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Abstract 

Paper materials have a long history of use in packaging products, 

although traditional paper-based packaging is limited in its shape and 

design. In order to enable more advanced paper-based packaging, various 

3-D forming processes for paper materials have been studied. Since 3-D 

forming processes typically include the application of moisture and/or 

temperature, the effects of moisture and temperature on the mechanical 

response of paper have also been investigated. 

In Paper A, an experimental study of the combined effects of moisture 

and temperature on the uniaxial mechanical properties of paper was 

conducted. These experiments provided new insights into how moisture 

and temperature affect both the elastic and plastic properties of paper 

materials. These experiments also provided the framework from which 

the effects of moisture and temperature were modelled in Paper C. 

In Paper B, an explicit finite element model of the paperboard deep-

drawing process was developed. An orthotropic material model with in-

plane quadrant hardening was developed and verified for paper. The 

simulation results matched the trends from experimental deep-drawing 

up to when micro-scale wrinkling occured. Since most experimental 

failures occur prior to wrinkling, this model provided quantitative 

understanding of failure in the paperboard deep-drawing process. 

In Paper C, an explicit finite element model of paper hydroforming, 

utilizing the same material model for paper materials as in Paper B, was 

developed and verified. The simulation results matched well with 

experimental results, and a parametric study with the finite element 

model produced quantitative understanding of the hydroforming process 

for paper materials. Additionally, drying was identified as an important 

phenomenon for determining the extent of formability of paper materials. 

Keywords 

 

3-D forming, constitutive model, moisture, temperature, hydroforming, 

deep drawing.  



 

Sammanfattning 

Papper har länge använts som förpackningsmaterial men traditionella 

pappers- och kartongförpackningar är begränsade i form och design. 

Olika 3-D formnings processor har studerats för att möjliggöra mer 

avancerade pappersbaserade förpackningar. Effekterna av fukt och 

temperatur på pappers mekaniska egenskaper har också undersökts 

eftersom fukt och temperatur har stor betydelse för slutresultatet i 3-D 

formningsprocesser. 

I Artikel A har den kombinerade effekten av fukt och temperatur på de 

uniaxiella mekaniska egenskaperna av papper undersökts experimentellt. 

Dessa experiment visar hur fukt och temperatur påverkar både elastiska 

och plastiska egenskaper hos papper samt ligger till grund för 

modelleringen av inverkan av fukt och temperatur i Artikel C. 

I Artikel B har en explicit finita element modell för djupdragning av 

kartong utvecklas. En ortotropisk materialmodell baserad på en 

rektangulär flytyta har utvecklats och verifierats för kartong. 

Simuleringen följde trenderna i experimenten fram till den punkt där 

mikroskopiska rynkor bildas. Resultaten från analyserna med modellen 

ger kvantitativ förståelse för materialbrott i djupdragningsprocessen 

eftersom de flesta experimentella materialbrott inträffar innan 

mikroskopiska rynkor bildas. 

I Artikel C har ett explicit finita element modell av hydroformning av 

papper baserad på materialmodellen från Paper B utvecklats och 

verifierats mot experimentell hydroformning av papper. En 

parameterstudie med finitaelement-modellen producerade kvantitativ 

förståelse för hydroformningsprocessen för papper. Dessutom 

identifieras torkning som ett viktigt fenomen för att fastställa graden av 

formbarheten för pappersmaterial. 

Nyckelord 

 

3-D formning, finitaelement, konstitutiv modell, fukt, temperatur, 

hydroformning, djup dragning.  



 

Preface 

This thesis was completed at the Department of Solid Mechanics, a 

part of the School of Engineering Sciences, at KTH Royal Institute of 

Technology under the supervision of Professor Sören Östlund. All 

research presented as part of this thesis was conducted as a part of BiMaC 

Innovation, a VINN Excellence Centre. 

BiMaC Innovation was created in 2007 with intention to create a 

multi-disciplinary platform for addressing major problems in the forest-

based sector. In 2013, which marks the most recent update (from the 

publication date of this thesis) to the strategic plan of BiMaC Innovation, 

has the mission “to be an important facilitator for renewal and innovation 

in the forest-based sector”. This mission includes “the development of 

geometrically complex structures with new levels of product performance, 

aiming at expansion of existing markets and entry into new ones”. 

This thesis directly investigates two processes (deep-drawing and 

hydroforming) through which geometrically complex paper-based 

structures can be created. These 3-D forming methods are investigated 

through the use of finite element methods. Finite element methods have 

been instrumental in the improvement of similar 3-D (sheet) forming 

methods for metals, so a similar approach has been utilized for paper-

based materials. In addition to the creation of finite element models, 

understanding for the mechanical behavior of paper materials and 

material models based on that understanding have also been developed in 

order to improve the accuracy and completeness of the finite element 

simulations. 

The research has been funded by BiMaC Innovation, which (at the 

date of publication) includes the following partners: KTH Royal Institute 

of Technology, BillerudKorsnäs, Innventia AB, Lyckeby Starch AB, Stora 

Enso AB, Tetra Pak Packaging Solutions AB, Holmen AB, Svenska 

Cellulosa AB SCA, and Vinnova. 

 

Stockholm, September 2015 

Eric Linvill  



 

List of appended papers 

This licentiate thesis is based upon the following three scientific 

articles: 

Paper A 

E. Linvill, S. Östlund (2014) “The Combined Effects of Moisture and 

Temperature on the Mechanical Response of Paper”, Experimental 

Mechanics, Vol. 54(8), Pages 1329-1341. 

Paper B 

M. Wallmeier, E. Linvill, M. Hauptmann, J.P. Majschak and S. 

Östlund (2015) “Explicit FEM Analysis of the Deep Drawing of 

Paperboard”, Mechanics of Materials, Vol. 89, Pages 202-215. 

