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Abstract 

 
Today, the majority of materials used for single-use packaging are petroleum-based synthetic 
polymers. With increased concern about the environmental protection, efforts have been made 
to develop alternative biodegradable materials from renewable resources. Starch offers an 
attractive alternative since it is of low cost and abundant. However, the starch material is 
brittle without plasticizer and the mechanical properties of starch materials are highly 
sensitive to moisture.  

In nature, the plant cell walls combine mechanical stiffness, strength and toughness 
despite a highly hydrated state. This interesting combination of properties is attributed to a 
network based on cellulose microfibrils. Inspired by this, microfibrillated cellulose (MFC) 
reinforced starch-based nanocomposites films and foams were prepared. Films with a viscous 
matrix and MFC contents from 10 to 70wt% were successfully obtained by solvent casting. 
The films were characterized by DSC, DMA, FE-SEM, XRD, mercury density measurements, 
and dynamic water vapor sorption (DVS). At 70wt% MFC content a high tensile strength 
together with high modulus and high work of fracture was observed. This was due to the 
nanofiber and matrix properties, favourable nanofiber-matrix interaction, a good dispersion of 
nanofibers and the MFC network. 

Novel nanocomposite foams were obtained by freeze-drying aquagels prepared from 
8wt% solutions of amylopectin starch and MFC. The MFC content was varied from 10 to 
70wt%. For composite foam with MFC contents up to 40wt%, improved mechanical 
properties were observed in compression. The mechanical properties depended both on the 
cell wall properties and the cell-structure of the foam. The effect of moisture (20-80% RH) on 
the dynamical properties of composite foam with 40wt% MFC was also investigated and 
compared to those of neat starch foam. Improved storage modulus was noted with MFC 
content, which was a result of the nanofiber network in the cell-wall. In addition, the moisture 
content decreased with MFC content, due to the less hydrophilic nature of MFC.  
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1. Purpose of this study  
 
The purpose of this study was to prepare bio-inspired nanocomposite foams and films and to 
characterize their structure and mechanical properties. The objective was also to develop 
some understanding for the relationships between structure and physical and mechanical 
properties of the foams and films. Raw-materials from renewable resources were chosen in 
the form of amylopectin starch and MFC. The MFC was used as reinforcement to starch, in 
order to improve mechanical properties and decrease moisture sensitivity. This was inspired 
by the primary cell wall in plants, which combines mechanical stiffness, strength and 
toughness despite a highly hydrated state. First, MFC reinforced plasticized starch composites 
with a viscous matrix, due to high glycerol content, were prepared. The structure, physical 
and mechanical properties of these films was investigated. The properties of films helped in 
understanding the cell wall properties of nanocomposite foams. Then, novel MFC reinforced 
starch-based composite foams were successfully prepared by the lyophilization technique. 
The foams showed a composite structure at the cell wall scale, in addition to the cell structure 
at the scale of tens of micrometers. The relationship between structure and physical and 
mechanical properties of these foams were studied as a function of MFC content.  
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2. Introduction 
 
There is a global interest in replacing oil-based synthetic polymers with alternative 
environmentally friendly polymers. The most common materials in the production of plastic 
foams are polystyrene, polyurethane and polyvinyl chloride. The large quantities of these 
materials used, have raised concern about their negative effect on the environment. Upon 
disposal of petroleum-based products, carbon dioxide is emitted to the atmosphere. 
Biopolymer based products on the other hand are carbon dioxide neutral, because they release 
the same amount of carbon dioxide as was used during the growing period of the plant. 

Examples of biodegradable polymers used in foams are; polylactic acid (PLA), 
polycaprolactone (PCL) and polyesteramide. However, expensive resins and uncertain 
availability of commercial raw materials limit their applications1. Starch is a biopolymer of 
interest as a raw material for single use foam products. Starch offers an attractive alternative 
because it is cheap and widely available. However, the native starch material needs further 
improvements before it can be used, since it is brittle without plasticizer and its mechanical 
properties are highly sensitive to moisture.  

In nature, the plant cell walls combine mechanical stiffness, strength and toughness 
despite a highly hydrated state. The primary wall of plant cells has a water-pectin matrix of 
viscous characteristics. In addition, the primary cell wall also contains a network based on 
cellulose microfibrils and it is the presence of this network that causes its appealing 
combination of mechanical properties. Therefore, an interesting possibility to improve starch 
properties is to produce bio-inspired nanocomposite films through reinforcement of 
plasticized starch by microfibrillated (MFC) cellulose nanofibers. Also, the possibility of 
making foams with MFC reinforced cell walls is worth investigation. 
 
2.1 Starch 
 
Starch is, second to cellulose, the most common carbohydrate polymer in the biosphere. 
Starch is found in plants where it serves as an energy reserve. In nature, starch is in the form 
of granules, which contain two main types of starch polysaccharides called amylose and 
amylopectin. Whereas the amylopectin is an extensively branched macromolecule, amylose is 
linear or slightly branched. Both polymers are composed of α-D-glucose units. The units are 
connected with (1→ 4)-linkages, with occasional branches from the linear chain through a 
(1→ 6)-linkage, as in the case of highly branched amylopectin. Amylopectin, which is the 
main component of most starches (~ 75%), enables the structuring of the granule2 and has a 
molecular weight 1000 times that of amylose.  The amylose consists of 500 to 6000 glucose 
units, the exact number depending on the botanical origin of the starch.  

Amylopectin and amylose are organised within granules as shown in Figure 1. The 
granules are semi-crystalline with crystallinities of approximately 30%3. The crystallinity is 
attributed to the short-chain fraction of amylopectin arranged as double helices3. The exact 
shape and size of the granules depend on their botanical origin. 
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Figure 1. The organisation within the starch granule at different magnifications, showing the 
concentric growth rings in the granule (left), which are composed of amorphous and crystalline 
lamellae (middle and right). Glucose units are shown as dark grey spheres. The amylose molecule 
(light grey spheres) is amorphous. From Eliasson et al2.   
 
The starch backbone has several hydroxyl groups attached to it. There is a strong interaction 
through hydrogen bonding between starch chains and between starch and water.  In cold 
water, the starch granules are insoluble as a result of the structural arrangement within the 
granule (see Figure 1). However, when brought to cooking in presence of water, the chains in 
the granular structure are forced apart and starch-starch interactions are replaced by starch-
water interactions. This is an irreversible change, resulting in the loss of the native crystalline 
order, amylose leaching out and swelling of the granules. As a consequence, the viscosity of 
the solution gradually increases. The hydration within the granule is called gelatinisation, and 
it results in a starch paste. With further heating, or in presence of mechanical shear, the 
remaining wrappings of the starch granules, enriched in amylopectin, eventually rupture and 
the starch polymers are dissolved, i.e. over-cooking. This decreases the viscosity of the 
solution.  

