way for 
identifying constitutive solid properties while accounting for the real 

microstructure geometry and not having to rely on indirect methods alone, 
albeit questions persisting on the representative nature of the scans. 

The geometric modelling efforts revealed the inability of two-dimensional 

random structures to represent the macroscopic response of NFC foams. 
However, it also provided a means of mapping uniquely the contribution of 

geometric effects arising from contact at large strains on the compressive 
response. This was, however, insufficient to capture the compressive 
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response. A three-dimensional model with reduced polydispersity was then 
validated against the tomography based simulations. The elasto-plastic 

material properties derived from tomography simulations were used to 

study the full structure, especially the effect of cell wall curvature and 
partially closed cells. While the three-dimensional model is better suited, it 

still does not address the questions of mass distribution along the cell faces 
and edges. That leaves us with questions for possible future work. 

A model that incorporates varying mass distributions between the cell faces 
and edges, perhaps something like those arising from spherical packing, 

needs to be explored. A large-scale study on the cell size distributions based 

on image analysis would provide the requisite stochastic information for 
such models. Although hyperelastic material models can represent the 

material behaviour, the way forward is most likely elasto-plastic laws with 
suitable hardening models. It is also desirable, from the view of structural 

applications, to model damage behaviour suitably. 
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6. SUMMARY OF APPENDED PAPERS 

 

Paper A: Analysis of the compressive response of Nano Fibrillar Cellulose 

foams 

Nano Fibrillar Cellulose (NFC) is fast emerging as a biomaterial with 
promising applications, one of which is cellular foam. The inner structure of 

the foam can take various shapes and hierarchical micro-structures 
depending on the manufacturing parameters. The compressive response of 

foams developed from these materials is currently a primary criterion for 
the material development. In this work, we focus on the connection 

between the non-linear part of the response and the inner structure of the 

material. We study the effect of internal contact and its contribution to 
gradual stiffening in the energy absorbing region and accelerated stiffening 

in the densification region of the large strain compressive response. We use 
the finite element method in this study and discuss the applicability and 

efficiency of different modelling techniques by considering well defined 

geometries and available experimental data. The relative contribution of 
internal contact is singled out and mapped onto the overall compressive 

response of the material. The effect of initial non-straightness of the cell 
walls is studied through superposing differing percentages of the buckling 

modes on the initial geometry. The initial non-straightness is seen to have a 

significant effect for only strains up to 1%. The secant modulus measured at 
slightly higher strains of 4%, demonstrates lesser effect from the non-

straightness of cell walls. The simulations capture the compressive response 
well into the densification regime and there is an order of magnitude 

agreement in between simulations and experiments. We observed that 
internal contact is crucial for capturing the trend of compressive response. 

Paper B: Experimental characterisation of nanofibrillated cellulose foams 

There is a growing interest in applications for nanofibrillated cellulose 
based materials owing to their exceptional mechanical properties. 

Nanofibrillated cellulose (NFC) foam is one such derivative which has 
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potential applications in a wide array of fields. Here, we characterise the 
mechanical properties of two high porosity NFC foams (98.13 and 98.96 %) 

prepared by a freeze-drying process. We evaluate their behaviour in uniaxial 

and biaxial compression with cyclic loading. The secondary loading cycles 
reveal complete irreversible damage of the microstructure, with the 

secondary loading path being characterised by near zero plateau stress. In 
force-controlled tests, negligible hysteresis corroborates the idea that there 

is no energy dissipation owing to near complete microstructural damage. 
Furthermore, we observe no indications of preferential orientation of the 

microstructure in these tests. The stress responses in mutually 

perpendicular directions are seen to be identical, within statistical 
considerations. We then utilise the ‘‘pseudo-elastic’’ model developed and 

adopt it to the case of highly compressible Ogden strain energy formulation 
with a modified neo-Hookean for the unloading, with a view of fitting a 

continuum hyperelastic model to the experimental data. The material 

parameters obtained from uniaxial data are seen to be insufficient to 
describe the more general biaxial deformation. The parameters obtained 

from the biaxial test describe uniaxial deformation up to stretches of ~0.5 
but overestimate the stress levels beyond that point.  

Paper C: Material properties of the cell walls in nanofibrillar cellulose 

foams from finite element modelling of tomography scans 

The mechanical properties of the nanofibrillar cellulose foam depend on the 

microstructure of the foam and on the constituent solid properties. The 
latter are hard to extract experimentally due to difficulties in performing the 

experiments on the micro-scale. The aim of this work is to provide 
methodology for doing it indirectly using extracted geometry of the 

microstructure. X-ray computed tomography scans are used to reconstruct 

the microstructure of a nanofibrillar cellulose foam sample. By varying the 
levels of thresholding, structure of differing porosities of the same foam 

structure are obtained and their macroscopic properties of the uniaxial 
compression are computed by finite element simulations. A power law 

relation, equivalent to 
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classical foam scaling laws, are fit to the data obtained from simulation at 
different relative densities for the same structure. The relation thus 

obtained, is used to determine the cell wall material properties, viz. elastic 

modulus and yield strength, by extrapolating it to the experimental porosity 
and using the measured response at this porosity. The simulations also 

provide qualitative insights into the nature of irreversible deformations, not 
only corroborating the experimental results, but also providing possible 

explanation to the mechanisms responsible for crushable behaviour of the 
nanofibrillar cellulose foams in compression.  

Paper D: Three-dimensional random structure representation for 

nanofibrillar cellulose foams: Validation and representative volume 
simulations 

We investigate the suitability of three-dimensional Voronoi structures in 
representing a large strain macroscopic compressive response of 

nanofibrillar cellulose foams and understanding the connection between 

the features of the response and details of the microstructure. We utilise 
Lloyd’s algorithm to generate centroidal tessellations to relax the Voronoi 

structures and have reduced polydispersity. We begin by validating these 
structures against simulations of structures recreated from 

microtomography scans. We show that by controlling the cell face 

curvature, it is possible to match the compressive response for a 96.02% 
porous structure. For the structures of higher porosity (98.41%), the 

compressive response can only be matched up to strain levels of 0.4 with 
the densification stresses being overestimated. We then ascertain the 

representative volume element (RVE) size based on the measures of relative 
elastic modulus and relative yield strength. The effects of cell face curvature 

and partially closed cells on the elastic modulus and plateau stress is then 

estimated. Finally, the large strain response is compared against the two-
dimensional Voronoi model and available experimental data for NFC foams. 

The results show that compared to the two-dimensional model, the three-
dimensional analysis provides a stiffer response at a given porosity due to 

earlier self-contact. The results also indicated that for capturing the 

densification stress levels, the Voronoi structures must be modified to 
account for uneven mass distribution in the cell walls of the foam. 


