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An increased demand for sustainable materials has led to intensive 
research in the field of three-dimensional paperboard forming. To date, 
this work has focused on forming processes with shape-giving tools. 
However, individual shapes are often required, especially for large-
format products. Incremental forming can be used in metal processing 
for small batches. In this article, the technology of incremental forming is 
transferred to paperboard. The results showed that elevated moisture 
content and a superimposed counter pressure significantly increased the 
forming limits. In addition, the use of polymer layers increased the shape 
accuracy. An extended understanding of the underlying mechanisms 
was achieved by analyzing the forming behavior. In uniaxial and biaxial 
characterization tests the influence of the moisture content on the 
forming behavior was investigated with conditions relevant for 
incremental forming. It was found that the bulge test is suitable to 
determine the most suitable moisture content regarding the forming limits 
and the spring back behavior in incremental forming. In addition, it was 
observed that the bearable elongations during the incremental forming of 
paperboard are significantly higher than in the established 
characterization tests. The reason for this is a compression of the fiber 
network during forming. 
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INTRODUCTION 
 

In addition to the ongoing problem of climate change, one of today’s key issues is 

the pollution of oceans by plastics. Jambeck et al. (2015) determined the annual input of 

plastic into the oceans as between 4.8 and 12.7 million tons in 2010. Because the 

degradation of plastics takes up to 400 years (Merkl et al. 2015), large garbage patches 

accumulate in the oceans, which contaminate marine organisms (Lebreton et al. 2018). 

To stop the pollution, closed loop recycling systems are required. However, even if the 

plastic waste gets collected, it is often incinerated. In Germany, for example, 99 % of 

used plastics are collected, which corresponds to 5.877 million tons. However, 

3.140 million tons of those are energetically recycled, i.e., incinerated (Umweltbundesamt 

2016). This procedure results in the release of harmful CO2 from fossil sources into the 

environment. Another approach to reduce the plastic waste is the replacement of 

polymer-based by climate-neutral and sustainable paperboard products. In contrast to 

plastics, uncoated paperboard, mainly consisting of wood fibers, is degraded in the 

environment after a few weeks without leaving harmful substances (Sridach et al. 2006). 

While paperboard products with simple geometries like folding boxes are frequently 

used, complex three-dimensional components (e.g., egg boxes) are manufactured by pulp 
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molding and thus have poor surface quality and strength (Hauptmann and Majschak 

2011). The associated poor surface quality and component strength compared to polymer-

based components results in complex shaped paper products that are not competitive with 

polymer products. In order to make paper competitive in the field of complex formed 

components, some forming processes used in metal processing have been adapted to 

paperboard. Conventional deep drawing (Hauptmann 2010; Lohse et al. 2010), press 

forming (Golzar and Ghaderi 2009; Leminen et al. 2013), and hydroforming (Huttel and 

Groche 2014; Linville and Östlund 2016) have been intensively investigated. These 

studies focused on understanding and improving the forming behavior of paperboard. The 

results show that the forming limits as well as the component quality of paperboard can 

be improved by: 

- An elevated moisture content (Scherer 1935; Rhim 2010), 

- Enhanced tool temperatures (Tanninen et al. 2014; Wallmaier et al. 2016), 

- A sufficient calibration time (Tanninen 2015), 

- A trajectory blank-holder force (Hauptmann et al. 2016a; Müller et al. 2017), 

- An in-process steam application (Franke et al. 2018), 

- A superimposed counter pressure (Groche and Huttel 2016), and 

- A superimposed ultrasonic vibration (Löwe et al. 2017a). 

A closer look at the fiber network and the forming mechanisms is required to understand 

why the listed parameters extend the forming limits. This knowledge is required to 

analyze the forming behavior of paperboard in characterization tests and in incremental 

forming. Therefore, the forming mechanisms are described in detail below, followed by a 

selective introduction to the incremental forming. 