Upon cooling the solution, an opaque gel of amylose and amylopectin is gradually 
formed. The starch chains are rearranged and a three-dimensional network with a new 
crystalline structure is created. This phenomenon is referred to as retrogradation. At this 
stage, the linear amylose molecules have greater mobility than amylopectin and are 
reorganized into a more ordered structure.  

Materials made of native starch or the starch polysaccharides, amylose or 
amylopectin, demonstrate different mechanical behaviour. Films made of the linear 
polysaccharide amylose are strong and flexible, whereas amylopectin films are weak and 
brittle4. Native starch films, which are a mixture of the two polysaccharides, have properties 
between these.  

Both the glass transition, Tg, and the melting, Tm, temperatures of dry native starch 
materials are difficult to measure, because thermal degradation occurs before these 
temperatures. By the addition of plasticizer the glass transition and melting temperature are 
depressed, changing the mode of failure in tension from brittle to ductile for starchy materials. 
Water functions as a plasticizer, although it has disadvantages in this function. It evaporates 
readily, and small changes in water content can lead to large changes in mechanical 
behaviour. Therefore other non-volatile plasticizers are used. The most frequently used are 
low weight hydroxyl compounds such as glycerol. In general, the addition of plasticizer to 
starch material lowers Tg and changes its mechanical behaviour by decreasing the stiffness 
and strength, while increasing the strain-to-failure5,6. 
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2.2 Microfibrillated cellulose 
 
The most common polysaccharide in the biosphere, cellulose, is a linear polymer of β-D-
glucose units connected by (1→ 4)-linkages. In nature, cellulose is the load-bearing 
component in cell walls of plants and it is also found in tunicate sea animals. Cellulose is 
organized in microfibrils, with a cross-sectional dimension of 3-5 nm for wood cellulose. The 
microfibrils contain both crystalline and less ordered regions, so-called paracrystalline 
structure, and are held together by hydrogen bonds both within and between neighbouring 
polymer chains. Aggregates of cellulose microfibrils are termed cellulose fibril aggregates. 
The term microfibrillated cellulose (MFC) usually refers to cellulose fibril aggregates 
obtained through disintegration of the cell wall in cellulose fibers. A model7 of the cellulose 
fibril aggregate is shown in Figure 2. 
 

 
Figure 2. Model of cellulose fibril aggregate consisting of microfibrils. 
Image is modification of figure in Fengel7. 

 
Microfibrillated cellulose (MFC) is interesting in the context of nanocomposites, since MFC 
and polysaccharide whiskers show high reinforcing effect8-16. The axial Young’s modulus of 
cellulose has been measured to be 134 GPa17.  

 
2.3 Mechanics of cellular solids  
 
A cellular solid is obtained when many cells with solid edges or faces are packed together in 
space18. We are surrounded by foams. In nature, examples of cellular solids are; wood, cork, 
sponge, coral and cancellous bone of animals. Man-made foams are found in packaging 
materials, within cars or aeroplanes, and in food such as bread, puffed rice and meringue, to 
mention a few. Today, many materials can be foamed such as polymers, metals, ceramics, 
glasses and composites.  

The function of cellular solids depends on its area of use. In the case of cancellous 
bone in humans, the purpose of the porous cellular bone is to reduce the weight while still 
fulfilling its mechanical function. In protective packaging applications, the task of the foam is 
to convert kinetic energy into some other form of energy, usually heat. In addition, the foam 
must keep the peak force on the packaged object below the level which will damage it. Cheap 
and light-weight foams are preferred in packaging applications.  
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Figure 3. Stress-strain curves for a solid and a foam made from the same 
elastomeric material. The area underneath the curves is the energy per unit 
volume absorbed at a peak stress, σp.  After Gibson and Ashby18.   

 
The energy-absorbing capacity of a foam and a solid made of the same material are very 
different, as shown in Figure 3. The absorbed energy per unit volume is the area underneath 
the compressive stress – strain curve. For the same peak-stress, the foam absorbs more energy 
per unit volume. This is due to the long, flat plateau of the stress-strain curve, as shown in 
Figure 3. By using different materials and changing the (relative) density, the properties of the 
foam can be customized to give optimal protection for a given package. 

The properties of foams depend on two sets of parameters. The first contains 
parameters which describe the properties of the cell wall material itself. Foams made of 
glassy polymers or elastomers are rigid or flexible, respectively. Rigid foams are relatively 
stiff. In compression, the cells collapse by plastic yielding or brittle crushing, whereas flexible 
foams are relatively compliant and collapse by elastic buckling of the cell walls. In contrast to 
the rigid foams, the elastomeric foams recover completely when unloaded after compression.  

The second set of parameters describes the geometric structure of the foam. These 
include the relative density, the cell size, the cell shape and the way the solid is distributed 
between the cell edges and faces. The relative density, sρρ ∗ , is defined as the density of the 
foam, , divided by that of the solid from which the cell walls are made, *ρ sρ .  

The compressive stress-strain curve in Figure 3 can be divided into three regimes; the 
linear elastic regime at low stresses, the cell-collapse regime displayed as a long flat plateau 
in the stress-strain curve and finally the densification regime in which the stress rises steeply. 
Each of these three regimes has a typical mechanism of deformation associated to it. 
 
 Linear elastic deformation 
 
In compression, foams with open or closed cells will give raise to different linear elastic 
behaviour. In open cell foams; cell-wall bending, cell-wall axial compression and fluid flow 
between cells contribute to the elastic modulus. However, at low relative densities, cell edge 
bending is the primary deformation mechanism. The contribution of simple compression of 
the cell walls becomes more significant as the relative density increases ( sρρ ∗ > 0.1) and 
the contribution from fluid flow is only noticeable if the fluid has high viscosity or the strain-
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rate is very high. In Figure 4 (a) a cubic model for an isotropic open-cell foam is shown and in 
4 (b) cell edge bending of this model cell is illustrated. 
 

 
Figure 4.  A cubic model for an isotropic open-cell foam (a). Cell edge bending during linear-elastic 
deformation (b).  After Gibson and Ashby18.   
 
Closed cell foams deform by cell edge bending, cell-edge contraction and stretching of the 
membranes which form the cell faces, and compression of the cell fluid. If the fluid inside the 
cells is gas of atmospheric pressure, the contribution of the cell fluid is small. However, the 
contribution can not be ignored if the gas pressure is much larger than atmospheric or if it is a 
liquid.    
Gibson and Ashby18 derived the following scaling equations for isotropic foams: 
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Es and E* are the modulus for the material of cell wall and foam, respectively. Φ is the 
fraction of solid in the cell edges, *ν is Poisson’s ratio and p0 is the initial pressure of the fluid 
within the cells.  

