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Abstract 
 
There has been a growing interest in nano-fibrillar cellulose (NFC), which has 
been fuelled not merely by the advantages it presents in terms of strength to 
weight ratio and biodegradability, but also owing to the recent advances in 
production techniques. NFC foam is essentially a hierarchical structure, wherein 
nanofibrils account for the smallest scale, with the pores/cell walls forming the 
meso scale. A complete scanning of the mechanical property space would require 
understanding of the contribution of each of these scales in these foams. We aim 
to understand these scale relationships, eventually allowing for the possibility of 
tailoring material properties at scales of interest. 
 
In paper A, we look at the applicability of two-dimensional random Voronoi 
structures in capturing the large-strain compressive response of these foams. We 
introduce internal contact, into the interiors of the cell walls, with the aim of 
capturing the densification regime. We then study the scaling effects associated 
with such a model, and, subsequently single out the contribution of internal 
contact on the overall compressive response. While it is seen that internal contact 
in random structures allow for capturing the densification regime, the model only 
provides an order of magnitude agreement with experimental data.  
 
In paper B, we characterize the NFC foam based on both uni-axial and bi-axial 
experiments. One of the aims is to ascertain if there are effects of directionality to 
the stress-strain response. For the two considered porosities, we do not find any 
evidence for directionality in the response. We then proceed to make the 
assumption of isotropy, and adopt the well-known Ogden-Roxburgh “pseudo-
elastic” model - originally proposed for incompressible rubber like materials - for 
the particular case of highly compressible foams. The model allows to capture the 
damage observed in unloading and also the significant residual strains. 
 
 
 
 
  



 
 

Sammanfattning 
Det finns ett växande intresse för nanofibrillar cellulosa (NFC), inte bara på grund 
av goda egenskaper som hög styrka i förhållande till vikt samt nedbrytbarhet, utan 
även beroende på framsteg inom produktionstekniken. NFC-skum är i huvudsak 
en hierarkisk struktur, där nanofibriller representerar den minsta skalan och 
porer/cellväggar representerar meso-skalan. En fullständig karaktärisering av 
skummets mekaniska egenskaper kräver förståelse för bidraget från var och en av 
dessa skalor. Vårt mål är att förstå hur skalorna relaterar till varandra vilket 
öppnar för möjligheten att skräddarsy materialegenskaper för skalor av intresse. 
 
I artikel A undersöker vi förmågan hos tvådimensionella slumpmässiga Voronoi 
strukturer att fånga spännings-töjningsbeteendet i tryck för dessa skum. I syfte att 
fånga förtätningseffekter hos spännings-töjningsbeteendet introducerar vi intern 
kontakt i det inre av cellväggarna. Vi studerar sedan skalningseffekterna 
associerade med en sådan modell, och isolerar bidraget från intern kontakt på 
skummets övergripande beteende i tryck. Även om det framgår att modellering av 
intern kontakt för slumpmässiga strukturer gör det möjligt att fånga 
förtätningsbeteendet ger modellen endast överensstämmelse inom en 
storleksordning mot experimentell data. 
 
I artikel B karaktäriserar vi NFC skum med hjälp av enaxliga och biaxiella prov. 
Ett av syftena är att undersöka huruvida det finns ett riktningsberoende hos 
spännings-töjningsbeteendet. För de två undersökta porositeterna finner vi inga 
bevis för riktningskänslighet hos spännings-töjningsbeteendet. Vi fortsätter sedan 
med att göra ett antagande om isotropi och tillämpar den välkända pseudo-
elastiska Ogden-Roxburgh modellen, från början utvecklad för inkompressibla 
gummiliknande material, för de starkt kompressibla skummen. Modellen gör det 
möjligt att fånga de skador och restspänningar som uppstår vid avlastning. 
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Introduction  

The emergence of electronic media has led to a significant drop in paper 

consumption and at the same time has brought an immense amount of electronics 

to the market. The majority of these new products are made of inorganic materials 

that present a formidable disposal problem due to difficulties in recycling and 

prolonged degradation. This poses a new challenge of how to replace inorganic, 

non-degradable materials with biocomposites, particularly, wood-based 

composites that will have matching or superior functionalities and be cost 

effective. The applications and new advances include using cellulose nanofibrils 

in reinforced adhesives, in optically transparent paper for electronic displays, in 

hybrid/composite materials, in packaging, in printed electronics, in tissue 

engineering and in many other fields (Eichhorn et al., 2009). Such a replacement 

will provide new perspectives for wood processing industries, which are among 

the key industries in the Nordic regions. 