Paper C 

E. Linvill, S. Östlund (2015) “Parametric Study of Hydroforming of 

Paper Materials using the Explicit Finite Element Method with a 

Moisture- and Temperature-Dependent Constitutive Model”, Internal 

Report No. 575, Department of Solid Mechanics, KTH Royal Institute of 

Technology, Stockholm. 

 

  



 

Contribution to the papers 

Paper A 

E. Linvill designed the experimental method, conducted the testing, 

post-processed the testing data, wrote the manuscript, and acted as 

corresponding author for the manuscript. 

Paper B 

E. Linvill developed the material model, implemented the material 

model subroutine in LS-DYNA, and conducted the uniaxial and biaxial 

verification of the material model. E. Linvill and M. Wallmeier shared 

equally the work to create and execute the finite element model of the 

deep-drawing process as well as the writing of the manuscript. M. 

Wallmeier was the corresponding author for the manuscript. 

Paper C 

E. Linvill developed the material model, implemented the material 

model subroutine in LS-DYNA, and created and executed the finite 

element model of the hydroforming process. Additionally, E. Linvill 

developed the experimental method, conducted the testing, post-

processed the testing data, wrote the manuscript, and acted as 

corresponding author for the manuscript. 

  



 

Acknowledgements 

In order to express my gratitude for only a small few of the many who 

have been key supporters of me through this journey, I would like to 

share with each of you a Native American proverb representing how you 

have supported me. 
 

Sören 
Östlund 

When you are in doubt, be still, and wait; 
when doubt no longer exists for you, then go forward with courage. 

So long as mists envelop you, be still; 
be still until the sunlight pours through and dispels the mists 

- as it surely will. 
Then act with courage. 

 
Ponca Chief White Eagle 

 
 
 

Malte 
Wallmeier 

One finger cannot lift a pebble 
 

Proverb from the Hopi Tribe 
 
 
 

Industrial 
Partners 
in BiMaC 

All dreams spin out from the same web 
 

Proverb from the Hopi Tribe 
 
 
 

Family 
and 
Friends 

Friend do it this way - that is, 
whatever you do in life, 
do the very best you can 

with both your heart and mind. 
 

From the Lakota Instructions for Living 
 
 
 

Nature 
and Trees 

Treat the earth well: it was not given to you by your parents, it was loaned 
to you by your children. We do not inherit the Earth from our ancestors, 

we borrow it from our children. 
 

Unknown Origin, Ancient Native American Proverb 

  



 

Nomenclature 

Abbreviations 

3-D  ..................................................................................  Three Dimensional 

CD  .........................................................................................  Cross Direction 

MD  ...................................................................................  Machine Direction 

ZD  ..................................................................  Through-Thickness Direction 

Latin Symbols 

k  .................  Size of the Yield Surface  ......................................................  [-] 

𝑚𝑐  ..............  Moisture Content  ................................................................  [-] 

𝐶1  ................  1st Coefficient of the Hyperbolic Tangent Function  .....  [MPa]  

𝐶2  ................  2nd Coefficient of the Hyperbolic Tangent Function  .........  [-] 

𝐶3  ................  3rd Coefficient of the Hyperbolic Tangent Function  ....  [MPa] 

𝑀𝑚𝑜𝑖𝑠𝑡  .........  Mass of Moisture within Paper  .........................................  [kg]  

𝑀𝑡𝑜𝑡  ............  Total Mass of Paper with Moisture  ..................................  [kg] 

Greek Symbols 

𝜀  .................  Strain  ....................................................................................  [-] 

𝜎  .................  Normal Stress  ................................................................  [MPa] 

𝜏  .................  Shear Stress  ...................................................................  [MPa] 

Subscripts 

𝑡 Tensile 

𝑦 Yield 
𝐶𝐷 Cross Direction 
𝑀𝐷 Machine Direction 
𝑀𝐷 − 𝐶𝐷 In-Plane Shear Direction 

Superscripts 

𝑝 Plastic 



 

Contents 

1. Introduction ............................................................................. 1 
1.1. Objectives .............................................................................................. 2 
1.2. Structure ................................................................................................ 3 

2. Paper ........................................................................................ 4 
2.1. Importance of Moisture and Temperature .......................................... 5 
2.2. Kraft fiber handsheets .......................................................................... 6 
2.3. Paperboard ............................................................................................ 6 

3. 3-D Forming of Paper .............................................................. 8 
3.1. Deep drawing ........................................................................................ 9 
3.2. Hydroforming ...................................................................................... 10 

4. Material Model ....................................................................... 12 
4.1. Fundamental Assumptions ................................................................ 12 
4.2. Verification .......................................................................................... 17 
4.3. Drying Effects ..................................................................................... 17 

5. Parametric Studies ................................................................ 19 
5.1. Deep-drawing ...................................................................................... 19 
5.2. Hydroforming ...................................................................................... 20 

6. Conclusions ........................................................................... 22 

7. Future Work ........................................................................... 24 

References ................................................................................. 25 





INTRODUCTION | 1 

1. Introduction 

Paper materials, which are for the sake of this thesis defined as any 

sheet structure which is produced from wood fibers prepared for 

papermaking, are one of the oldest known man-made materials. Paper as 

it is today has developed through the times as follows [1]: 

 105 AD: de-fibered bamboo was utilized during the Chinese 

Han Dynasty to create a variety of papers, including sized, 

coated, and dyed papers. 

 610 AD: beating processes were introduced and papermaking 

(utilizing cotton fibers) began to spread to spread through 

Asia and Europe. 

 14th Century: technological advances are made, including the 

use of water-mill power. 

 16th Century: widespread use of water-mill power and 

improvements in machinery improve the paper-making 

process. 