 

Forming Mechanisms 
Figure 1 shows the different forming mechanisms for paperboard (Vishtal and 

Retulainen 2012; Groche and Huttel 2016). For reasons of clarity, the mechanisms are 

presented separately, although the forming is usually based on a combination of the 

individual mechanisms. Various approaches for influencing the forming mechanisms 

with a view to the mentioned improvements of formability are described afterwards. 

Neither the schematic depiction nor the subsequent discussion considers filler 

materials. Especially in recycled paperboard, there are fillers between the fibers that 

influence the material behavior. Because the variation and concentration of fillers (e. g., 

printing residues or minerals) is almost unlimited, most scientific studies on the forming 

behavior of paperboard were carried out on fresh fiberboard with a clear network 

structure like depicted in Fig. 1 a). 

 

Fiber network strength by hydrogen bonds 

Except for the mechanism “elongation”, the forming of paperboard is primarily 

based on a fiber movement. Hydrogen bonds (represented by blue dots in Fig. 1) are 

responsible for the inter-fiber connection and the fiber network strength (Putz 2013). 

Thus, weakening the hydrogen bonds during the forming process enables fiber 

movement, which increases the extensibility. The weakening can easily be adjusted by 

increasing the moisture content (Haslach 2000). However, the improvement of the 

forming that can be achieved as a result of increased moisture content is only possible to 

a limited extent; in tensile tests, there are higher elongations at break at 15 % than at 20 % 

moisture content (Huttel 2015).  
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Fig. 1. Schematic depiction of the forming mechanisms of paperboard; in reference to Vishtal and 
Retulainen (2012) and Groche and Huttel (2016) 
 

Because paper is hygroscopic (Rhim et al. 2006), there is a constant exchange of 

moisture between paper and the ambient medium. To eliminate the influence of a varying 

moisture content onto the forming behavior, a multitude of the conducted investigations 

regarding the three dimensional forming were performed in an air-conditioned 

environment. Beside a limited applicableness to industrial conditions, this leads to a 

restriction regarding the maximal moisture content since the hygroscopic moisture 

adsorption is limited (Bedane et al. 2014). Thus, the moisture content was set to about 

10 % in most previous investigations of the three dimensional forming of paperboard. 

Nevertheless, higher moisture contents are known to improve the forming limits (Huttel 

2015). 

 

Influence of temperature on the forming mechanisms 

While the hydrogen bonds are influenced by water between the fibers (voids, cf. 

Fig. 1), the elongation of the fibers themselves is also influenced by water embedded in 

the fibers (Östlund 2005). Additionally, the extensibility can be increased by softening 

the ingredients by heat input (Salmén 1993; Bos et al. 2006a). Salmén (1993) determined 

that the required temperature to soften the main ingredients, namely lignin, 

hemicellulose, and cellulose, is dependent on the moisture content. At 0 % moisture 

content, the required temperature for the mentioned ingredients is approximately 200 °C. 
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For lignin, the minimum temperature required is reduced to a constant value of 100 °C at 

moisture contents greater than 20 %. The softening temperature for hemicellulose and 

cellulose also decreases while the moisture content increases. At a moisture content of 

30 % hemicellulose already softens at room temperature. The softening temperature of 

cellulose, however, decreases almost constantly with increasing moisture content and 

reaches 50 °C at 40 % moisture content. 

 

Extending the extensibility by counter pressure 

A further approach to increase the extensibility of the fiber network is to apply a 

counter pressure, as described by Groche and Huttel (2016). In order to apply a counter 

pressure of 2 N/mm², they placed the paperboard between two steel sheets. Due to the 

significantly higher forming resistance of the steel sheets, a force is applied 

perpendicularly to the paperboard plane. They assume that, as a result of the 

perpendicular force, a hydrostatic pressure is applied, which leads to extended forming 

limits. To confirm this assumption, Stein et al. (2018) developed a test stand and carried 

out tensile tests under hydrostatic pressure. There was no significant increase in 

extensibility after applying hydrostatic air pressure (8 and 32 bar) in the tensile test 

chamber. This means that, contrary to metals (Yajima et al. 1970), a hydrostatic pressure 

does not affect the maximum elongation of paperboard under all circumstances. Because 

the application of the counter pressure by steel sheets also leads to a compression of the 

samples, Stein et al. (2018) conducted tensile tests on samples that had been compressed 

before the tensile test.  

