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Abstract 

This thesis examines the possibility of creating a functional predictive analysis tool that can be 
utilized to improve testing procedure for new double curved paperboard products. The most 
common procedure currently is to manufacture several prototype paperboards, perform 
initial forming tests of the new double curved shape and then iterate until a prototype 
paperboard successfully forms.  A predictive analysis tool could greatly improve the efficiency 
of the prototype phase by narrowing the initial scope of desired properties. The analysis tool 
was to be focused on the suitability of the desired shape and the requirements of the material 
to successfully form. FEM simulations of the forming process were performed and then 
verified by experiments. It was found that the FEM simulations performed were 
representative of the experimental results, specifically in regards to plastic strain required and 
problematic areas relating to fracture. It was also found that the simulation lacked the 
robustness required for large scale predictive analysis.   

 

Sammanfattning 

I denna uppsats utforskars möjligheten att skapa ett fungerande prediktivt analysverktyg som 
kan användas till att förbättra testproceduren för nya dubbelkrökta kartongprodukter. Det 
vanligaste tillvägagångssättet i nuläget är att tillverka flera olika prototyper, utföra inledande 
formningsförsök med den nya dubbelkrökta formen och sedan iterera tills en kartongprototyp 
formas framgångsrikt. Ett analysverktyg skulle kunna innebära en signifikant förbättring av 
effektiviteten i prototypfasen genom att minska det initiala omfånget av eftersökta egenskaper 
som sedan kan itereras. Analysverktyget var fokuserat mot lämplighet av den eftersökta 
formen och kraven på materialet vid framgångsrik formning. FEM-simuleringar av 
formningsprocessen utfördes och verifierades därefter med experiment. Resultaten visade att 
FEM-simuleringarna var representativa för experimenten, speciellt med avseende på 
nödvändig plastisk töjning och problematiska områden relaterade till brott. Resultaten visade 
även att simuleringarna saknade den robusthet som krävs för storskalig prediktiv analys.  
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1 Introduction 

Packaging is a large part of daily life; most of normal consumer products come in some variety 
of packaging. This places three major requirements on the packaging. Packaging has to be 
light, to keep shipping costs and emissions low. Packaging has to have suitable mechanical 
properties to protect fragile content. Packaging is also required to be aesthetically pleasing in 
order to promote consumption.  

Currently most of the specialized packaging is made from plastic materials due to their 
ability to be designed into a variety of desired shapes. However, plastics are not suitable from 
a sustainability perspective, many plastics lack the ability to be recycled effectively and the 
base of many commercial plastics is derived from a finite resource, oil. Paper is therefore a 
material that is being actively explored when it comes to packaging. The current major issue 
with paper packaging is the lack of complex forming ability. There are two major ways in 
which paper is formed into complex shapes, either through pulp getting sprayed into a mold 
or it is formed after the paperboard has been produced in a traditional paperboard machine. 
The former has problems with degraded mechanical properties compared to traditionally 
produced paperboard whilst the traditionally produced paperboard has issues regarding 
attaining complex structures during the forming process.  

Many advances in how to approach this problem has emerged recently. One of the more 
prominent methods to increase the formability of paperboard is to produce creased or 
compacted paperboard, introducing micro creases in the fiber direction and thus improving 
the effective plastic strain that can be obtained during forming. Research into how to best 
design this process and how to tailor the material properties is ongoing. There are also several 
different ways to perform the forming process, deep drawing using a male die pushing into 
the material until it reaches  a female die is currently perhaps the most common method in 
the industry. This method of forming has some limitation regarding how complex the shapes 
made can become. Hydroforming is another method for forming paperboards; this method 
involves a pressure being applied via a membrane to the forming material which then is 
pressed into a die. 

This thesis looks into the process of simulating hydroforming of paperboards by utilizing 
FEM. The aim was to produce a predictive analysis tool that can be used to understand what 
kind of material requirements there are for certain double curved shapes and to provide 
insight into how the material behaves during the forming process. In order to verify the 
simulations multiple experiments were performed as points of comparison. Simulation of the 
mechanical performance of paperboard is not common due to the complex behavior of paper.  
It is a highly anisotropic material that is also often a layered structure. This makes the 
simulations computationally heavy and the industry is currently not utilizing simulations as 
part of the standard product development process. If an operating toolbox kit for predictive 
analysis of a variety of different material properties and geometric forming shapes could be 
constructed, it would be a valuable tool for the paperboard packaging industry.  