 17th and 18th Century: large-scale production begins. Shortages 

of cotton fibers force paper producers to start using tree-based 

(cellulose) fibers. 

 19th Century: wood becomes the primary raw material for 

papermaking, and industrialization motivates the creation of 

larger machines which run at greater speeds. 

 20th Century: Paper machines become fully automated and 

become even larger and faster than the previous century. 

Paper materials have a multi-century-long history of use as a 

packaging material. The first known commercial cardboard box was 

produced in 1817 in England as a replacement for wooden crates and 

boxes that were in use during that time [2]. With the invention of the 

gable top milk carton in 1915 [3], the use of cardboard boxes to contain 

Kellogg’s ® Corn Flakes ® in 1906 [4], and the development of 

continuous production methods in 1956 and aseptic paper-based 
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packaging in 1969 by Tetra Pak [5], paper materials became increasingly 

more common in western society, especially as a food packaging product. 

The dawn of plastics and plastic food packaging started with the 

patent of Polymeric Vinylidene Chloride in 1939 [7], which then led to the 

development of Saran wrap in 1949 by Dow Chemical [8]. Plastic-based 

packaging products continued to expand until the dawn of the 21st 

century, at which point environmental and sustainability concerns 

regarding plastic packaging began to gain widespread public attention. In 

recent years, an increased focus has been placed on food packaging 

products which have a cradle-to-grave environmental impact that is as 

small as possible, and consumers around the world perceive paper 

materials as significantly more environmentally friendly than plastics [9]. 

Plastics have the benefit of being easily formed into almost any complex 

shape, while paper products have typically only been successfully formed 

into geometrically simple shapes. In order to compete with plastic-based 

packaging, paper products will need to address this significant limitation. 

1.1. Objectives 

This thesis has one main overarching objective, which comes from the 

2013 strategic plan of BiMaC Innovation (as described in the Preface): 

“the development of geometrically complex (paper) structures 

with new levels of product performance, aiming at expansion of 

existing markets and entry into new ones” 

In order to progress towards this goal, a scientific approach with 

emphasis on both experimental and numerical solid mechanics has been 

chosen as the primary tool. The benefit of such an approach is that one 

can model various complex 3-D forming processes given accurate 

material constitutive behavior and can conduct parametric studies 

utilizing these models to investigate the independent effects of each 

parameter on each process (which tends to be extremely challenging if 

not practically impossible in a purely experimental framework). Such an 

approach demands the following objectives to be met in order to obtain 

reasonable results for parametric studies of such complex 3-D forming 

processes: 

 An accurate constitutive description of the material being 

deformed (paper materials in the case of this thesis). 

 Development of complete and computationally efficient finite 

element models of the complex 3-D forming processes. 

 Experimental verification of the developed finite element 

models. 
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1.2. Structure 

The following sections of this thesis are organized in such a way as to 

provide the reader with an overall picture and purpose to the work 

presented in Paper A, Paper B, and Paper C. After this introductory 

chapter, one chapter is provided that presents paper as an engineering 

material as well as presents the types of paper utilized through this work. 

The third chapter discusses the types of 3-D forming methods for paper 

materials that have recently been introduced. The third chapter also 

discusses which 3-D forming processes were chosen for this work, why 

these specific processes were chosen, and how these processes create 3-D 

paper structures. The fourth chapter presents and discusses the material 

model that was developed by the author. The fifth chapter presents the 

framework of the finite element method utilized and a summary of the 

results of the parametric studies for the processes chosen to be studied as 

a part of this thesis. The sixth chapter presents the overall conclusions 

from the work in this thesis, and the seventh chapter presents an outline 

of the planned future work for the continuation of research. Paper A, 

Paper B, and Paper C are respectively attached as appendices and contain 

a majority of the scientific work of this thesis. 

 



4 | PAPER 
 

2. Paper 

Modern paper is produced on large-scale paper machines which range 

up to 600 meters long and have production speeds of up to 2.2 kilometers 

of paper per minute. The nature of this highly dynamic process has an 

effect on the final mechanical properties of a commercially produced 

paper sheet. A paper sheet is typically defined in its three approximately 

orthogonal material directions: the machine direction (MD), the cross 

direction (CD), and the through-thickness direction (ZD). An illustrative 

example of these three directions and how they relate to the paper 

machine that the paper was produced on is shown in Figure 1. 

 

Figure 1: The three orthogonal directions in paper – displayed in the paper machine 

 

The green rolls in Figure 1 pull the paper sheet through the paper 

machine in the MD direction (as indicated by the black arrows in Figure 

1). Speed differences in the rolls can be utilized to strain the paper in the 
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MD direction. Drying in such a strained condition (i.e. restraint drying) 

can create an increased stiffness and strength in the MD direction. 

Paper is a composite material composed of fibers (each of which is a 

multi-layer composite material composed of cellulose, hemicellulose, and 

lignin [10]), fines (a non-homogeneous collection of particles, including 

bands, flakes, and ray cells [11]), and pores. However, the fibers 

themselves are the primary load-carrying part of the structure. Tree-

based fibers typically have lengths from 1 to 5 mm, widths from 10 to 40 

µm, wall thicknesses from 2 to 10 µm, and hollow oval cross-sections. 

However, during the drying part of the papermaking process, the hollow 

oval cross-sections of these tree fibers typically collapse. These fibers are 

quasi-randomly distributed throughout the sheet structure, and most 

fibers are oriented within the in-plane (MD-CD) directions. Within the 

in-plane (MD-CD) directions, fibers tend to have a bias towards the MD 

direction; this orientation causes the MD direction to typically be stiffer 

and stronger than the CD direction. 