 

 
Fig. 2. Mechanical properties of non-compressed and compressed samples, determined in a 
conventional tensile test at 5.5 % moisture content (Stein et al. 2018), with permission of the 
organizing committee 
 

As shown in Fig. 2 a, the elongation at break of pre-compressed samples (contact 

stress = 4.08 N/mm²) is increased by up to 74.8 % at a moisture content of 5.5 % in MD 

(preferred fiber direction, abbreviation: MD, 0°). In 45° fiber orientation, the increase of 

62.75 % is slightly lower. In CD (transverse to MD, abbreviation: CD, 90°), however, the 

increase is only 28.70 %. Independently from the fiber orientation, the sample thickness is 
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reduced from 0.53 mm to 0.45 mm at 5.5 % moisture content and from 0.62 mm to 

0.44 mm at 20 % moisture content. The increased initial thickness at 20 % moisture 

content is due to swelling. 

The reason for the lower increase in CD is based on a different forming 

mechanism compared to MD. During the pre-compressing, fibers are pressed into the 

existing voids. Hence the density of the sample increases (Vainio and Paulapuro 2007). 

Pushing the fibers into the voids can best be described with the "wrinkling" mechanism 

shown in Fig. 1 g). During the subsequent tensile test, the pressed-in fibers serve as an 

expansion reservoir, which significantly increases the bearable elongation. According to 

Fig. 1 c), this effect can be described by the "straightening" mechanism. Because the 

fibers must be aligned along the load direction for this, there is a clearer increase in MD 

than in CD or 45° fiber orientation. This tendency is also valid with an increased 

moisture content of 20 %. However, the increase is reduced to values of 24.64 % in MD 

and 10.71 % in CD. The lowered increase can be explained by the embedded water in the 

fibers and voids which prevents a “wrinkling” of the fibers into the voids since water is, 

contrary to air, incompressible. 

As depicted in Fig. 2 b), the tensile strength is also increased by the pre-

compressing process. As for elongation at break, the increase is highest in MD. The 

increase in tensile strength is explained by fewer voids and thus an increased contact area 

between the fibers, which enables the forming of more hydrogen bonds (Vainio and 

Paulapuro 2007) and leads to increased strength in the fiber network. Hauptmann et al. 

(2015) determined a similar behavior for paperboards with different fiber treatments 

resulting in different volumes of the voids. In contrast to the elongations at break, the 

tensile strength rises stronger at 20 % moisture content due to the pre-compressing than at 

5.5 % moisture content. This behavior is explained by the higher initial thickness 

(0.62 mm) of the moistened samples. In consequence, the distance between the fibers is 

higher compared to a moisture content of 5.5 % and thus fewer hydrogen bonds exist. 

Nevertheless, due to the pre-compressing process the samples are pressed to 0.44 mm 

with the result of a smaller distance between the fibers, which enables more hydrogen 

bonds to be formed at increased moisture content. 

 

Increased shape accuracy by adapted process parameters 

In addition to increasing forming limits, there have been efforts to enhance the 

shape accuracy of three dimensionally formed paperboard parts, as customers perceive 

inaccuracies as poor quality. Paperboard forming results in three main shape 

inaccuracies, namely spring back, shrinkage, and wrinkling. 

Spring back is based on mechanical energy saved in the fiber network due to 

elastic elongations. Tanninen et al. (2016) showed that a dwell time of 2 seconds in the 

mold in combination with elevated tool temperatures (160 °C) reduces spring back. This 

can be explained by the new formation or reinforcement of hydrogen bonds by drying 

after the forming process. Because paperboard has a distinctive creep behavior (Allaoui 

et al. 2009), a dwell time enables the fibers to relax. With regard to the forming 

mechanisms, this means that fibers can continue to elongate or relocate. Because there is 

no further deformation, stresses between the fibers and, consequently, spring back are 

reduced. 