The right hand side term in equation (1) is due to cell-edge bending only.  The first 
right hand side term in equation (2) is due to cell-edge bending, the second term is due to the 
cell face stretching and the third term is the contribution from cell fluid. The relative 
contribution from cell edge bending and cell face stretching to the stiffness of closed cell 
foams depends on the distribution of solid between cell-faces and cell-edges, expressed 
through Φ. In order to obtain the relative modulus of a foam using equations (1) or (2), 
information is needed on the geometrical structure of the foam as well as on the properties for 
the material in the cell wall.  
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Collapse plateau 
 
The collapse plateaus and collapse mechanisms are different for foams made from elastic, 
ductile or brittle materials. For open cell elastomeric foams, the cell walls buckle when 
compressed beyond the linear-elastic regime as shown in Figure 5 (a). A closed-cell foam is 
more complex. In this case, the cell fluid and cell faces also contribute to the collapse 
behaviour, by increasing the stress for the initiation of collapse, , and modifying the post-
collapse behaviour of the foam. Foams that collapse plastically, as shown in Figure 5 (b), are 
made from materials with a plastic yield point. In closed cell foams, the membranes are 
stretched and the plastic work required increases the yield strength, , of the foam. If cell 
fluid is present, this also can contribute to the collapse stress and post-collapse behaviour of 
the foam.  Brittle foams collapse by brittle crushing. The collapse mechanism for an open cell 
foam is shown in Figure 5 (c). As before, the presence of cell faces can increase the crushing 
strength, , of the foam.   

*
elσ

*
plσ

*
crσ

 
 

 
Figure 5. Elastic buckling in the cell walls (a), the formation of plastic hinges (b) and cell wall 
fracture during brittle crushing (c) of an open-cell foam.  After Gibson and Ashby18. 
 
Gibson and Ashby present the following simple scaling equations for the collapse stresses of 
isotropic closed-cell foams made of elastic (3), ductile (4) and brittle materials (5); 
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*
elσ ,  and  are the stresses at which global cell collapse is initiated. *

plσ *
crσ ysσ  and fsσ are the 

yield strength and modulus of rupture of the cell-wall material, respectively. p0 is the initial 
fluid pressure and pat is the atmospheric pressure. Contributions from cell faces and cell fluids 
are included in the equations. The corresponding equations for open-cell foams can be derived 
by setting Φ = 1 and removing the right hand side terms due to cell fluid contributions. 
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Densification 
 
When a foam is compressed to large strains, the opposing walls of the cells eventually touch. 
In this regime, the cell wall material itself becomes compressed and it is marked by a steep 
increase in the stress-strain curve. The densification regime starts just below the point at 
which all the porosity has been compressed. 
 
2.4 Starch-based foam 
 
Starch-based foams can be prepared using techniques such as baking in a hot mold19-30, 
extrusion1,31-36, compression/explosion process38, lyophilization39,40, aerogel preparation39  
and microwave heating37,31,41. 

In extrusion, baking in hot mold, compression/explosion process and microwave 
heating, the cells in the starch foam are created primarily using water steam. In those cases, 
the water plays two roles. It acts as a blowing agent and a plasticizer, lowering the Tg of the 
starch material. The foam formation follows three steps: nucleation, bubble growth and 
bubble stabilization. In Figure 6 the summary of the mechanisms proposed by Boischot el at41 
is shown for microwave expansion of conditioned glassy amylopectin pellets. Similar state 
diagrams can be obtained for the extrusion, baking in hot mold and compression/explosion 
process. 
 

 
 

Figure 6. State diagram for microwave expansion of conditioned glassy 
amylopectin pellets (from Boischot and others41,31). 

 
When the moist amylopectin pellet is heated in the microwave oven, steam is produced. The 
bubble growth starts at nuclei and for the steam to induce bubble growth, the matrix must be 
in the rubbery state. Upon expansion, the matrix must also be viscous enough to trap the 
steam inside the bubbles37,31. High moisture contents will lower the viscosity, which will 
result in bubble collapse37,31. The pellet simultaneously expands and loses moisture. The 
moisture loss gives raise to evaporative cooling, increased viscosity and increased glass 
transition temperature of the matrix. For the final structure to set, i.e. bubble stabilization to 
take place, the matrix must revert to the glassy state. This happens upon cooling when the 
microwave heating is stopped. If the matrix is too soft when the heating is stopped, cell 
collapse will occur due to high moisture content.  
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Extrusion 
 
By extrusion1,31-36 it is possible to produce starch-based loose-fill for packaging. With the 
extrusion process, it is difficult to manufacture molded foam articles such as food and 
beverage containers, and this limits the commercial potential of this process. Starch granules 
(or gelatinized starch), water and additives such as talc (nucleating agent), are fed to the 
extruder. In the extruder, the materials are mixed at high pressure, shear and temperature to 
produce a viscoelastic melt. When the melt emerges from the extruder die nozzle, the high 
temperature and the sudden drop in pressure causes the water to go from liquid to steam, and 
this expands the material into a foam.  

The expansion and the density obtained are influenced by the starch type used. 
Amylopectin-rich starches expand more and obtain lower densities than amylose-based 
starches31, 1. This is because amylose chains align themselves in the shear field and become 
difficult to deform during expansion31. The expansion and cell structure obtained is also 
affected by moisture content31,1.  Using the extrusion process, it is possible to obtain foams of 
quite homogenous cell-structure31,34.   

There are commercial starch-based loose-fill products33. At densities two to three 
times higher than that of commercial polystyrene (PS) loose-fill, these starch-based loose-fills 
have comparable compressive stress at ~10% deformation, elastic recovery and friability to 
that of the PS-based foam. The friability is the percentage of foam fragmentation obtained 
after tumbling the foam with small solid objects for some time33.     
 
Baking in hot mold 
 
The baking molding technique19-30 resembles the one used in making wafer cookies. A starch-
dough, consisting of starch, water and additives, is baked in heated closed molds for 1 - 3 
min. The steam generated from the moisture acts as the blowing agent and creates a foam 
inside the mold. By selecting the geometry of the mold, the foam-shape can be changed to 
create a variety of products, such as clamshells, cups, and trays.  

Baked tray foams usually have a dense outer skin layer and a less dense interior with 
larger cells. The outer skin layer is denser due to limited cell expansion20. The outer layer is 
closer to the hot mold and therefore dries rapidly, which limits the time for cell expansion. 
The density and the baking times of the trays depend on the water content and amount of the 
feed and the starch type used19. High-amylopectin starches result in trays with the lowest 
density and also have the shortest baking times19. The irregular cell structure and wide cell 
size distribution observed in most baked foams probably lower their mechanical performance 
at a given density.       
 