In the ZD direction, the fiber-fiber joints are the primary tensile-load-

carrying structure. In ZD tension, these joints are much weaker and more 

compliant than the stiffness of the fibers for in-plane loading. In ZD 

compression, the material response is driven by compression of the 

fibers. These fibers are also much more compliant in ZD compression 

than they are during in-plane loading. Generally, the stiffness of paper in 

the in-plane (MD-CD) directions is typically at least a magnitude of ten 

times greater than the stiffness in the out-of-plane directions [12], 

making paper a highly anisotropic material. This significant difference 

between the in-plane (MD-CD) and out-of-plane stiffness is a primary 

reason why an in-plane plasticity model with out-of-plane elasticity is 

utilized in Paper B and Paper C. 

2.1. Importance of Moisture and Temperature 

Moisture and temperature are widely known to have significant 

impacts on the constitutive behavior of paperboard, and the reader is 

directed to Paper A for a review of the literature which exists regarding 

the effects of moisture and temperature on the mechanical behavior of 

paper materials. Although the definition of moisture content can vary 

between applications, the moisture content is defined throughout this 

work as: 

 

 𝑚𝑐 =
𝑀𝑚𝑜𝑖𝑠𝑡

𝑀𝑡𝑜𝑡
 (1) 
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where 𝑚𝑐 is the moisture content, 𝑀𝑚𝑜𝑖𝑠𝑡 is the mass of moisture 

contained within the paperboard, and 𝑀𝑡𝑜𝑡 is the total mass of the 

paperboard including the moisture. 

In Paper A, an experimental study of the combined effects of moisture 

and temperature on the uniaxial, tensile mechanical response of paper 

was conducted. A new experimental setup, which included pre-

conditioning of samples at a given relative humidity and heating of the 

samples with a heating lamp during the tensile testing, was designed, 

constructed, and verified. 

Temperature and moisture were found to have uncoupled effects on 

the elastic modulus, tangent modulus, hardening modulus, strain at 

break, and tensile energy absorption. See Paper A for the definition of 

uncoupled effects. A hyperbolic tangent function was utilized to fit the 

experimental data and is described by: 

 

 𝜎 = 𝐶1 tanh(𝐶2𝜀) + 𝐶3 𝜀 (2) 

 

where 𝜎 is the stress, 𝐶1−3 are curve-fitting constants, and 𝜀 is the total 

strain. The utilization of this hyperbolic tangent function, which fit all the 

experimental results with an R-squared value of at least 0.999, made 

determination of the material properties systematic, simple, and as 

unbiased as possible. Additionally, all three of these constants (𝐶1−3) 

where found to experience uncoupled effects of moisture and 

temperature. 

2.2. Kraft fiber handsheets 

In Paper A and Paper C, handsheets produced from Celeste kraft pulp 

from SCA (Svenska Cellulosa Aktiebolaget) were utilized. This pulp was 

beaten at 160 kWh/t, and the handsheets were made with white water 

recirculation on the Rapid Köthen device at KTH. This beating level in 

conjunction with white water recirculation provided the best strain-at-

break properties for this pulp. High strain-at-break properties were 

desired in order to provide the best possible 3-D formability. Since the 

plan for future work (See Section 7. Future Work) includes the 

investigation of the 3-D formability of chemically and/or mechanically 

modified paper materials utilizing this same beaten pulp, the handsheets 

utilized in Paper A and Paper C will also act as the control case for the 

modified materials. 

2.3. Paperboard 

Paperboard is a type of paper which consists of multiple layers. The 

utilization of multiple layers allows one to optimize the bending strength, 
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print surface, and appearance. A visual representation of this type of 

construction is provided in Figure 2. 

 

Figure 2: Multi-layer paperboard construction 

 

Typically, the outer layers of paperboard, which are represented by the 

brown, thinner layers in Figure 2, have stiffer fibers with better 

appearance properties than the middle layer, which is represented by the 

green, thicker layer in Figure 2. The middle layer is typically bulkier and 

more compliant than the outer layers, because the middle layer has less 

effect on the bending stiffness. Additionally, since the middle layer is 

hidden from view, the middle layer does not have to meet any visual 

requirements. 

Due to the effectiveness of paperboard as a packaging material and its 

superior visual quality, Paper B focuses on the deep-drawing of 

paperboard. Trayforma 350 from Stora Enso was selected for the study of 

deep-drawing in Paper B. Trayforma 350 is known, through 

experimentally acquired knowledge at TU Dresden, to perform well in the 

deep-drawing process. 
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3. 3-D Forming of Paper 

Since industrial papermaking produces a material which has high 

strength, high stiffness, high structural efficiency, and low cost, paper 

materials make for an extremely good base material for packaging. 

However, traditional paper-based packaging products are typically 

limited to folded box structures. In comparison with other packaging 

products (and especially plastic-based packaging), this limitation of the 

designed shape of the package is one of the greatest drawbacks for paper-

based packaging. Therefore, the development of new 3-D forming 

techniques for paper-based products could significantly increase the 

competitiveness and diversity of paper-based packaging. 

Vishtal [13] introduced a useful classification of 3-D forming processes 

for paper by separating 3-D forming processes into two classifications: 

sliding blank and fixed blank processes. A sliding blank process is a 

process during which the blank (i.e. the paper specimen) is allowed to 

slide in between the die and blankholder. A fixed blank process is a 

process during which the blank is held in place between the die and 

blankholder. The types of 3-D forming processes for paper materials are 

presented in Table 1. 

Table 1: Types of 3-D forming processes for paper materials 

Sliding Blank Fixed Blank 

Deep drawing Hydroforming 

Stamping Blow/vacuum forming 

 

Of the four processes shown in Table 1, deep drawing and hydroforming 

were selected as the focus of this work. The deep-drawing process is 

currently one of the most developed 3-D forming processes for traditional 

paper materials and is even currently utilized in limited commercial 

processes. Recent research and development of this process at TU 

Dresden has realized a significant new potential for this process [14]-[16], 

although improved understanding of a few specific quality measures for 

deep-drawn paperboard cups (e.g. failure probability, springback, and 
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wrinkle distribution and number) are necessary prior to large-scale 

implementation. Because experimental determination of what affects 

these quality measures has been difficult, this work has attempted to 

study these quality measures from an explicit finite element approach. 