It has relatively recently been shown, however, that if wood is disintegrated even 

further to micro- and nanofibrils, new possibilities emerge (Duchemin et al., 2009; 

Henriksson et al., 2008; Jin et al., 2004). For example, when working with 

nanofibrillar cellulose (NFC), there are no longer dominating forces affecting the 

structure (such as, for instance, capillary and shear forces in papermaking). 

Alignment of NFC fibrils can be affected by a broad range of factors including 

intermolecular dynamics. Furthermore, such fibrils are extremely stiff due to high 

rigidity of the cellulose crystals. As a consequence, the type of structures that can 

be formed with these nanofibers ranges from thin and light yet very stiff, to 

bulky/sparse that may be either stiff or soft (Hoepfner et al., 2007). Such 

structures can be fully transparent (Kim et al., 2009) or chalk white (Eichhorn et 

al., 2009). Their mechanical, transport and optical properties depend on the inner 
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structure of the material. Another interesting aspect of NFC fibrils is that they 

form self-organizing, hierarchical structures at various scales (Figure 1). Starting 

from suspension and during dewatering individual NFC fibrils form bundles.  

(a) (b)

 

Figure 1: SEM images of (a) a cellulose nanofibrils film surface showing a fibrous network (b) 
the cross section of a fracture surface of a film showing a layered structure 

 

These bundles arrange in thin layers, which may align in an arbitrary manner 

depending on dewatering/evaporation conditions. By including other ingredients 

in the suspension, one can obtain an enormous range of various nanostructures 

Hierarchical structures, similar to those described above, can be found in nature 

and in many biomaterials (Gao et al., 2003). Mechanical properties have been 

recognized as one of the most important aspects with regard to understanding 

these fascinating materials (Gibson and Ashby, 1988; Kassner et al., 2005). Some 

NFC materials are already available on the market and there is intensive research 

with the focus being on industrial applications (Eichhorn et al., 2009). The main 

subject of the current project is low-density structures such as foam and aerogels. 
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Methods 

The material 

Cellulose, a crystalline structural polysaccharide (Salajkova, 2013), is the primary 

constituent of nanofibrillar cellulose (NFC). From an engineering viewpoint, 

cellulose stands out for its mechanical properties, especially its high tensile 

strength. A combination of chemical (or more specifically enzymatic) and 

mechanical methods are used to obtain nanofibrils, whose cross-section 

dimensions are in the nanometre scale and the length dimensions in the 

micrometre scale. Typical values of its Young’s modulus and cross-section 

diameter are 120-140 GPa (Sakurada and Kaisuke, 1970; Sakurada and 

Nubushina, 1962) and 3-5 nm (Salajkova, 2013) respectively. The nanofibrils thus 

extracted are usually in an aggregate form, and is homogenised, before being 

freeze dried. The process of freezing initiates’ nucleation of ice crystals and the 

subsequent drying results in porous, foam like structure which we refer to as NFC  

(a)

 

(b)

 

Figure 2: (a) NFC foams prepared under different freeze-drying conditions (b) 2D X-Ray micro-
tomography picture of 3D layered structure of NFC foams (Sievänen and Hentze, 2009) 
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foams (also referred to as aerogels in literature, (Figure 2)). The foams formed in 

this fashion have densities typically between 7 – 150 kg/m3(Ali and Gibson, 

2013). 