In contrast to spring back, shrinkage is based on drying (Östlund 2005). However, 

the shrinkage behavior of paperboard during three dimensional forming processes has not 

been investigated, partly because it is difficult to distinguish between spring back and 
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shrinkage within forming processes. For example, a longer dwell time influences the 

shrinkage rate after the process by improved drying within the mold. 

The third shape inaccuracy, wrinkling, results from an excess of material and is 

observed in forming processes with in-plane compressive stresses. For example, in deep 

drawing this comes along with a material surplus in the flange area during the process. In 

metal forming this leads to tip formation at the outer edge as well as thickening in radial 

direction in the flange area due to the dislocation movement. Because no dislocations 

move within the paperboard network (Groche and Huttel 2016), the excess material leads 

to an overlapping of the fiber layers (Hauptmann and Majschak 2011). Hauptmann et al. 

(2016a) succeeded in reducing the resulting wrinkles through targeted control of the 

blank holder force. According to the shaping mechanisms, this is only possible if there 

are sufficient voids into which the excess fibers can be pressed. An extension of mere 

pressing was introduced by Löwe et al. (2017a). They superimposed an ultrasonic 

oscillation on the deep drawing process and thus reduce forming forces, improve stiffness 

and compress the wrinkles (smooth surface) (Löwe et al. 2017b). Higher temperatures 

occur in the specimens, making the ingredients become softer. Furthermore the fiber 

movement is facilitated by the vibrations. In consequence, penetration of fibers into the 

voids by “wrinkling” as well as a material compression by “slipping” (voids get closed) is 

supported.  

 

Anisotropic forming behavior 

While various investigations pursued different approaches to improve the forming 

limits, the anisotropic material behavior of paperboard led to shape deviations between 

the MD and the CD in all investigations. The anisotropic material behavior is a 

consequence of the manufacturing process. When the paperboard fibers are flushed onto 

the sieve they are primarily getting aligned parallel to the flux (Bos et al. 2006b) which 

leads to a different forming behavior with regard to the fiber orientation. The strength in 

MD is significantly higher than in CD, while the elongations at break are significantly 

higher in CD than in MD. Franke et al. (2018) determined in tensile tests elongations at 

break values 3.16-times higher in CD than in MD at 5 % moisture content and 2.769-

times higher at 20 %. To understand the mechanism a closer look to the fiber network is 

required, as depicted in Fig. 3.  

 
Fig. 3. Schematic depiction of the fiber network in fiber preferred direction (MD) and 
perpendicular to that (CD) 

 

When a sample is pulled with fibers mostly orientated in tensile direction (MD), 

more fibers are loaded parallel to their orientation. In contrast, in the CD the fibers are 

loaded to a greater degree perpendicularly to their longitudinal orientation. Comparing 

the fibers with conventional ropes, it becomes obvious that the required force to elongate 
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the fibers lengthwise is significantly higher than the force perpendicularly to this 

direction. Additionally, the hydrogen bonds located between the fibers (cf. Fig. 3) are less 

influenced when pulling in the MD. The reason for this is that the distance between the 

loaded fibers remains constant. In contrast, in CD the distance increases and thus the 

hydrogen bonds between the fibers are weakened or broken, which results in less network 

strength but higher bearable elongations. The hydrogen bonds located at crossing points 

of MD- and CD-fibers do not influence the anisotropic forming behavior. Vishtal and 

Retulainen (2012) additionally explain that more curled fibers are located in the CD. 

Straightening the curled fibers can be regarded as an elongation buffer, which means that 

higher elongations can be endured in CD than in MD.  