As opposed to the sliding blank processes in Table 1 for which 

matching dies and blanks must be simultaneously produced for each 

different 3-D packaging shape, the fixed blank processes in Table 1 

require only one die to be produced for each shape. The paper blank in 

blow/vacuum forming is directly subjected to an air pressure differential, 

which is not effective for porous materials such as paper. During 

hydroforming, on the other hand, a membrane (e.g. rubber) is utilized to 

engage the pressure differential and transmit the load from this pressure 

differential to the blank. Due to the porous nature of paper materials and 

the simplicity of creating tooling for fixed blank processes, the 

hydroforming process was also investigated in this work. 

3.1. Deep drawing 

The deep-drawing process is illustrated in Figure 3. 

 

Figure 3: Sketch of the deep-drawing process 

 

During the deep-drawing process, the blank is held between the 

blankholder and die, and the punch travels downwards. As the punch 

pulls the blank through the die, the blank slides between the blankholder 

and the die. As the blank is drawn deeper into the die, the large 

compressive circumferential forces cause the blank to wrinkle. Precise 

control over the force provided by the blankholder can be utilized to affect 

the size and distribution of these wrinkles for paper materials. As defined 

by Haputmann and Majschak [14], a greater number of small wrinkles 
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(with a length scale on the range of hundreds of micrometers) are 

preferable for maximizing visual quality. 

The deep-drawing process can be utilized to create cup-like packages 

such as the one shown in Figure 4. 

 

 

Figure 4: A deep-drawn paperboard cup 

 

The deep-drawn cup in Figure 4 has a diameter of 76 mm, a height of 46 

mm, and consists of approximately 300 wrinkles around the 

circumference of the cup. Since these wrinkles are so small, the overall 

visual impression of the cup is not compromised by the wrinkles, as seen 

in Figure 4.  

3.2. Hydroforming 

The hydroforming process is illustrated in Figure 5. 
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Figure 5: Sketch of the hydroforming process 

 

During the hydroforming process, the blank is held in place between the 

blankholder and die, and a pressure is applied within the balloon. This 

pressure is then applied to the blank, forcing the blank to deform into the 

shape of the die. The main purpose of this 3-D forming technique is to 

create permanent (i.e. plastic) tensile in-plane (MD-CD) deformation in 

the paper blank. Wrinkling is typically avoided during hydroforming for 

both sealing and visual purposes. One could induce wrinkle formation in 

the hydroforming process by allowing increased sliding of the blank into 

the die, but this would also require precision control of the blankholder. 

The hydroforming process can create complex double-curved surfaces, 

such as the donut-shaped structure created with hydroforming shown in 

Figure 6. 

 

 

Figure 6: A donut-shaped paper package created with hydroforming 

 

The package shown in Figure 6 has an overall width of 15 cm and a 

formed depth of 3 cm. 
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4. Material Model 

Motivation for the creation of a new material model which is capable 

of capturing the anisotropic behavior of paper is presented in Paper B. 

Based on the difficulty to define a yield point for paper materials and 

therefore also based the difficulty of defining an experimental yield 

surface, a simple material model was created and defined in Paper B. 

This material model is best described as an orthotropic model with in-

plane (MD-CD), linear, quadrant hardening. Quadrant hardening is the 

name given to hardening which only affects the parts of the yield surface 

that enter the quadrant of the current normal stress state, as defined in 

Paper B, and the reader is directed to Section 3.2.1 Plasticity in Paper B 

for the full description and derivation of this type of hardening. 

Additionally, the material properties were made to be a function of 

temperature in Paper B. 

4.1. Fundamental Assumptions 

The orthotropic material model with in-plane quadrant hardening was 

developed with a few key assumptions: 

 

1. Orthotropic material behavior 

2. No coupling between in-plane (MD-CD) and out-of-plane 

behavior 

3. In-plane maximum stress yield surface with quadratic 

dependency on in-plane (MD-CD) shear stress 

4. In-plane (MD-CD) linear quadrant (anisotropic) hardening 

5. Linear elastic out-of-plane behavior 

These assumptions are discussed in detail in Paper B. However, the two 

assumptions that are unique to this model (i.e. quadrant hardening and 

the yield surface) are introduced here as well. 

The yield surface created for this model was chosen due to its 

simplicity and the lack of experimental yield surface data. Since paper 
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materials exhibit a smooth transition from elastic to elastic-plastic 

loading, defining an experimental yield point is challenging [17]. As done 

with similar models such as the oft-cited model by Xia et. al. [18], the 

yield surface has been developed based on the shape of failure surfaces. 

However, instead of attempting to perfectly match the shape of the failure 

surfaces (which may or may not resemble the shape of the true yield 

surface), the most simple yield surface was chosen: an in-plane (MD-CD) 

maximum normal stress yield surface with quadratic dependence on the 

in-plane (MD-CD) shear stress. The quadratic dependence on the in-

plane (MD-CD) shear stress is supported by the experimental failure 

surfaces generated by Suhling et. al. [19]. A graphical representation of 

this yield surface in MD normal, CD normal, and MD-CD shear space is 

shown in Figure 7. 

 

Figure 7: Yield surface in the in-plane (MD-CD) stress state 

 

Note that the bisection of the MD normal and CD normal plane with the 

yield surface generates a rectangular surface, as illustrated by the 

projected contour map in Figure 7. 