Compression/explosion process 
 
The compression/explosion technique is a novel process38 inspired by the explosion puffing 
techniques developed for producing rice cakes or puffed grain products. Starch gel and dry 
starch powder are extruded at ambient temperature into aggregates the size and shape of rice 
grains. These are first dried and then reconditioned to low moisture content (8 – 20%). The 
conditioned aggregates are loaded in a mold heated to 230 °C and compressed for 10 s with 
3.5 MPa pressure. When the pressure is released, the steam produced expands the feedstock 
into a foam.     

Glenn et al38 made foams from regular wheat, corn and potato starch. The foams were 
predominantly closed cells with thin cell walls. The cells were non-uniform in size with a 
diameter less than 1 mm. It was noted that feeds with higher moisture content produced foams 
with lower densities. The foam density also depended on the type of starch used. The 
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dispersion in cell size for these foams is much narrower than those of the baked-foams. This 
is probably why the mechanical properties in compression are lower for the baked foams, 
when foams with similar densities are evaluated38. Also, the baking times are reduced when 
compared to those of baking in hot mold. This is due to the lower moisture content of the 
feed-stock. With the compression/explosion technique, Glenn et al could produce foams with 
densities as low as 78 kg/m3 [E = 1.9 MPa,  = 127 kPa, wheat starch, ~2% moisture]. The 
density is comparable to those of polystyrene foams. However, the mechanical properties are 
lower than those of polystyrene foam [  = 47.40 kg/m

*
crσ

*ρ 3, E = 15.16 MPa, = 310 kPa, 
expanded-bead polystyrene, Sundolitt, Sweden].   

*
plσ

 
Microwave heating 
 
Microwave heating37,31,41 is a quick and very energy efficient process, and a potential foaming 
technique for starch. Starch granules dispersed in water or gelatinized starch is poured in a 
beaker and heated (~ 3 min) in the microwave oven, upon which steam is created, expanding 
the material into a foam. The structure and density of the resulting foam depends on the initial 
moisture content and the starch-type used37,31. Sjöqvist et al37 prepared foams, using native, 
high amylose and high amylopectin potato starches and mixtures thereof. In the case of the 
amylose starch, no porosity was formed. In amylopectin-rich foams the cells had thin and 
smooth walls, and a more regular cell shape and even cell-size distribution than those of 
native potato starch foam. The foam density decreased with increasing amylopectin content. 
One disadvantage with the microwave technique is the difficulty to control parameters such as 
temperature and water content during the heating. 
 
Lyophilization process 
 
The freeze-drying technique39,40 can be used to prepare starch-based foams with small cell 
size ( < 100 μm). Gelatinized starch is poured in molds and is left to retrogradate in a 
refrigerator, upon which a semi-rigid aquagel is produced. This is then frozen at lower 
temperatures. The freezing is an important step, since the water forms ice crystals and is 
separated from the solutes. The separation of solvent and solute takes place because the 
solutes cannot fit into the formed ice crystal structure. The frozen aquagels are put in a freeze-
dryer, in which the sublimation of ice crystals takes place, leaving a porous cake. The samples 
are typically freeze-dried within three days39. The cells in the freeze-dried foams are formed 
were the ice-crystals grow. Thus, the shape and size of the cells are directly related to 
conditions during the freezing step42. 

Glenn et al39 successfully prepared freeze-dried foams using native wheat and corn 
starches. High-amylose corn starch (~ 70% amylose) was also used but these samples 
collapsed into fragments upon freeze-drying. Conditioned wheat and corn starch samples 
[ = 120 kg/m*ρ 3, 11.5% moisture] had a compressive strength at 10% deformation of 230 kPa 
and 190 kPa, respectively. The compressive modulus of elasticity was 2.9 MPa for both 
foams. In the present study Svagan et al40 prepared freeze-dried amylopectin foam with 
improved modulus [ = 102.9 kg/m*ρ 3, E = 4.85 MPa, 11% moisture] and intermediate 
compressive strength, 192 kPa, at 10% deformation.  
 
 
Aerogels 
 
Aerogels are microcellular foams39,17 with low density made from firm aqueous gels 
(aquagels) by replacing the water in the matrix by air. The water can, however, not be 

 10



replaced by air in one step (by air-drying), because surface tension would compress the gel 
into a film. Thus, the water is exchanged with a solvent which then can evaporate using some 
appropriate technique. Gelatinized starch was poured in molds and left to retrogradate in a 
fridge to produce semi-rigid aquagels. The water was then replaced with ethanol to produce 
alcogels. Glenn et al39 used three different techniques to replace the ethanol with air. The first 
was to dry the alcogel with a stream of dry air. The second was to replace the ethanol with 
liquid CO2 inside an autoclave. The temperature and pressure inside the autoclave was then 
adjusted above the critical point of CO2 to dry the sample. The third technique was the same 
as the second but the sample was dried by depressurizing the autoclave without ever reaching 
the critical point of the CO2.  

Glenn et al39 observed shrinkage of the gels in the different steps of the process, which 
increased the density of the final product.  The largest shrinkage occurred when the water was 
exchanged by ethanol, and the degree of shrinkage depended on the starch type and the drying 
technique used. The structure of the resulting foams was a network of pores (< 2 μm) defined 
by small interconnecting strands. The lowest foam density obtained was 150 kg/m3 for high-
amylose corn foam. The mechanical properties of this foam [E = 5.1 MPa,  = 0.22 MPa, 
~11.5% moisture] is lower than those of foams prepared with the compression/explosion 
technique [  = 130 kg/m

*
plσ

*ρ 3 , E = 14.5 MPa,  = 0.474 MPa, corn starch, ~2% moisture].  
At similar moisture content and densities, however, these foams probably have comparable 
mechanical properties.  

*
crσ

 
2.5 Starch composite foams 
 
The mechanical behaviour and properties of foams depend on the relative density. The 
mechanical properties such as stiffness, yield point etc, increase with increasing relative 
density. From a packaging point of view, however, comparing mechanical performance of 
different foams with similar relative densities is not always relevant. In packaging, low 
density foam is preferred due to lower transportation and raw material costs. The starch 
composite foam should have equivalent density to the reference foam, when mechanical 
performance is compared. Upon evaluating the mechanical performance of starch composite 
foam, some authors incorrectly compare them to that of polystyrene foam of lower density. 
Also, the contribution from the foam density and cell structure to the mechanical properties 
obtained for starch composite foam is not always discussed. 