 The drying section in the manufacturing process of paperboard further increases 

the anisotropic behavior. While the fibers are stretched in MD by the paper machine and 

thus shrinkage is suppressed, shrinkage in CD is only influenced by the low frictional 

force between paper and drying rollers. In consequence, higher residual stresses occur in 

CD than in MD, which affects the mechanical properties. (Bos et al. 2006c) 

 

Incremental Forming 
Most of the above mentioned investigations regarding paperboard forming were 

conducted with full shape-giving tools (deep drawing, press forming) or partially shape-

giving tools (hydroforming). As a consequence, shape variations lead to high tooling 

costs. In mass production, as with packages, these costs are compensated by the high 

number of products produced. However, paperboard also offers opportunities for 

sustainable application in the field of furniture, car panels (Pflug et al. 2002) or as facade 

elements (Schabel 2017). While moisture resistance can already be achieved by chemical 

modifications or coatings (Rhim et al. 2007; Havimo et al. 2011), there is no three-

dimensional forming technology available for manufacturing large-scaled paperboard 

products. Because furniture and facades are often designed individually for reasons of 

recognition, an economical process is required for small batches. A technology which 

fulfills these requirements is incremental sheet forming (Jeswiet et al. 2005). The 

incremental forming without any die can be divided into the single point incremental 

(Fig. 4 a) and the incremental forming with counter tool (Fig. 4 b). The shape variants are 

limited only to the degrees of freedom of the CNC machines or robots used. Most 

machines provide at least three degrees of freedom. Thus, the forming tools can run any 

horizontally oriented tool path, as exemplarily depicted in topside views in (Fig. 4 c). The 

three dimensional shape is created by a radial (Δ r) and a vertical infeed (Δ z). The infeed 

can be made after each rotation (see Fig. 4 a) or continuously, e.g. through a spiral tool 

path.  

A further advantage of the incremental forming towards common forming 

technologies is the reduction of the forming force due to the localized forming process 

(Bambach 2007). This enables forming of large scaled parts with a relatively low 

machinery investment.  

Because incremental forming is primarily used for small batches and allows 

almost countless process variants (machining path, tool diameter, speed, etc.) a prediction 

of the forming limits is nearly impossible. Therefore, it is common to determine the 

forming limits with the aid of a common geometry and a given tool set. The maximum 

achievable flank angle α (cf. Fig. 4 a) gives a measure for the formability (Hirt et al. 

2004). For metals values between 40 and 76 ° are possible when forming a truncated cone 

(Behera et al. 2017). Investigations regarding the maximal flange angle of paperboard for 
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incremental forming are not known. Stein et al. (2017) already used the degrees of 

freedom in a single point incremental forming process to compensate the anisotropic 

material behavior of paperboard by an adapted process strategy. However, so far neither 

the forming limits of paperboard in incremental forming have been determined nor the 

shape accuracy depending on different process parameters. 

 

 
Fig.  4. Variants of incremental forming without additional dies a) single point incremental forming; 
b) two point incremental forming; c) topside view of different possible tool paths; (drives and units 
are not depicted) 

 

Objectives 
There is a need for a cost-efficient, individual forming process for paperboard. 

Therefore, this paper investigates the incremental forming of paperboard. In addition to 

process development, the aim is to determine whether known optimization parameters 

from conventional paperboard forming processes can be adapted to incremental forming.  

Because the design of incremental forming processes is still primarily based on 

the trial and error principle, the aim is to reduce the scope of experiments by means of 

standardized material characterization tests. Based on the fact that mainly plane and 

biaxial stresses occur during incremental sheet forming, tensile and bulge tests are 

performed. Additionally, a comprehensive understanding of the process is to be achieved. 

For this purpose, the determined process limits and the shape deviations are analyzed 

taking into account the forming mechanisms. 

 

 
EXPERIMENTAL 
 

 The following discussion describes the setups and the procedures in the used 

characterization tests as well as the applied evaluation methods. For a better 
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understanding, the descriptions are divided into the sections “tensile test” and “pneumatic 

bulge test”. The new developed test rig for the incremental forming of paperboard is 

described in the section “test rig for incremental forming”. 