 
The initial part of this thesis describes the experimental setup for the paperboard forming. 
Then the finite element model is detailed and explained. This is then followed by the results 
obtained from both the experiments and the FEM model including the comparison of the two. 
The thesis ends with a brief discussion of the conclusions drawn from the results. 
 
 



Master thesis    Author: Andreas Lundin 
Department  of Solid Mechanics     
KTH     
 
 

2 
 

2 Experimental Setup 

2.1 Hydroforming Setup 
When forming the double curved paperboards, the laboratory equipment shown in Figure 1 
was utilized. The process is relatively simple; first a die is chosen and placed in the support. A 
forming temperature is then selected and the die is heated to this temperature. The 
experiments in this thesis were performed with the die at room temperature in half of the 
specimens and then at 100°C for the other half of the specimens in order to observe possible 
differences in forming capability with regards to temperature. After the die has reached the 
desired temperature the hydraulic blankholder is pressed down keeping the specimen in 
position. If further restraint of the specimen is required manual clamps can be applied as 
deemed necessary. For this thesis extra restraint in the form of clamps was not utilized.  
Pressure is then slowly applied to the balloon inflating it and causing it to act on the 
paperboard specimen, thus pressing it into the die.  
Since moisture is crucial to the behavior of paperboard the room where the equipment is 
placed is climate controlled at 23°C and 50% Relative Humidity (RH). If the effect of moisture 
is of interest the specimens can be subjected to moisture by hand, typically by spraying with a 
spray bottle or by dabbing with a wet sponge, before forming. No such experiment was 
performed in this thesis.  

 
Figure 1: Laboratory equipment used in the forming process including a rough sketch of the process, 
the form is placed within the support and the balloon membrane is located inside of the blankholder. 
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Two different dies were used for this thesis, a donut shaped die and a “tetratop” die, see 
Figure 2. Five specimens were formed using the donut shaped die and 13 specimens were 
formed using the tetratop die.  
 

 
Figure 2: Top image – Donut die. Bottom image – “Tetratop” die. 

2.2 Tensile test setup 
In order to assess the mechanical properties of the different paperboards tensile tests were 
performed utilizing an L&W ALWETRON TH1 (Lorentzen & Wettre, Kista, Sweden), see 
Figure 3. All testing was done on unformed paperboards. The process is straightforward, cut a 
strip of the material that is to be tested. The strip needs to be at least 100mm long in order to 
fit between the clamps in the machine. Once the specimen is in place the procedure can be 
initiated and the machine will estimate the force-elongation relation of the specimen up to the 
breaking point. Specimens were made from both the Machine Direction (MD) fiber 
orientation and Cross-machine Direction (CD) fiber orientation of various paperboards.  
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Figure 3: Equipment for tensile testing using the L&W ALWETRON TH1 according to ASTM D828. 
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3 Finite element model 

The FE model was initially basic and then built upon, adding more complexity, during the 
duration of the thesis work. Initially a homogenous elastic isotropic paper was simulated in 
order to assess the validity of e.g. contacts in the chosen model. The next step taken was to 
include plasticity into the model, following this full anisotropic behavior was also introduced. 
Both implicit and explicit solvers were used in order to evaluate the merits of both solver 
types. Both shell elements and continuum elements were used to model the paperboard and 
were evaluated alongside each other. The original idea was to also introduce a laminate 
behavior with cohesive elements at the interfaces in order to more closely simulate some 
effects present in paperboards such as delamination and effects of inhomogeneity. However, 
due to time constraints this was not achieved and is of interest in future research.  

3.1 Parts and mesh 
All finite element models were created with ABAQUS/CAE. In Figures 4 and 5 the full 
assembly of both the tetratop model and the donut model are shown.  

 

Figure 4: Left- Rigid body representation of the tetratop die. Right - Assembly of the tetratop model 
including paper and one possible mesh. 
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Figure 5: Left- Rigid body representation of a quarter of the donut die. Right - Assembly of the donut 

model including paper and one possible mesh.  