With this yield surface, the definition of an anisotropic hardening law 

is possible through the use of quadrant hardening. The yield surface in 

Figure 7 for some value of in-plane (MD-CD) shear stress can be redrawn 

as Figure 8. 
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Figure 8: Yield surface for a value of in-plane (MD-CD) shear stress 

 

The mathematical representation of the four sub-surfaces in Figure 8 is as 

follows: 

 

 𝑘𝑖 =
𝜎𝑖

𝜎𝑦𝑖

+ (
𝜏

𝜏𝑦
)

2

 (3) 

 

where 𝑘𝑖 begins at a value of unity and expands with the yield surface for 

each independent sub-surface, 𝜏 is the in-plane (MD-CD) shear stress 

state, 𝜏𝑦 is the in-plane (MD-CD) shear yield stress, and 𝜎𝑖 and 𝜎𝑦𝑖
 are 

defined in Table 2. 

Table 2: Definition of the normal stress terms in (3) 

𝒊 𝝈𝒊 𝝈𝒚𝒊
 

1 Tensile MD Stress Initial Tensile MD Yield Stress 

2 Tensile CD Stress Initial Tensile CD Yield Stress 

3 Compressive MD Stress Initial Compressive MD Yield Stress 

4 Compressive CD Stress Initial Compressive CD Yield Stress 

 

Quadrant hardening means that the expansion of the yield surface 

only occurs for those parts of the yield surfaces lying in the same 

quadrant as the normal stress state. For example, in bi-axial tension, only 

sub-surfaces 1 and 2 in Figure 8 can expand. Additionally, the derivatives 

of both sub-surfaces are utilized simultaneously during bi-axial tension 

(i.e. the material model utilizes a non-associative plastic flow potential), 

thus meaning that the corners of the yield surface seen in Figure 8 do not 
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affect the uniqueness of the result. Also, due to the nature of quadrant 

hardening, any tensile loading along the MD or CD direction will only 

cause yielding respectively in the MD or CD directions. This property of 

quadrant hardening implies that transitions between quadrants are 

continuous. 

Linear orthotropic hardening during inelastic loading in the first 

quadrant is assumed as follows: 

 

 𝑑𝜎1 = 𝐻𝑀𝐷,𝑡𝑑𝜀𝑀𝐷
𝑝

 (4) 

 𝑑𝜎2 = 𝐻𝐶𝐷,𝑡𝑑𝜀𝐶𝐷
𝑝

 (5) 

 𝑑𝜏 = 𝐻𝑀𝐷−𝐶𝐷𝑑𝜀𝑀𝐷−𝐶𝐷
𝑝

 (6) 

 

where 𝑑𝜎 is the stress increment, 𝐻𝑀𝐷,𝑡 is the tensile MD hardening slope, 

𝐻𝐶𝐷,𝑡 is the tensile CD hardening slope, 𝐻𝑀𝐷−𝐶𝐷  is the in-plane shear 

hardening slope, and 𝑑𝜀𝑝 is the  plastic strain increment. The definition of 

hardening according to (4)-(6) in combination with Hooke’s Law and an 

additive split of elastic and plastic strains allow the plastic strain 

increment to be directly solved for as follows (note that this derivation is 

identical to but presented slightly different than in Paper B): 

 

 𝑑𝜀𝑀𝐷
𝑝

=
(𝐶11− 

𝐶12
2

𝐻𝐶𝐷,𝑡+𝐶22
) 𝑑𝜀𝑀𝐷+(𝐶12− 

𝐶22𝐶12
𝐻𝐶𝐷,𝑡+𝐶22

) 𝑑𝜀𝐶𝐷

𝐻𝑀𝐷,𝑡+𝐶11− 
𝐶12

2

𝐻𝐶𝐷,𝑡+𝐶22

 (7) 

 𝑑𝜀𝐶𝐷
𝑝

=
(𝐶22− 

𝐶12
2

𝐻𝑀𝐷,𝑡+𝐶11
) 𝑑𝜀𝐶𝐷+(𝐶12− 

𝐶11𝐶12
𝐻𝑀𝐷,𝑡+𝐶11

) 𝑑𝜀𝑀𝐷

𝐻𝐶𝐷,𝑡+𝐶22− 
𝐶12

2

𝐻𝑀𝐷,𝑡+𝐶11

 (8) 

 𝑑𝜀𝑀𝐷−𝐶𝐷
𝑝

=
𝐶44

𝐻𝑀𝐷−𝐶𝐷+𝐶44
𝑑𝜀𝑀𝐷−𝐶𝐷 (9) 

 

where 𝐶𝑖𝑗  are the components of the elastic stiffness tensor and 𝑑𝜀 is the 

total strain increment. Combining equations (7)-(9) with (4)-(6) allows 

the stress increments to be directly calculated from the strain increment 

during inelastic loading in the first quadrant. Note that the yield surface 

is not utilized in the calculation of the stress increment. Therefore, the 

stress increment is independent from the definition of the yield surface. 

With the definition of the yield surface according to (3), the expansion 

of the yield surface can be determined by: 

 

 𝑑𝑘1 =
𝑑𝜎1

𝜎𝑦1

+
2𝜏𝑑𝜏

𝜏𝑦
2  (10) 

 𝑑𝑘2 =
𝑑𝜎2

𝜎𝑦2

+
2𝜏𝑑𝜏

𝜏𝑦
2  (11) 

 

where 𝑑𝑘 is the change in the size of the yield surface. 
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Defining the hardening slopes according to (4)-(6) includes 

implications that must be addressed for accurate use of the proposed 

orthotropic material model with in-plane quadrant hardening. The 

physical implications of (4) and (5) are rather straightforward; since 

paper is a fibrous material, plastic straining in one direction should not 

cause plastic straining in an orthotropic direction. For paper, this 

assumption means that plastic straining in MD causes no plastic straining 

in CD. However, plastic straining in an off-axis direction (i.e. in-plane 

plastic straining in a direction other than MD or CD) is also possible. In 

order to include a reasonable off-axis plastic straining response, equation 

(6) must also be included. For the case of uniaxial loading, a closed-form 

solution for the tangent modulus can easily be obtained for the off-axis 

directions (omitted here due to the size of the closed-form solution). In 

the uniaxial loading case, the tangent modulus should be at a maximum 

at an angle of 0 degrees (i.e. in the MD direction) and at a minimum at an 

angle of 90 degrees (i.e. in the CD direction). This is illustrated in Figure 

9, which includes both well-defined and poorly defined material 

properties for the proposed orthotropic material model with in-plane 

quadrant hardening. 