In all tests, the industrial fresh fiber paperboard Trayforma® with a grammage of 

390 g/m² (afterwards: fresh fiber paperboard) from StoraEnso, Finland was used. This 

paperboard has a three-layer fiber construction with a chemi-thermomechanical pulp in 

the core. The data listed in Table 1 are from the public StoraEnso data sheet. (Datasheet 

Trayforma 2018). 

 

Table 1. Material Data for the Used Fresh Fiber Paperboard  

Parameter Value 

thickness 550 µm 

bending resistance L&W 15° MD/CD 790 / 300 mN 

brightness D65/10, top 84 % 

surface smoothness, Bendtsen, top/reverse 700 / 800 ml/min 

stretch CD 6.0 % 

 

Tensile Test 
Tensile tests for paperboard are standardized in DIN EN ISO 1924-2 (2009). 

However, the required sample geometry (rectangular strip) is not suitable because no 

homogeneous stress-strain distribution is given (Huttel 2015). Based on the bone-shaped 

geometry, as used for metals DIN 50125 (2009), a new specimen geometry has been 

developed for paperboard testing (Huttel 2015). Due to the more uniform stress and strain 

distributions in the analysis area of the specimens, the fracture occurs almost exclusively 

in the middle of the newly shaped samples. This improves observation and evaluation of 

the tests. Based on its advantages, this geometry was used in the present work. To 

exclude the influence of machine elasticity (ZwickRoell 100), the elongations were 

determined by an external optical measurement system (videoXtens®). 

To determine the moisture content that leads to the highest elongations at break, a 

variation from 4.5 up to 25 % moisture content was conducted. To adjust the moisture 

content, the specimens were dried, based on DIN EN ISO 287 (2009). To consider the 

fiber orientation of the paperboard the tests were conducted in 0 ° (machine direction, 

MD), 45 °, and 90 ° (cross direction, CD). In pretests it was determined that the specimens 

completely dried within 10 minutes at the specified temperature of 105 °C in a drying 

oven (FDL 115-230V, Binder GmbH, Germany). Afterwards, the moisture content was 

set by applying a specific amount of water with a spray bottle. This procedure is 

necessary since the maximum moisture content by hydrophilic adsorption in an air-

conditioned environment is limited to about 13 % (Bedane et al. 2014). The required 

amount of water was determined by Eq. 1 DIN EN ISO 287(2009), where m0 (g) is the dry 

mass, m1 (g) is the target weight of the moistened sample, and m (%) is the pursued 

moisture content.  

 𝑚 =  
𝑚1−𝑚0

𝑚1
∗ 100%        (1) 

To determine the final moisture content, all specimens were weighed immediately 

before starting the test.  

It is known that the drying of paper influences the material properties (Östlund 

2005). In order to exclude this influence in the present investigations, all samples were 

dried before the various experiments and then moistened. 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Stein et al. (2019). “Paperboard 3D forming,” BioResources 14(1), 1731-1764.  1740 

Based on the results of the conducted tensile tests, the spring back behavior was 

determined by loading the samples to 50 and 80 % of the maximum tensile strength. The 

maximum loading was set to 80 % to ensure that no specimen will break, due to the 

strength variations, which are a result of material inhomogeneity (Nazhad et al. 2000). 

After loading to 50 or 80 %, the load was immediately reduced at the same rate 

(10 mm/min) as during loading. All test parameters are summarized in Table 2. 