 As can be observed, the donut model is a quarter model whilst the tetratop model is a full 
model. The full tertatop model was originally constructed with the ambition of including 
inhomogenities which would have prevented the use of certain symmetry conditions, this 
turned out not to be feasible within the alotted timespan. Thus symmetry conditions are only 
present in the donut form which was introduced at a later stage of the project.  
Both the face of the rigid body die and the face of the paper in contact with the rigid body die 
was partitioned to allow for mesh refinements were it was required and to allow for different 
contact formulations on different parts of the paper. The papers described by shell elements 
have one element in the thickness direction due to shell elements having a numerical 
thickness rather than geometrical. Whereas the papers described by continuum elements have 
3 elements in the thickness direction (for the explicit solver) and 5 elements in the thickness 
direction (for the implicit solver). This since the explicit solver only utilizes first order 
elements and thus a minimum of three elements is required to capture a reasonable bending 
stiffness. For the implicit solver second order elements were chosen and thus a minimum of 5 
elements in the thickness direction is required to avoid averse effects originating from 
shearlocking when the simulation involves bending. The edges of the rigid body forms are 
sharp due to the curvature preventing fillets from being applied without geometrical artifacts.  
 

3.2 Material model 
An anisotropic elastic-plastic material model was utilized in the simulations. The elastic 
behavior was described using engineering constants [9], see Table 1. 

Table 1: Engineering constants [9] describing the elastic behavior of the paper 

𝐄𝐄𝑴𝑴𝑴𝑴 𝐄𝐄𝐂𝐂𝐂𝐂 𝐄𝐄𝒛𝒛 𝝂𝝂𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝝂𝝂𝑴𝑴𝑴𝑴𝒛𝒛 𝝂𝝂𝑴𝑴𝑴𝑴𝒛𝒛 𝑮𝑮𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝑮𝑮𝑴𝑴𝑴𝑴𝒛𝒛 𝑮𝑮𝑴𝑴𝑴𝑴𝒛𝒛 

6500 
MPa 

3000 
MPa 

200 
MPa 

0.3 0 0 1000 
MPa 

60 
MPa 

60 
MPa 
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The plasticity of the paper was described by Hill plasticity with linear hardening. Due to some 
undesired effects discovered at high plasticity the linear hardening aspect of the model had to 
be extended indefinitely and thus has no transition into ideal plasticity in the simulation. The 
Hill plasticity was described using two points; see Table 2, which defines strain at initiation of 
plasticity and the slope of the linear hardening.  

Table 2: Hills plasticity with linear hardening 

𝜎𝜎 𝜀𝜀𝑝𝑝 

16.5 MPa 0 

47.0 MPa 0.062 

 

In order to properly describe the anisotropy aspect of the plasticity a potential was 
introduced. The potential adapts the Hill plasticity with respect to the different material 
orientations by introducing a numerical multiplier to the yield point for each modulus. 𝑬𝑬𝑀𝑀𝑀𝑀 
was chosen as the reference orientation, thus it has a potential of one. Each other material 
orientation was then given a numerical multiplier corresponding to how the yield point of that 
material orientation is in relation to the yield point of the reference orientation, i.e.  

𝑃𝑃 =
𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦,𝑂𝑂

𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦,𝑟𝑟𝑦𝑦𝑟𝑟
 

where 𝑃𝑃 is the potential,  𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦,𝑂𝑂 is the yield point of an arbitrary material orientation and 
𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦,𝑟𝑟𝑦𝑦𝑟𝑟 is the yield point of the reference orientation.  

Table 3: The different potentials for all the material orientations [9] 

𝐄𝐄𝑴𝑴𝑴𝑴 𝐄𝐄𝐂𝐂𝐂𝐂 𝐄𝐄𝒛𝒛 𝑮𝑮𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝑮𝑮𝑴𝑴𝑴𝑴𝒛𝒛 𝑮𝑮𝑴𝑴𝑴𝑴𝒛𝒛 

1 0.355 0.355 0.8 0.207846 0.150688 

 

The result of the potential is illustrated in Figure 6 below. Note that for the simulations the 
linear hardening would continue indefinitely, but is here cut for clarity.  
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Figure 6: Stress-strain curve of the paper material used in the simulations. 