Random structures 

One of the fundamental questions when dealing with hierarchical structures is the 

relationship between different scales and their individual contributions to the 

overall macroscopic response of the structure. Cellular solids were initially 

addressed by analysing single cell structures, a method which has been successful 

in describing the elastic properties of foams (Gibson and Ashby, 1988).  For 

example, it is well understood that the ratio of elastic modulus of an open cell 

foam structure deforming through the bending of cell walls to the elastic modulus 

of the constituent solid scales with the square of relative density (Gibson and 

Ashby, 1988). The stress-plateau of the compressive response is also well 

characterised by such scaling laws.  

The geometry of the foam structure has a vital role in the compressive stress-

strain response, particularly in the densification regime, where the stress response  

is understood to be governed by the geometry alone (Ashby, 2006). The geometry 

 

Figure 3: Example of 2D random structures of varying linear dimension used in the study of 
scaling effects 
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of foam like structures, especially those which are physically formed by 

nucleation mechanisms, is known to be well represented by random Voronoi 

tessellations.  Voronoi tessellations are random geometric tessellations, which, in 

the two-dimensional case span the space with convex polygons (Figure 3). 

They have been extensively studied (Roberts and Garboczi, 2002; Silva et al., 

1995; Vanderburg et al., 1997; Zhu and Windle, 2002; H X Zhu et al., 2001; H.X. 

Zhu et al., 2001) and its applicability in modelling the compressive response of 

foams is well documented. We start by utilising this random structure, and look at 

its utility to modelling of the compressive response of NFC foams. We line the 

interior of each cell in this random structure with contact elements and study the 

scaling effects of such a structure. We then study the effects of cell wall thickness 

in such structures on the macroscopic response and the effect of non-straightness 

of the cell walls on the small-strain response. Comparisons with experimental 

results are then made to ascertain the applicability of the model. 

 

Material characterisation 

The compressive stress-strain response of cellular solids usually exhibit three 

distinct regimes: linear elastic regime at small strains, followed by a stress-plateau  

at intermediate strains (and sometimes gradual densification) and then finally a 

region of densification. The response of NFC foams is characterised by a gradual 

increase in the stress levels throughout the “stress-plateau” and a smooth 

transition into the densification regime. The production of NFC foams by the 

method of freeze-drying is speculated to introduce some directionality to the 

response. Nanofibril’s orientation at the micro-scale is known to contribute to the 

anisotropy at that scale, but whether such directionality in the meso-scale of the 
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Figure 4: Bi-axial compression loading of foams 

 

structure, truly induces anisotropy has not been verified.  We characterise the 

NFC foam by studying its response under bi-axial loading (Figure 4) conditions, 

in conjunction with the uni-axial response recorded in three orthogonal directions. 
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Results and discussions 

Numerical 

The results from the numerical modelling of random structures can be 

summarised as follows (Srinivasa and Kulachenko, 2015): 

− Increasing the linear size of the volume element, at high degrees of 

irregularity, increases the positive gradient of plateau stress regions. This 

is shown to be a consequence of increasing ratio of contact area to 

available area for contact (Figure 5). 

 

Figure 5: Percentage of area in contact as a function of total available contact area (Srinivasa and 
Kulachenko, 2015) 
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− A decrease in the thickness of cell walls - while maintaining irregularity 

and cell count, but varying the linear size – decreases the slope of the 

plateau region and the effect of internal contact. 

− Defining internal contact allows isolating the geometric contribution and 

mapping it to the overall compressive stress-strain response. The 

densification brought about by an exponential increase in contact area is 

well captured. 

− Accounting only for geometric non-linearity, through the random 

structure, only allows for capturing the trend of the overall response. There 

is only an order of magnitude agreement between the experiments and 

numerical results. 

 

Experimental 

The results from the experiments and material modelling can be summarised thus: 

− The uniaxial tests do not reveal any statistically significant directionality 

in the three mutually orthogonal directions that they were tested for. The 

in-plane biaxial tests confirm this observation, at least for the two mutually 

orthogonal in-plane directions (Figure 6). Thus, it appears to be reasonable 

to assume isotropy, for the purposes of material modelling. 