 

Figure 9: Three examples of tangent modulus for uniaxial loading in off-axis directions 

The green curve in Figure 9, which utilizes the material properties from 

Paper B, shows well-defined material properties, because the maximum 

and minimum occur respectively in the MD direction (i.e. 0 degrees) and 

the CD direction (i.e. 90 degrees). The brown and purple curves, which 

utilize the material properties from Paper B except that the shear 

hardening slope (𝐻𝑀𝐷−𝐶𝐷) from (6) is respectively set to 0 and 450, show 

poorly-defined material properties. Figure 9 clearly illustrates that the 

shear hardening slope (𝐻𝑀𝐷−𝐶𝐷) is utilized to calibrate the material model 

for in-plane off-axis plastic straining. 
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4.2. Verification 

Throughout Paper B and Paper C, the orthotropic material model with 

in-plane quadrant hardening was verified utilizing a variety of methods. 

These methods included: 

 

 Off-axis tensile testing (Paper B) 

 Testing the anisotropic hardening assumption (Paper B) 

 Bending tests (Paper B) 

 Deep-drawing (Paper B) 

 Hydroforming (Paper C) 

The model was capable of matching well the experimental results with the 

exception of predicting the bending response of paperboard in the MD 

direction and obtaining precise values for the 3-D forming processes. 

Validation of the model in bending was carried out for a paperboard 

material. The continuum model did not account for the composite 

structure of paperboard which maximizes bending stiffness as illustrated 

in Figure 2, which is why the model underestimated the bending stiffness. 

The comparison between the simulated and experimental deep drawing 

and hydroforming of paper materials were only capable in showing that 

the model captured the trends and approximate values for the respective 

processes. This result is not surprising, because these 3-D forming 

processes consist of numerous relatively unknown process parameters 

(e.g. coefficients of friction) and tend to exhibit significant experimental 

variability. Therefore, the extent to which these 3-D forming processes 

can be utilized to verify the material model is somewhat limited. 

4.3. Drying Effects 

In Paper C, the application of temperature was found to reduce the 

amount of springback. The explicit finite element simulations were found 

to capture this effect with the inclusion of a simplified drying model 

including four mass groups: the fibers, the air in the pores, the water 

vapor in the pores, and the water present in the fibers. This drying model 

simultaneously utilized the first law of thermodynamics and the 

conservation of mass in combination with the following assumptions: 

 No mass exchange between integration points (i.e. no 

diffusion) and therefore no effect of moisture gradients 

 Constant specific heat capacity and porosity 

With these two simplifying assumptions, the change in moisture content 

was found to be a direct function of the change in temperature, allowing 
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the change in moisture content to be calculated explicitly within the 

material subroutine. 

Although the simplifications of the drying model are rather significant, 

utilization of this simplified drying model captured well the phenomenon 

seen in the experiments. Therefore, the conclusion was drawn that the 

phenomenon of drying is important for determination of the amount of 

springback and the depth of forming. 
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5. Parametric Studies  

LS-DYNA, an explicit finite element solver, was utilized to model both 

the deep-drawing and hydroforming processes. The material model 

presented in Section 4 was implemented into the LS-DYNA user-defined 

material subroutine. Both models utilized quarter symmetry, and further 

details about the finite element models for deep-drawing and 

hydroforming are respectively presented in Paper B and Paper C. 

5.1. Deep-drawing 

In Paper B, the effect of a few process parameters on the punch force 

were quantified through the use of explicit finite element simulation. The 

punch force is directly related to the maximum stress experienced by the 

paper (and thus also the probability for failure). Utilizing the maximum 

punch forces and comparing them to the process parameters shows an 

approximately linear relationship between the process parameters and 

the maximum punch forces (with a minimum R-squared value of 0.95). 

These linear relationships are summarized in Table 3. 

Table 3: Parametric analysis results from Paper B 

Process 
Parameter 

Value Unit 

Blankholder 
Force 

9.7 
% increase in punch force 

1 kN
 

Die 
Temperature -1.5 

% increase in punch force 

10 degrees Celsius
 

Blank  
Thickness 5.0 

% increase in punch force 

10 μm
 

Blankholder and 
Die Friction 1.8 

% increase in punch force 

0.01 points friction coefficient
 

 

Note that the units in Table 3 are somewhat odd due to the fact that they 

have been selected to make the values for the various process parameters 

comparable. Note also that the probability of failure is not the only 
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quality-based requirement on deep-drawn paperboard cups. For example, 

the blankholder force should typically be maximized in order to increase 

the number and reduce the size of wrinkles [14]. Therefore, by utilizing 

the results shown in Table 3, one could offset the increase of the 

blankholder force by 1 kN by reducing the friction coefficient by 

approximately 0.05. Since the maximum punch force would remain 

approximately unchanged, the probability of failure would also remain 

the same. 