3.3 Interactions 
There were multiple interactions defined between the two parts in the model. In the outer 
parts of the rigid body die the interaction between paper and the die was defined as bonded, 
i.e. the paper cannot be separated from or move tangentially with respect to the die. However, 
close to the double curved “hole” of the die a different contact condition was introduced. This 
was achieved by partitioning both the face of the paper and the die, see Figure 7. Near the 
“hole” of the die an exponential pressure overclosure behavior was introduced in the normal 
direction. In the tangential direction near the “hole” a Coulomb friction model with a friction 
coefficient of 0.1 was applied [7].  This was introduced in order facilitate convergence using the 
implicit solver since introduction of friction mitigate some unwanted behavior related to 
nodes getting caught at the edges of the “hole” including e.g. heavily distorted elements.  
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Figure 7: Illustration of the locations with different interaction properties, similar partitioning was 
used in the donut model. 

The exponential pressure overclosure relationship, see Figure 8, allows for a “soft” contact 
behavior where the program will start to apply a normal pressure when the paper is at a 
certain distance 𝑐𝑐0 from the edge of the die. As the paper continues to get pressed into the die 
this normal pressure increases exponentially as the distance between paper and form 
decreases. This allows the solver to more smoothly work past problematic areas such as sharp 
edges when dealing with contact, which in turn improves convergence.  
 

 
Figure 8: Illustration of exponential pressure-overclosure relationship. 
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Due to various effects the exponential pressure overclosure relationship that allowed full 
convergence for one model was exclusive to that specific model. Thus, the exponential 
pressure overclosure relationship had to be found empirically for each implicit model, see 
Table 4. In order to achieve parity across the explicit and implicit solvers the exponential 
pressure overclosure relationship for each explicit model was set to the same as their implicit 
counterpart.  
  
Table 4: Exponential pressure overclosure relationship for the different models 

Model 𝑃𝑃0[MPa] 𝑐𝑐0 [mm] 

Tetratop Shell  0.29  0.1 

Donut Shell  0.1  0.1 

Tetratop 
Continuum  

0.3 0.3 

Donut Continuum 0.1 0.085 

 

3.4 Boundary conditions 
The rigid die was fixed with respect to its reference point and could not move or rotate in any 
direction. For the donut model simple symmetry conditions were added along the edges of the 
quarter paper, i.e. rollers that allow frictionless movement in all directions except the 
symmetry direction and restrict rotation around the non-symmetry axes. Uniform pressure 
was applied on the top of the paper, see Table 5 for values required to fully fill out the form. 

Table 5: Applied pressure required to fully fill the die 

Model 𝑃𝑃 

Tetratop  8 MPa 

Donut quarter 2.4 MPa 

 
Note that due to the fact that there is no limit to the linear hardening the values are somewhat 
inflated compared to what can be observed in the experiments. Also note that the donut 
model is only a quarter model, thus the stiffness is only a quarter of the full stiffness. Previous 
experiments [7] suggest that a pressure of around 6MPa is expected to fill out the tetratop die. 
Data from the donut die is absent at this point in time.  
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3.5 Solver controls 
In order to attain convergence for the implicit models a multitude of solver controls required 
alterations since the default settings were insufficient for this problem. All the control 
parameters mentioned in Table 6 are well documented in section 7.2.2 in the ABAQUS User’s 
manual. [6] 

Table 6: Solver control parameters changed for this problem 

Parameter Short description Default 
value 

Suggested 
value 

Time incrementation 

𝐼𝐼0 Checks after 𝐼𝐼0 iterations if 
residuals are increasing 

4 15 

𝐼𝐼𝑅𝑅 Checks after 𝐼𝐼𝑅𝑅 iterations for 
logarithmic convergence 

8 15 

𝐼𝐼𝐶𝐶 Upper limit on consecutive 
equilibrium iterations 

16 50 

𝐼𝐼𝐿𝐿 Limit on consecutive 
equilibrium iterations above 
which the time step is 
reduced 

10 40 

𝐼𝐼𝐺𝐺  Limit on consecutive 
equilibrium iterations 
allowing for increased time 
step 

4 30 

Displacement 

𝐶𝐶𝑛𝑛𝛼𝛼 Convergence criterion for 
ratio of largest solution 
correction 

0.01 0.1 

Line search 

𝑁𝑁𝑦𝑦𝑙𝑙 Maximum number of line 
search iterations 

0 5 
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4 Results and discussion 

In this part of the thesis a comparison between results using the explicit and the implicit 
solvers will be presented. In addition, a comparison between shell and continuum elements 
will also be explored. Finally, the evaluation of the numerical data in comparison to 
experimental data will be presented.  