− A “pseudo-elastic” material model, originally devised for incompressible 

rubber-like materials, is shown to capture the unloading of these foams – 

which involve large residual strains and almost negligible stress softening 

– reasonably well. The parameters obtained from uni-axial test data are 

found inadequate to describe the more general bi-axial deformation 

beyond strain levels of 30%. The parameters from the bi-axial deformation 

performs a little better in representing uni-axial deformation, but 
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overestimates the stresses in uni-axial deformation for strain levels in 

excess of 50%. 

 

(a)

 

(b)

 

Figure 6: Represnetative bi-axial compression results in force and displacement controlled 
methods for foams of 98.96% porosity 
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Conclusion 

The numerical model helped to isolate the effect of internal-contact on 

compressive response of random structures. This in principle accounts for the 

geometric non-linearity in random structures. With internal contact incorporated, 

the non-straightness of the cell walls was seen to have a negligible effect on the 

initial plateau stress. The slope of the plateau stress region was shown to be 

affected by scaling for the case of high degree of irregularity in the structure. It is 

interesting to note that for such structures, geometry has a role to play even in the 

plateau stress, as was seen by the increase in percentage of area in contact. The 

general trend of the compressive stress-strain response is achieved; however it 

proves insufficient to match the experimental results. Considering that we utilise a 

linear elastic material model and assumed open cell wall structure, the numerical 

results must be the upper bound for the stresses.  

 

The speculation that directionality might be a contributing factor to the observed 

differences in the numerical model is laid to rest with the experimental results, at 

least for the foams that were used in experimental characterisation. There appears 

no evidence in our experiments that anisotropy has a role to play in the observed 

differences between numerical and experimental results. The experiments, 

especially in cyclic loading, provide some insights into the extent of damage 

suffered by the microstructure. Near zero stress levels in the plateau region for 

displacement control and negligible hysteresis in force control suggest an almost 

complete damage of the microstructure. The partial loading-unloading results also 

justify these observations. A full 3D representation of the microstructure, together 

with imposition of the statistical distributions may yet provide answers for the 

discrepancies observed between numerical and experimental results. 



 

 

 

19 

 

 

 

  



Non-linear mechanics of nanocellulose foams 

 

 

20 

 

 

 

Bibliography  

Ali, Z.M., Gibson, L.J., 2013. The structure and mechanics of nanofibrillar 
cellulose foams. Soft Matter 9, 1580. doi:10.1039/c2sm27197d 

Ashby, M.F., 2006. The properties of foams and lattices. Philos. Trans. A. Math. 
Phys. Eng. Sci. 364, 15–30. doi:10.1098/rsta.2005.1678 

Duchemin, J.C., Staiger, M.P., Tucker, N., Newman, R.H., 2009. Aerocellulose 
Based on All-Cellulose Composites 12–16. doi:10.1002/app 

Eichhorn, S.J., Dufresne, A., Aranguren, M., Marcovich, N.E., Capadona, J.R., 
Rowan, S.J., Weder, C., Thielemans, W., Roman, M., Renneckar, S., Gindl, 
W., Veigel, S., Keckes, J., Yano, H., Abe, K., Nogi, M., Nakagaito, a. N., 
Mangalam, A., Simonsen, J., Benight, a. S., Bismarck, A., Berglund, L. a., 
Peijs, T., 2009. Review: Current International Research into Cellulose 
Nanofibres and Nanocomposites, Journal of Materials Science. 
doi:10.1007/s10853-009-3874-0 

Gao, H., Ji, B., Jager, I.L., Arzt, E., Fratzl, P., 2003. Materials become insensitive 
to flaws at nanoscale: lessons from nature. Proc. Natl. Acad. Sci. U. S. A. 
100, 5597–5600. doi:10.1073/pnas.0631609100 

Gibson, L.J., Ashby, M.F., 1988. Cellular Solids. Pergamon press, New York. 

Henriksson, M., Berglund, L.A., Isaksson, P., Lindstro, T., 2008. Cellulose 
Nanopaper Structures of High Toughness 1579–1585. 