Foams made from pure starches are highly sensitive to moisture and relatively brittle. 
Further treatments are needed to get satisfactory physical and mechanical properties. In 
applications such as foam plates or clamshells intended for moist food, properties are 
necessary such as; strength, stiffness, water resistance, low density and flexibility (measured 
through strain at break). In packaging applications, properties such as density, compressive 
strength, energy absorption, resiliency and friability are measured. To get better functional 
properties and water resistance of starch-based foams, the starch itself can be changed by 
grafting synthetic polymers onto it. However, grafting is an expensive technique. Bhatnagar et 
al32 improved the compressibility and resiliency of starch-based loose-fill by grafting 
polystyrene (PS) onto native corn starch. The water solubility was reduced significantly for 
the grafted starch, but biodegradability was lowered.  Hydrophobic starch acetate is a different 
approach to lower the hydrophilic properties of starch. Starch acetate is obtained by 
substituting the hydroxyl groups of starch with acetyl groups34,36. Guan et al36 extruded native 
corn starch (40 - 50wt%) blended with corn starch acetate and thereby lowered the 
hydrophilic properties of the loose-fill. Coating would also provide a moisture barrier to make 
the starch-based foam moisture resistant. Another route to improve the functional properties 
of starch is to include for example fibers or polymers in starch composite foams.  
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Fang et al1 extruded loose-fill from a blend of corn starch and biodegradable 
copolyester (10, 25 and 40wt%). Adding higher levels of copolyester resulted in less foam 
expansion and higher densities. According to Fang et al, the mechanical properties were 
improved and the water solubility was lowered by blending copolyester with starch. 
Unfortunately, no references are given to mechanical properties of the starch foam used in the 
comparison.  

Shogren et al20 and Preechawong et al21 found noticeable improved foam strength, 
flexibility and water resistance by adding poly(vinyl alcohol) to starch batters, which were 
foamed using the baking process. Foam density varied little with PVOH content and was 
therefore concluded not to be a factor in the improved mechanical properties20. 
Preechawong et al also prepared baked starch-based foam with poly(L- lactic acid)23 or poly(ε 
- caprolactone)24.  The addition of PCL or PLA improved the foam strength and flexibility as 
well as the resistance to water absorption. The density of the foam was noted to increase upon 
PCL and PLA addition; however, its effect on the mechanical properties obtained was not 
discussed. The improved water resistance attained by adding PVOH, PCL or PLA is due to 
the more hydrophobic nature of the three polymers20, 21, 23, 24.  

Blending starch with natural rubber latex22 improved the flexibility, lowered the 
equilibrium moisture content and increased the density of the baked foam. Also, the addition 
of hydrophobic latex decreased effects of high relative humidity on the flexural properties of 
potato or waxy starch/latex foam.    

The addition of cellulose fiber improves the mechanical properties of starch-based 
foams35,25-30. The effect of the fibers on the mechanical properties depends on the aspect 
ratio27,28, fiber type27, orientation27 and content. Generally, the reinforcing properties are 
improved with fiber content up to a certain level (~10 – 30%), after which a decrease is 
observed30,29. At high amount of fiber content there are difficulties in dispersing the fibers in a 
good way in the matrix35, 30. Also, the large fiber diameter (20 – 30 μm) compared with the 
typical cell wall thickness (1 – 5 μm) hampers their reinforcing effect. The density of the 
foam has both been reported to increase27,28 or decrease35,29 with fiber content. In addition, the 
moisture absorption of the resulting composite foam is lowered with increasing fiber 
content27,28.  
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3. Experimental 
  
3.1 Materials  
  
Granular amylopectin potato starch (Lyckeby Stärkelsen, Sweden) with an amylose content 
lower than 1wt% was used as matrix material. Amylopectin starch was chosen due to good 
foaming properties of this type of starch. For films, glycerol was used as a plasticizer of the 
amylopectin starch, in order to reduce the brittleness of the matrix material and to mimic the 
viscous nature of the matrix in plant cell walls. Standard microfibrillated cellulose supplied by 
STFI-Packforsk AB, Sweden, was used as reinforcement material in both films and foams. It 
was received as a water suspension with an MFC concentration of 2wt%. The MFC is 
prepared from dissolving pulp spruce fibers with a cellulose content of 96wt%. The pulp is 
first subjected to enzymatic hydrolysis and then disintegrated in a homogenizer 
(Microfluidizer). The weight-average molecular weight (Mw) of the cellulose in the MFC is 
200 000 g/mol.  

  
3.2 Preparation of composites 
 
Composite films were prepared. The properties of composite films provided information of 
the cell wall properties of amylopectin/MFC foams. Recall that the mechanical properties of 
foams depend both on the cell wall material and cell structure.  
   
Films 
 
First, the amylopectin was dissolved in deionised water by cooking a gelatinized 3wt% 
dispersion of amylopectin for 2 h at 135 °C. The composite films were prepared by mixing 
amylopectin solution, microfibrillated cellulose and glycerol. The suspension was 
magnetically stirred for 3 days, at the end of which it was vigorously mixed for 15 min using 
an Ultra Turrax, and then put on continued magnetic mixing for 3 more days. The extensive 
mixing was performed in order to remove MFC aggregates and to ensure good mixing 
between the different constituents in the suspension. The suspension was degassed and cast in 
a Teflon-coated Petri dish. The plates were dried in a sterile ventilated oven at 30 °C without 
forced air-flow, until they appeared dry. 
  
Foams 
 
Foams were prepared using the freeze-drying technique, primarily because a good dispersion 
of the MFC within the matrix material was obtained. First, the MFC suspension was 
extensively mixed, 14 days of magnetic mixing and 10 minutes with an Ultra Turrax, to 
remove any MFC aggregates. The MFC suspension, amylopectin granules, and deionised 
water were mixed. To obtain solutions with 8% solid content (w/w) consisting of gelatinized 
starch and MFC, the dispersion was heated and mixed in intervals of 30 s and 10 s, 
respectively. This was accomplished with a microwave oven (510 W) and hand mixer with 
whisk attachments. Afterwards, the solutions were degassed and poured into small cylindrical 
plastic Petri-dishes coated with Teflon film and refrigerated (4 °C) upon which the starch 
retrograded. The Petri-dishes were placed in a freezer (-80 °C) for 1 day and then put in the 
drying vessels of a freeze dryer. The samples were typically freeze-dried within four days. 
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3.3 Lyophilization  
 
The freeze-drying process is divided into three steps; the freezing of the formulation, the 
primary and the secondary drying. The freezing process is an important step in the 
lyophilization process. When ice crystals form in an aqueous system upon freezing, the 
solutes separate from the water and become confined to regions between the ice crystals. The 
separation takes place because most solutes cannot fit into the ice crystal structure formed.  

The degree of supercooling is defined as the temperature difference between the 
equilibrium freezing temperature (0 °C for water) and the temperature at which the nucleation 
occurs. The nucleation of ice crystals can be homogeneous or heterogeneous. Heterogeneous 
nucleation takes place on foreign substances, such as the container-surface or particles present 
in the water. Homogeneous nucleation of ice occurs when critically sized nuclei are 
developed through the random aggregation of molecules. If the nucleation of ice crystals takes 
place at a temperature > -15 °C, it is of heterogeneous type42. Homogeneous nucleation will 
occur at temperatures < -15 °C. After nucleation, ice crystals are formed and heat energy is 
released as a result of the latent heat of fusion of water. The temperature of the formulation is 
increased to the equilibrium freezing temperature. The temperature is constant until all water 
is frozen. 