4.1 Tetratop results 
The first parameter of interest that could be obtained from the simulations was the amount of 
plastic strain required for the material to fully fill out the die. Paperboard materials can be 
engineered to have significantly more plastic capabilities by creasing the material, how much 
to crease the paperboard is therefore an important parameter when it comes to determining 
the attainable plastic strain. As such, if a die proves to require larger than anticipated strain 
the production of the paperboard must be adapted. See Figure 9 for an overview of the 
required equivalent plastic strain for the tetra top form. 

 

Figure 9: Equivalent plastic strain of the different simulations made for the tetratop form. 

As can be observed, the edges of the die are the spots where most of the plastic strain is 
located. Also worth noting is the difference between the simulations. The shell simulations are 
very similar in both contour pattern and strain value whereas the continuum models differ 
both from each other and from the shell simulations, see Table 7.  
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Table 7: Comparison of maximum equivalent plastic strain obtained from the tetra top simulations 

Model 𝑃𝑃𝑃𝑃𝑃𝑃𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 

Continuum explicit 48.2% 

Continuum implicit 55.4% 

Shell explicit 25.4% 

Shell implicit 24.5% 

 
While both shell element simulations suggest required plastic strain of about 25% the 
continuum element simulation suggest that the real value is much higher. This is most likely 
due to the continuum element containing out of plane properties which introduces shear 
deformation which invariably leads to higher strain gradients across the board. In reality large 
shear stresses would most likely lead to delamination of the paperboard rather than cause 
fracture and the severity of delamination is difficult to estimate without adapting the material 
model to take such into consideration. Successful forming experiments [7] with the tetra top 
form suggest that 25% plastic strain is within reach with current commercial paperboards.  
 
The phenomenon of interest was whether the simulations are accurate when it comes to 
obtaining critical areas of the paperboard during the forming process. In Figure 10 the results 
from the different simulations are presented as the anisotropic von Mises stress. As can be 
observed, the stress concentrations are located both along the edges in the MD and in the 
middle of the slope part of the tetra top also in the MD. When comparisons with experimental 
results are made, see Figure 11 below, it is clear that the stress concentrations found in Figure 
10 corresponds well with fracture patterns obtained from experiments. The paperboard is 
most likely to start fracture at the edge of the form or somewhere in the middle of the slope in 
the MD. Once the fracture has grown large enough the resulting material experience failure 
along the middle since it now is, at this point, essentially a 1D tensile test acting on the 
remaining load bearing material. In order to evaluate the most probable type of fracture 
origin several different paperboards where tested. The results are summarized in Table 8.  
 
Table 8: Fracture origins in the tetra top specimens 

Fracture type Number of fractures   Percent of total fractures 

Edge fracture 5   32% 

Slope fracture 11   68% 
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Figure 10: von Mises stress contours for the different simulations. 

 
It is clear that most fractures occur somewhere along the middle of the slope, the reason why 
the simulations seem to suggest that the edge is of more concern is due to the edge being 
modelled as a sharp edge. This causes a larger stress concentration than what is true.  
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Figure 11: Example of fracture pattern from experiments. The left red ring illustrates a fracture very 
close to the edge of the form. The right red ring illustrates fracture that has originated somewhere in 

the middle of the slope.  

4.2 Quarter donut results 
For the quarter donut die an identical approach to the one used with the tetratop form was 
taken. Firstly the equivalent plastic strain was obtained from the simulations, see Figure 12. 
 

 

Figure 12: Equivalent plastic strain of the different simulations made for the quarter donut form. 