Hoepfner, S., Ratke, L., Milow, B., 2007. Synthesis and characterisation of 
nanofibrillar cellulose aerogels. Cellulose 15, 121–129. doi:10.1007/s10570-
007-9146-8 

Jin, H., Nishiyama, Y., Wada, M., Kuga, S., 2004. Nanofibrillar cellulose 
aerogels. Colloids Surfaces A Physicochem. Eng. Asp. 240, 63–67. 
doi:10.1016/j.colsurfa.2004.03.007 

Kassner, M.E., Nemat-Nasser, S., Suo, Z., Bao, G., Barbour, J.C., Brinson, L.C., 
Espinosa, H., Gao, H., Granick, S., Gumbsch, P., Kim, K.-S., Knauss, W., 
Kubin, L., Langer, J., Larson, B.C., Mahadevan, L., Majumdar, A., Torquato, 



 

 

 

21 

 

 

 

S., van Swol, F., 2005. New directions in mechanics. Mech. Mater. 37, 231–
259. doi:10.1016/j.mechmat.2004.04.009 

Kim, Y., Kim, H.-S., Bak, H., Yun, Y.S., Cho, S.Y., Jin, H.-J., 2009. Transparent 
conducting films based on nanofibrous polymeric membranes and single-
walled carbon nanotubes. J. Appl. Polym. Sci. 114, 2864–2872. 
doi:10.1002/app.30829 

Roberts, A.P., Garboczi, E.J., 2002. Elastic properties of model random three-
dimensional open-cell solids. J. Mech. Phys. Solids 50, 33–55. 
doi:10.1016/S0022-5096(01)00056-4 

Sakurada, I., Kaisuke, K., 1970. Relation between the Polymer confirmation and 
the elastic modulus of the crystalline region of Polymer. J. Polym. Sci. 76, 
57–76. 

Sakurada, I., Nubushina, Y., 1962. Experimental Determination of the Elastic 
Modulus of Crystalline Regions in Oriented Polymere 57, 651–660. 

Salajkova, M., 2013. Wood Nanocellulose Materials and Effects from Surface 
Modification of Nanoparticles. KTH - Royal Institute of Technology. 

Sievänen, J., Hentze, H.-P., 2009. Morphological design of highly porous 
nanocellulose structures, in: International Conference on Nanotechnology for 
the Forest Products Industry. Edmonton, Canada. 

Silva, M.J., Hayes, W.C., Gibson, L.J., 1995. The Effects ofNon-periodic 
Microstructure on the Elastic Properties of Two-dimensional Cellular Solids. 
Int. J. Mech. Sci. 37, 1161–1177. 

Srinivasa, P., Kulachenko, A., 2015. Analysis of the compressive response of 
Nano Fibrillar Cellulose foams. Mech. Mater. 80, 13–26. 
doi:10.1016/j.mechmat.2014.09.006 

Vanderburg, M.W.D., Shulmeister, V., Van Der Giessen, E., Marrisen, R., 1997. 
On the Linear Elastic Properties of Regular and Random Open-Cell Foam 
Models. J. Cell. Plast. 33, 31–54. doi:10.1177/0021955X9703300103 

Zhu, H.X., Hobdell, J.R., Windle, A.H., 2001. Effects of cell irregularity on the 
elastic properties of 2D Voronoi honeycombs. J. Mech. Phys. Solids 49, 
857–870. 



Non-linear mechanics of nanocellulose foams 

 

 

22 

 

 

 

Zhu, H.X., Thorpe, S.M., Windle, A.H., 2001. The geometrical properties of 
irregular two-dimensional Voronoi tessellations. Philos. Mag. 81, 2765–
2783. 

Zhu, H.X., Windle, A.H., 2002. Effects of cell irregularity on the high strain 
compression of open-cell foams. Acta Mater. 50, 1041–1052. 
doi:10.1016/S1359-6454(01)00402-5 

 

  



 

 

 

23 

 

 

 

 