The structure of the resulting foam is related to the ice formation step. Water interacts 
with materials in the formulation and this can affect the properties of the water. For example 
excipients or impurities present in the solution can change the degree of supercooling of the 
water component, which in turn can influence the final foam structure. In a solution where the 
excipients have no effect on the properties of the water, the crystal size will decrease and the 
rate of ice growth will increase, as the degree of supercooling increases. A fine and rather 
uniform ice structure will form at high degrees of supercooling. This is because all the water 
is below the equilibrium freezing temperature upon ice nucleation. At a low degree of 
supercooling, a coarse and heterogeneous ice structure will result, since only a small part of 
the entire water volume undergoes supercooling. The rest freezes near the equilibrium 
freezing temperature. The size and distribution of ice crystals in the frozen matrix depends not 
only on the composition of the solution but also on the freezing rate as well as the on fill-
height of the formulation.  

The degree of crystallization is the ratio of ice formed to the total amount of water that 
could be frozen in the formulation. Excipients or impurities in the solution can alter the 
degree of crystallization. When the degree of crystallization is low the ice crystals are 
surrounded by a glassy interstitial material, which greatly hampers the flow of water vapor 
during the primary or secondary drying processes. The structure of the frozen cake should 
preferably be such that the water-gas can easily pass. If not, it can collapse into fragments.        

In the primary drying step, the sublimation, i.e. solid-to-gas phase change, of the ice 
crystals takes place. The rate of sublimation of ice will depend on parameters such as the 
chamber pressure in the freeze-dryer and the temperature. As mentioned before, the primary 
drying will also be dependent on the nature of the frozen cake. In the secondary drying step 
the residual moisture content in the cell-wall is evaporated, whereupon stability of the 
resulting foam is increased. 
 
3.4 Cell structure analysis  
 
The cell structure of the resulting cylindrical foams was analyzed by studying three surfaces; 
one plane normal to the cylinder axis and two orthogonal planes in the direction of the 
cylinder axis.  The free image analysis software ImageJ (Research Services Branch, National 
Institute of Mental Health, Bethesda, Maryland, USA.) was used to find the mean cell area, 

3L TA 1L 2L, the principal cell dimensions, , and , and the mean cell wall thickness, . The 
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principal cell dimensions were obtained by measuring many individual cells along their 
principal directions and calculating the mean value. The anisotropy in cell shape is measured 
by the shape anisotropy-ratios, R xL xLyL zLand Rxy xz, defined as Rxy =  / , Rxz =  / , 

where xL is the largest principal dimension.   

T A 1LThe sizes of the samples used to obtain ,  and the principal cell diameters, ,  

3L 3LTA 1L2L 2Land , were; 50, ~ 300, and ~ 200, respectively. , , , and are estimated mean 

values of  the mean cell-population parameters, ta 1l 1l 1l, , , , .  According to the central 
limit theorem, the estimated mean values, X , are approximately normally distributed43, which 
makes it possible to calculate the probability that the error made in estimating x X by  is 
equal or less than some constant δ: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
Φ

X
σ
δ

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−Φ

X
σ
δ

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
Φ

X
σ
δ2x xX X(6)      P(│  - │≤ δ) = P( - δ  ≤ -  ≤ δ) ≈ -  =  -1    

where Ф is the cumulative distribution function of the standard normal distribution and 
X

σ  is 

the standard deviation. In all cases but one, the constant δ was chosen as; δ = X * 0.1, i.e. the 
constant is 10% of the estimated mean value. The resulting probabilities were equal or greater 
than 95%, P(│ xX -  │≤ δ) ≥ 95%. The standard deviation,

X
σ , may be determined from the 

sample size and the population variance. In practice, however, the population variance will 
not be known. Instead it can be estimated from the sample; 
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where n and N are the sample and population size, respectively. Xi is the cell area, principal 
cell diameter or cell wall thickness of cell i in the sample. For large samples, n ≥ 30, it can be 
shown that the error induced by the substitution of 2

X
σ  by 2

X
s  is practically negligible43.  
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4. Results and discussion 
  
In the studied films, glycerol was used as a plasticizer to amylopectin starch. In Figure 7 the 
storage modulus and the tan δ for plasticized amylopectin films is shown as a function of 
temperature and glycerol content.  
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Figure 7. a) Storage tensile modulus and b) tan δ curves of amylopectin-glycerol films of varying 
glycerol content. The glycerol contents are shown in the figures. 
 
For all samples there is a weak mechanical relaxation process at about - 45.2 °C or -38 °C, 
indicated by a drop of the storage modulus and peak in tan δ. At higher temperatures a 
stronger mechanical relaxation is observed for the glycerol plasticized films. Whereas the 
temperature of the lower temperature transition shows a weak dependence on composition, 
the temperature at which the high temperature relaxation is found decreases with increasing 
glycerol content. Many authors9,44,45 have reported starch and glycerol as being only partially 
miscible, which results in a phase separated system with starch-rich and glycerol-rich 
domains. The low temperature peaks of the plasticized amylopectin materials observed in 
Figure 7 is believed to be the glass transition temperature of the glycerol-rich-amylopectin 
region. The high temperature peaks of the plasticized amylopectin materials are the Tg of the 
starch-rich region. The starch-rich region is defined as a region containing mostly 
amylopectin but also glycerol. The low temperature peak of the unplasticized amylopectin 
material has been assigned as a secondary relaxation46,47. The third tan δ peak at 128 °C 
observed for the material with 28.6wt% glycerol in Figure 7 is due to the loss of glycerol. At 
high temperature, the glycerol starts to evaporate which results in a stiffer material.  

From Figure 7 it can be observed that the modulus of the material decreases more 
rapidly with temperature when the glycerol content is increased. The 50/50 mixture of 
amylopectin and glycerol was selected as the major matrix composition for composite films 
so that the matrix is above Tg at room temperature. This matrix has highly viscous 
characteristics and would be difficult to use in a composite based on discrete microscale 
fibers. The low matrix yield stress would limit the mechanical performance of the composite. 
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Figure 8. a) Storage tensile modulus and b) tan δ curves curves of MFC – amylopectin – glycerol 
composites with fixed matrix composition (50wt% glycerol and amylopectin) and varying MFC 
content. The MFC content is indicated in the figures. 
 