5.2. Hydroforming 

In Paper C, a wide numerical parametric study was conducted to 

investigate the effects of multiple process and material properties on the 

final volume of the formed shape. Linear relationship between the 

process and material parameters and the final formed volume are 

compared for those parameters which exhibited a linear relationship with 

an R-squared value of at least 0.95. These linear relationships are 

summarized in Table 4. 

Table 4: Parametric analysis results from Paper C 

Process 
Parameter 

Value Unit 

Blankholder 
Force 

0.0 
% increase in final formed volume 

1 kN
 

Die 
Temperature 1.4 

% increase in final formed volume 

1 degree Celsius
 

Relative 
Humidity 0.0 

% increase in final formed volume 

1 % Relative Humidity
 

Blankholder and 
Die Friction -2.8 

% increase in final formed volume 

0.01 points friction coefficient
 

Forming 
Pressure 

Nonlinear (Positive correlation) 

Rubber 
Stiffness 

Nonlinear (Positive correlation) 

Paper 
Stiffness 

Nonlinear  

Paper Tangent 
Modulus 

-2.9 
% increase in final formed volume

100 MPa
 

Paper Yield 
Strength 

-1.5 
% increase in final formed volume 

1 MPa
 

 

Note again that the units in Table 4 are somewhat odd in order to make 

the values for the various process and material parameters comparable. 

Both forming pressure and rubber stiffness were found to have nonlinear 

positive correlations with the final formed volume (i.e. an increase in 
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either forming pressure or rubber stiffness was found to cause an increase 

in the final formed volume). The paper stiffness, on the other hand, was 

found to have such a nonlinear relationship with the final formed volume 

that an optimum stiffness should exist for a given set of process and 

material parameters. The blankholder force was found to have negligible 

effect on the final formed volume. This result for the blankholder force is 

reasonable, because very little to no sliding of the blank between the die 

and blankholder is allowed throughout the hydroforming process. 

The linear regressions in Table 4 were created utilizing a maximum of 

three data points for each parameter. Therefore, the quality of a linear fit 

and therefore also the values presented in Table 4 should not be 

considered to be absolute results; the values in Table 4 should instead be 

utilized to obtain a general quantitative understanding of the effects of 

these process and material parameters on the extent of forming. 

Additionally, the results in Table 4 do not take into account the effects of 

simultaneously changing two or more parameters; the reader is directed 

to Paper C for a more complete discussion of the results of the parametric 

study. 
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6. Conclusions 

In Paper A, the combined effects of moisture and temperature on the 

uniaxial mechanical response of paper were experimentally studied. A 

custom test setup was designed in which the paper specimen was 

conditioned at a certain relative humidity and then subjected to 

temperature during the tensile test. This test method was verified in order 

to ensure that negligible moisture loss occurred during the span of the 

experiments. Additionally, a hyperbolic tangent function was utilized to 

fit and systematically analyze the uniaxial test results. Moisture and 

temperature were found to have uncoupled effects (as defined in Paper A) 

on the elastic modulus, tangent modulus, hardening modulus, strain at 

break, and tensile energy absorption. The results from these experiments 

were then directly utilized to adjust the material properties in Paper C, 

depending on the moisture and temperature state of the paper blank. 

In Paper B and Paper C, the 3-D forming processes of deep-drawing 

and hydroforming were studied through the use of explicit finite element 

simulation. An orthotropic material model with in-plane quadrant 

hardening for paper materials was developed and verified by comparison 

to experimental results in five separate ways. The material properties of 

this material model were made to be affected by both moisture and 

temperature, and a simplified drying model was also utilized. 

Quantitative understanding of the deep-drawing and hydroforming 

processes was obtained through the utilization of numerical parametric 

studies. While the blankholder force played a significant role in the 

maximum force experienced during deep-drawing, the blankholder force 

had negligible effect on the final formed volume after hydroforming. This 

difference in results comes from the inherent differences between these 

two processes: the sliding blank nature of the deep-drawing process and 

the fixed blank nature of the hydroforming process. On the other hand, 

similarities were found for the deep-drawing and hydroforming 

processes. Increases in die temperature and reductions in friction 

between the paper and the tooling were both found to have positive 

effects on the 3-D forming processes (i.e. increases in die temperature 
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and reductions of friction were both found to decrease the punch force in 

deep-drawing and increase the final formed volume in hydroforming). 
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7. Future Work 

The simulation in Paper B was capable of capturing the deep-drawing 

process up to the point at which wrinkling began dominating the material 

response. This is useful, because a majority of failures of the paperboard 

blanks occur before a large amount of wrinkling has been induced. 

However, failure is not the only challenge for deep drawing of 

paperboard; springback, wrinkle number, and wrinkle distribution are 

also important for the creation of high-quality paperboard cups [14]. 

Therefore, a model which is capable of capturing both the wrinkling 

behavior of paperboard during the deep-drawing process as well as the 

springback that occurs after the process would be beneficial to improve 

the deep-drawing technique for paperboard. In order to capture the 

macroscopic behavior of paperboard during the entire deep-drawing 

process, the author is planning to include this wrinkling phenomenon on 

a continuum level and to compare results from this model with results 

from experimental deep drawing at TU Dresden. 

Paper C showed that a working model has been developed for the 

hydroforming of paper materials. This model is capable of capturing the 

extent of forming and springback for the same type of handsheets that 

were utilized in both Paper A and Paper C. However, recent research has 

identified various chemical and mechanical treatments which are capable 

of increasing the extensibility of paper materials [20]. Since a primary 

goal of this work is to explore paper-based replacements for traditional 

plastic-based packaging, the extent to which these new materials could be 

formed in complex 3-D structures would be of great interest. Therefore, 

the author is planning to investigate the extent to which one or a few of 

these materials can be formed into complex, 3-D shapes. The author is 

planning to utilize handsheets created from the same base pulp as was 

utilized in Paper A and Paper C in order to obtain directly comparable 

results.  
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