Note the difference in plastic equivalent strain contour between the different simulations. 
Once more the similarities between the shell element implicit and explicit simulations are 
apparent whilst the differences between continuum and shell are significant, again due to out 
of plane effect introduced by 3D elements. The similarities between continuum explicit and 
implicit are not readily apparent even though they do exhibit some parallels. The reason for 
this is most likely the way the out of plane effects progress during a simulation. It is likely that 
the contact condition in one case has stunted the displacement of a node (i.e. a node has 
reached full contact) and causing the paper to shear while in the other simulation a 
corresponding node managed to displace more before coming into full contact thus shifting 
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the entire contour. The difference in mesh density is most likely one of the contributors to this 
effect. 
For the donut form the spot with highest plastic equivalent strain was the rise in the middle of 
the die and therefore this is the deciding factor if a less extreme design is to be made. The 
required plastic strains are similar to those of the tetra top, see Table 9, and suggest that both 
types of die are within reach of what is possible with current commercial paperboards that can 
achieve around 20% plastic strain reliably and upwards of 30% plastic strain in “perfect” 
specimens [4].  
 
Table 9: Comparison of maximum equivalent plastic strain obtained from the tetra top simulations 

Model 𝑃𝑃𝑃𝑃𝑃𝑃𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 

Continuum explicit 65.7% 

Continuum implicit 30.9% 

Shell explicit 26.6% 

Shell implicit 24.9% 

 

The next phenomenon of interest was the critical areas during the forming process. From the 
simulations the anisotropic von Mises stress was obtained and examined, see Figure 13. 
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Figure 13: von Mises stress contours for the different simulations. 

As can be observed the critical area is located near the rise in the middle of the form. 
Comparison with experiments, see Figure 14, show that this is corresponds well with the 
different fracture patterns.  
 

 
Figure 14: Example of fracture patterns from the experiments. 

Two distinct fracture patterns were observed during the experiments the tri split fraction 
pattern and the clean split fraction pattern. The former can be observed in the left part of 
Figure 14 and the latter in the right part of figure 14. The tri split fraction pattern is the more 
common one, see Table 10, and is more closely linked to the continuum element simulation 
due to the way the high stress area is located. The clean split fracture pattern is somewhat less 
common and is the more probable pattern in the shell element simulations. However, since 
both fracture types originates from roughly the same spot there is still possible that tri split 
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and clean split are simply different due to inhomogeneities in the material determining the 
fracture path after crack initiation. 
 
Table 10: Fracture types in the donut specimens 

Fracture type Number of fractures   Percent of total fractures 

Tri split 3   60% 

Clean split 2   40% 

 

4.3 Elastic spring back 
All the simulations performed include an unloading step at the end allowing the structure to 
elastically relax in order to determine severity of spring back. In hydroforming the spring back 
should be minimal in order to ensure that the shape change, after the unloading of the 
specimen, does not impact the shape of the final product negatively. From observations the 
spring back is determined as low, examining the energy of the material during simulation 
show that the elastic energy is significantly smaller than the plastic energy in the model, see 
Figure 15.  

 

Figure 15: Plastic energy (green) and elastic energy (violet) during an implicit simulation.  

4.4 Material data from experiments 
Since the initial material data was obtained from literature it was of importance to determine 
whether or not the samples available for testing resembled the initial data used in the 
simulations. Several different paperboard materials were used in the hydroforming 
experiments and then evaluated with respect to mechanical properties. The relevant material 
data of the specimens was gathered and is shown in Figure 16. 
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Figure 16: Material data for the different paperboards. Blue line is MD, red dotted line is CD.  
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Note the large spread of material properties, and in order to evaluate the suitability of the 
initially selected material model an average of all the tested materials was obtained, see Table 
11. 
 
Table 11: Comparison of material data between the averaged paperboards and the material used in 
simulations 

Variable Averaged paperboard material   Simulated material 

𝑃𝑃𝑀𝑀𝑀𝑀  8764 MPa   6500 MPa 

𝑃𝑃𝐶𝐶𝑀𝑀  3978 MPa   2000 MPa 

𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑀𝑀𝑀𝑀 42.8 MPa   16.5 MPa 

𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝐶𝐶𝑀𝑀  15.7 MPa   5.8 MPa 

 
It is clear that the material used in the simulations was weaker in almost every respect when 
compared to the tested materials. However, due to what was actually obtained from the 
simulations, i.e. plastic equivalent strain at full forming and the location of the critical areas 
rather than the stress values, this should not have a significant impact on the validity of the 
simulations.  
 