Figure 8 shows the storage modulus and the tan δ as a function of temperature for MFC 
reinforced plasticized amylopectin films with MFC contents from 0wt% to 70wt% and a 
matrix composition of 50wt% glycerol and 50wt% amylopectin. At low temperatures, the 
storage modulus in Figure 8 is almost constant. Only one mechanical relaxation process, 
indicated by a tan δ peak at low temperature, can be observed for all samples except for the 
plasticized amylopectin material. The temperature of the transition is the same as observed for 
glycerol-rich regions in plasticized amylopectin (see Figure 7). The tan δ peaks of the starch-
rich region observed for the plasticized amylopectin material can not be observed for those 
containing MFC also. The loss of the peak of the starch-rich region may indicate strong 
amylopectin-MFC interaction and that MFC is restricting the molecular mobility of 
amylopectin12. The upper tan δ peak found for the 10wt% MFC composite in Figure 8 is a 
result of stiffening of the material due to glycerol evaporation.  

An important reinforcement effect from MFC is increased thermal stability of the 
modulus in the temperature interval [-96, 200] °C. At 23 °C, the storage modulus is about 100 
and 4000 times higher than for the matrix for the 10wt% MFC and 70wt% MFC 
nanocomposites, respectively. This is explained by the formation of an MFC network10,13-15,  
during the slow evaporation of water in the film preparation stage. 

Average values of the mechanical properties obtained by tensile testing of composites 
with different MFC contents and fixed matrix composition (50/50 amylopectin/glycerol) are 
reported in Table 1. The most important result is that at high MFC contents, the material 
combines high strength and modulus with high strain-to-failure. At a fibril content of 70wt%, 
the modulus is 6.2 GPa, the strength 162 MPa and the strain-to-failure 8.1%. The work of 
fracture is 9.4 MJ/m3, which is remarkably high. As the MFC content increases, the Young’s 
modulus and the strength both increase while the strain-to-failure decreases. The large 
increase in mechanical properties with MFC content is primarily due to the MFC network and 
the inherent properties of the MFC. Favourable interactions between MFC and matrix is also 
a positive factor8,10,12. Dufresne and Vignon8 prepared potato MFC reinforced starch 
composites, containing water and glycerol. Comparable data in the present study are much 
higher, and there may be two main reasons for this. In the present study, glycerol alone acts as 
a plasticizer of the amylopectin matrix. This may provide more favourable matrix stress 
transfer than the combination of water and glycerol in the materials studied by Dufresne and 
Vignon. Even if the total amount of plasticizer is the same, it is possible that the presence of 
water lowers interfacial adhesion more than glycerol does.  Dufresne et al10 observed similar 
effect of water on tunicin whisker/glycerol plasticized starch composites. Another possibility 
is a higher modulus of the present wood-based MFC network. Reasons for this may include 
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factors such as better in-plane MFC alignment, and higher density of fibril-fibril bonds where 
moisture is likely to play a role.  

 
Table 1. Mechanical properties of composites varying MFC content and with fixed matrix 
composition; 50/50 glycerol/amylopectin. The value within parenthesis is the sample standard 
deviation. 

MFC 
(wt%) 

Young’s modulus 
(MPa) 

Tensile strength    
(MPa) 

Strain-to-failure  
(%) 

Work of fracture  
(MJ/m3) 

0 a 1.57  (0.88) 0.35  (0.05) 80.0   (9.51) 0.18   (0.04) 
10 183  (22.6) 4.98  (0.20) 25.1   (0.93) 0.94   (0.05) 
20 784  (102) 15.3  (1.49) 22.5   (0.88) 2.67   (0.22) 
30 1610  (139) 30.6  (2.49) 17.8   (0.74) 4.05   (0.22) 
40 3060  (90.4) 57.7  (5.03) 14.7   (0.98) 6.18   (0.38) 
50 4280  (122) 79.5  (3.07) 10.7   (0.65) 6.46   (0.78) 
60 4830  (192) 116   (5.54) 9.31   (0.52) 7.77   (0.49) 

70 b 162   (7.88) 8.08   (0.93) 6160  (236) 9.43   (1.48) 
100 13000  (1028) 183   (7.81) 2.13   (0.38) 2.37   (0.60) 

All samples broke at grips. a Tensile testing done on a Miniture Material Tester. b

 
Other composite materials, typically glass fiber reinforced thermoplastics (as polypropylene, 
polyamide 6.6), show excellent mechanical properties48, 49. However, the reinforcement with 
glass fibers, results in a composite with a low strain-to failure of around 2%. Compared to 
these materials, the high content MFC composites obtained in this study are unique, because 
they have high modulus (6.2 GPa for 70wt% MFC composite) while maintaining a high 
strain-to-failure (8.1%).  
 
Novel MFC nanocomposite foams were successfully prepared by freeze drying 
MFC/amylopectin solutions in cylindrical plastic Petri dishes. Figure 9 shows the structure of 
the potato amylopectin foam with 0 (a), 10 (b), 40 (c), and 70 (d) wt% MFC content on cross 
sections normal to the cylinder axis. The cells of the 0wt% and the 10wt% MFC amylopectin 
foams are closed. At 40wt% MFC, the foam contains both closed and open cells. When the 
MFC content is increased to 70wt% MFC, a proper cell structure is absent and cells can only 
be observed in a thin section located (~ 1/3 of the foam) in the middle part of the foam. The 
amylopectin foams with 0, 10 and 40wt% MFC are anisotropic with irregular cells. The cells 
of these foams are elongated both in the plane that lies in the direction of cylinder axis, and in 
the plane normal to the cylinder axis of the foam. 

The estimated values of the mean cell area, the mean cell wall thickness and the mean 
principal cell diameters of the different foam types are presented in Table 2. From the results 
it can be observed that with increasing MFC content, the mean cell area and the mean 
principal cell diameters both increase, whereas the anisotropy ratios decrease. The mean cell 
wall thickness stays approximately the same with increasing MFC content. The 10wt% MFC 
foam has higher standard deviations of cell area than the other foams. This is due to the 
occasional clusters of bigger cells observed in this foam (Figure 9 b)). 
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Figure 9. The cell structures of amylopectin foam with; 0wt% (a), 10wt% (b), 40wt% (c), and 70wt % 
(d) MFC.  The sections are normal to the cylinder axis of the foam. Surfaces a), b) and c) are in the 
vicinity of the middle parts of the foam samples. The scale bar is 300 μm. 