4.5 Robustness 
All the implicit models in this thesis lack one important attribute, robustness.  This means 
that each solution only achieves convergence with that exact setup. If any variable were to be 
altered in any significant manner it will most likely influence convergence. This includes but 
may not be strictly limited to:  

• Mesh density 

• Exponential pressure overclosure relationship 

• Coefficient of friction 

• Load application (e.g. amount of load applied per time step) 

• Material data 

 

Due to this the simulations are not applicable as a large scale predictive analysis tool at this 
time. The explicit simulations fare better when subjected to changes, i.e. small changes will 
not break the simulation, but may still run into issues if some variables are altered to a large 
degree.  
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5 Conclusions 

While the simulations are not applicable as a large scale predictive analysis tools the 
information gained from them is not insignificant. The amount of plastic strain the 
paperboard is subjected to during forming is important since it is one of many material 
properties that can be deliberately enhanced during production by creasing or compaction of 
the paperboard. Furthermore, the problematic areas with respect to fracture can be identified 
and steps to improve damage and fracture resistance can be taken.  
The 3D continuum models show significant contribution from out of plane effects. Therefore 
an improved way of describing the paperboard when modelling in full 3D is of importance. 
The shell element models are limited in what they can describe but show good consistency 
across explicit and implicit solvers with improved computational times compared to the 
continuum element models.   Also worth noting is that the shell element models predicted 
problematic areas with a reasonable degree of real world accuracy despite not including out of 
plane effects.  
This indicates that at this time, the best approach for a large scale predictive analysis tool is to 
utilize the ABAQUS explicit solver in conjunction with shell elements. 
  



Master thesis    Author: Andreas Lundin 
Department  of Solid Mechanics     
KTH     
 
 

22 
 

6 References 

 

 
[1]  M. Östlund, S. Borodulina och S. Östlund, ”Influence of Paperboard Structure and Processing 

Conditions on Forming of Complex Paperboard Structures,” Packaging Technology and Science, 
vol. 24, pp. 331-341, 2011.  

[2]  J. Kuusipalo, "Paper and Paperboard Converting", Helsinki O: Paperi ja Puu Oy, 2008.  
[3]  M. Kirwan, "Paper and Paperboard Packaging Technology", New York: Blackwell Publishing Ltd, 

2005.  
[4]  Iggesund Paperboard AB, "Paperboard Reference Manual", Iggesund: Iggesund Paperboard AB, 

1993.  
[5]  L. Mozetic, ”Design and development of laboratory equipment for forming of double-curved 

paperboard surfaces,”, Master Thesis, KTH, Department of Solid Mechanics, Stockholm, 2008. 
[6]  ABAQUS, ABAQUS User's Manual. Abaqus Inc. Providence, RI, USA, 6.12 edition..  
[7]  H. Huang och M. Nygårds, ”Numerical Investigation of Paperboard Forming,” Nordic Pulp and 

Paper Research Journal, vol. 27, nr 2, pp. 211-225, 2012.  
[8]  M. Nygårds, ”Creasing of Paperboards,” STFI-Packforsk, 2008. 
[9]  A. Hagman, "Influence of inhomogenities on the tensile and compressive mechanical properties of 

paperboard", PhD Thesis,  KTH Royal Institute of Technology, Department of Solid Mechanics, 
2016. 

 
 
 





www.kth.se


	kth-cover6793198273216342412
	Master Thesis-Andreas Lundin-FEM simulation of 3D forming of double curved paper structures
	1 Introduction
	2 Experimental Setup
	2.1 Hydroforming Setup
	2.2 Tensile test setup

	3 Finite element model
	3.1 Parts and mesh
	3.2 Material model
	3.3 Interactions
	3.4 Boundary conditions
	3.5 Solver controls

	4 Results and discussion
	4.1 Tetratop results
	4.2 Quarter donut results
	4.3 Elastic spring back
	4.4 Material data from experiments
	4.5 Robustness

	5 Conclusions
	6 References

	Blank Page
	Blank Page