 
ATable 2. Estimate values of the mean cell area ( ), standard deviation of cell area (s), mean cell wall 

thickness ( 3L2L1LT , ) and anisotropy ratios (R), mean principal cell diameters ( , 12, R13), of 

amylopectin foams with 0, 10 and 40wt% MFC. For estimates, 3L2L1LTAX , =  or, , ,  the 

probability is greater or equal to 95%, that the error made in estimating the population mean, x X, by  
is less than or equal to 0.1 * xX X X, i.e. P(│ - │≤ 0.1 *  ) ≥ 95%.  
 Amylopectin foam with 

0wt% MFC 10wt% MFC 40wt% MFC  
A  (mm2) a 0.000514 0.0013c 0.0017 
 s (mm2  a) 0.000401 0.0036 0.0013 

0.0029 0.0034 0.0032 T b (mm)
0.0525 0.0561 0.0683 

1L  (mm) b

0.0345 0.0450 0.0556 
2L a(mm) 

0.0203 0.0277 0.0359 
3L a(mm) 

1.5195 1.2468 1.2285 
2L1LR12 = /  

2.5901 2.0266 1.9021 
3L1LR13 = /  

a b   Values obtained from surfaces normal to the cylinder axis. Values obtained from surfaces in the 
direction of the cylinder axis. a aA A ) = 95.63%, where c P(│ - │≤ 0.24*  is the mean cell area of the 
entire cell population. All analysed surfaces lie in the vicinity of the middle parts of the foam. 
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SEM micrographs of the cell wall (not shown here) demonstrate that the MFC is 
homogenously dispersed within the amylopectin matrix. A good dispersion of fibrils is vital in 
order to achieve optimal mechanical performance of the composite foams. The mechanical 
behaviour in compression of the resulting foam will depend both on the composition of the 
cell wall material and the structure of the foam. Figure 10 shows typical compressive stress-
strain curves of amylopectin-based foams with different MFC contents (0, 10, 40, 70wt%). At 
low stress the curves show linear elasticity, followed by a long plateau which is associated 
with the collapse of the cells.  
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Figure 10. Typical compressive stress-strain curves for MFC reinforced amylopectin foam 
conditioned in 50% RH and 22 °C for 48 h. The MFC contents are indicated in the figure. 

 
In Table 3 the results of the compression testing of conditioned MFC reinforced amylopectin 
foams can be found. Water acts as a plasticizer of the amylopectin matrix. 
 
Table 3. Physical and mechanical properties of MFC reinforced amylopectin-based foam of varying 
MFC contents. The samples have been conditioned in 50% RH and 22 °C for 48 h. The values within 
parenthesis are the sample standard deviation. 

 *MFC 
(wt%) 

Young’s 
Modulus 
(MPa) 

Yield strength 
(MPa) 

Density , ρ  
(kg/m

Cell-wall 
density

Relative 
density,   
(ρ

Water 
content 
(%) 

a3 , ρ) s     
(kg/m3 *) /ρ ) s

1225 0 4.85 (1.14) 0.169 (0.025) 102.9 (2.08) 0.084 11.0 
10 5.01 (1.04) 0.312 (0.091) 108.9 (2.79) 1245 0.088 10.3 
40 7.01 (0.61) 0.508 (0.021) 95.1 (1.02) 1308 0.073 8.4 
70 1.66 (0.40) 0.106 (0.078) 86.5 (1.29) 1377 0.063 7.3 
a Theoretical density of the cell wall obtained from the densities of its constituents and their weight 
fractions. The density of dry amylopectin film, dry MFC and water is 1260 kg/m3, 1500 kg/m3 and 1000 
kg/m3 respectively. 
  
It should be noted that the relative densities are similar in value for the foams with 0, 10wt% 
MFC and slightly lower at 40wt% MFC. As the MFC content increase from 0wt% up to 
40wt%, the Young’s modulus, yield strength and the level of the “plateau” zone (Figure 10) 
increase. At 70wt% MFC the strength, stiffness and level of the “plateau” zone drop to a very 
low value. This is due to the poor cell-structure of this foam. Also, as the MFC content in the 
foams increases, the water content decreases. This is expected, because MFC is less 
hydrophilic than starch.        

The modulus values of the composite foams 0, 10, and 40wt% depend on the cell 
structure. Dufresne and Vignon8 obtained tensile modulus values; 1850, 2300 and 5300 MPa 
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for conditioned potato MFC reinforced starch films with 0, 10 and 40wt% MFC content, 
respectively. The modulus values of foam in this study are expected to follow a similar 
relative increase. However, the modulus values of 10wt% MFC foam do not increase much 
when compared to the amylopectin foam. One explanation for the low increase in modulus 
could be the previously observed differences in cell-structure, i.e. degree of anisotropy18 and 
cell size distribution, between the two foams. The modulus of the 40wt% foam are also lower 
than expected based in theoretical predictions with unchanged cellular structure, when 
compared to the amylopectin foam. The more open cell structure of the 40wt% MFC foam is 
believed to be the largest contribution to this.   

The yield strength of the MFC reinforced starch foams increases with increasing MFC 
content up to 40wt% MFC. Again, as in the case of the modulus values, the relative 
magnitude of increase in yield strength between two foams might be affected by their 
different cell-structures18. Studying the slopes of the plateaus of the different foams in Figure 
10, it is clear that the collapse plateaus of the 0 and 10wt% MFC foams are not as flat as in 
the case of the 40wt% MFC foam. The rising curves are most likely due to contributions from 
the cell-faces in the closed-cell foams. 
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Figure 11. Normalized storage modulus data as a function of relative humidity for amylopectin foam 
with 0 and 40wt% MFC content. Reference points are storage modulus at 20% RH for each material.  
 
In Figure 11 the normalized storage modulus as a function of relative humidity for 
amylopectin foam with 0 and 40wt% MFC content is presented. Softening, marked with a 
decrease in modulus, takes place as the relative humidity increases from 20% to 80%. At 
40wt% MFC normalized storage modulus is higher than that of the amylopectin foams at all 
relative humidities. The higher modulus of the MFC- foam is most likely due to the fibril 
network within the cell walls, as was discussed earlier in the case of MFC reinforced 
composite films. 
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5. Conclusions 
 
Cellulose nanocomposites with plasticized starch matrices have been studied. MFC reinforces 
the starch by the formation of a nanostructured network. Amylopectin-starch nanocomposites 
of exceptionally high tensile strength and modulus have been prepared. In addition, the matrix 
may be plasticized so that the material also shows high ductility, with a strain-to-failure 
exceeding 8%. This material shows bioinspired characteristics, since the raw material is from 
renewable resources and the matrix is in a viscous state and reinforced by a network of fibrils. 
The last of which is inspired by the primary cell wall of plants. 

For the first time, amylopectin foams with cellulose nanocomposite cell wall have 
been prepared. The MFC distribution is homogeneous, and the yield strength and modulus in 
compression are improved. In addition, the nanocomposite foams show increased plateau 
level with MFC content. Using the lyophilization technique a microcellular structure is 
obtained. The decrease in storage modulus with increasing relative humidity, shows much 
weaker slope for the 40wt% MFC nanocomposite foam as compared with the neat 
amylopectin foam. This is due to the nanostructure network within the cell walls. In order to 
further improve properties of high MFC content foam, the cell structure needs a larger 
proportion of closed cells.  
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