 

Table 2. Test Parameters for Tensile Tests 

Parameter Variations 

Fiber orientation 0° (MD), 45°, 90° (CD) 

Moisture content 4.5 %, 10 %, 15 %, 17.5 %, 20 %, 22.5 %, 25 % 

Load before unloading 50 %, 80 % of maximum tensile strength 

Constants Pulling/unloading velocity 10 mm/min (DIN EN ISO 1924-2, 2009) 

 

Pneumatic Bulge Test 
The depicted test rig in Fig. 5 was introduced by Post et al. (2011). For reasons of 

clarity, no attachments are depicted. In contrast to the tensile test, it allows the 

determination of the paperboard behavior under biaxial loads. In Fig. 5 a), the initial state, 

and in Fig. 5 b), the state immediately before breakage, is depicted. The load is applied by 

pressurized air. Since paperboard is a porous material and thus permeable to air it is 

separated from the pressurized air by a membrane. As explained by Post et al. (2011), the 

membrane has a small Young’s Modulus compared to the paperboard to assure that 

influences on the results are minimized. For an improved visualization the membrane is 

only depicted in a detailed section (Fig. 5 a). 

 

 
Fig. 5. Pneumatic bulge test for paperboard, a) initial state b) state before fracture 
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The strains are continuously determined by the optical measurement system 

Aramis® from GOM GmbH – Gesellschaft für Optische Messtechnik, Germany. This 

measurement method requires the application of a stochastic, discontinuous pattern on 

top of the samples. By comparing the displacement of the individual points (cf. Fig. 5 a), 

the software calculates the elongation on the basis of the initial/unloaded pattern. To 

determine whether the pattern influences the forming behavior, tests with and without the 

pattern were conducted with the result of identical pressure at break values and vice 

versa. There was no influence of the pattern on the forming behavior. The used test setup 

control allows investigating the forming behavior at different loading velocities and was 

set to 0.1 bars per second.  

Huttel et al. (2011) and Post et al. (2011) determined flow curves to describe the 

forming limits under biaxial loads. They assumed that the material is homogenous and 

has a constant volume during the process. Since paperboard is comprised of a natural 

material, this assumption is somewhat limited (Hauptmann 2010). Therefore, no flow 

curves were determined for the investigations carried out. Instead, the elongation at break 

and the pressure at break are used as evaluation criteria as they are independent of 

volume. Furthermore, these parameters are less sensitive towards small irregularities like 

sliding of the sample out of the clamping. This makes them advantageous compared to 

the method used by Huttel et al. (2011), in which sliding is described as an impermissible 

process variable. 

As the specimen is loaded rotationally symmetrically, the fiber orientation does 

not have to be considered in the test plan. The loading to determine spring back was 

limited to 80 % of maximum pressure-at-break value as the results of the tensile test 

showed a mainly elastic forming at 50 % loading. This results in the experimental plan for 

the bulge test shown in Table 3. 

 

Table 3. Test Parameters for Pneumatic Bulge Test of Paperboard 

Parameter Variations 

Moisture content 4.5 %, 10 %, 20 % 

Load before unloading 80 % of maximum pressure at break value 

Constants Loading velocity 0.1 bar/s 

 

Test Rig for Incremental Forming 
The developed test rig for the incremental forming of paperboard is depicted in 

Fig. 6. Compared to common test rigs for the single point incremental forming (SPIF), the 

test rig has a solid counter pressure assembly. The basic configuration consists of a solid 

plate (j), the guidance (e), and the pneumatic cylinder (g). The counter pressure assembly 

is used to increase the forming limits of paperboard by compressing the fiber network 

through the use of superimposed counter pressure, as described by Stein et al. (2018). 

Micari et al. (2007) described that also for the incremental forming of metal concepts, 

which include the application of counter pressure have been developed in order to 

increase shape accuracy. However, all of the described concepts support the sheet also in 

the flange area. Since the stiffness of paperboard is significantly lower compared to 

metals, the applied counter pressure will lead to unwanted bulging. Other concepts 

require a second drive for a counter tool and thus increase the process complexity 

significantly. In order to investigate the influence of paperboard support during forming, 

polymeric plates (j) (EPDM polymer, hereafter: EPDM-layer) can optionally be applied 
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to the surface of the counter pressure unit. Compared to the metallic concepts, however, 

this support is limited to a small area around the forming zone. As this layer is only 

elastically formed, it can be reused. 

An additional polymer layer (i) (polyethylene – PE, hereafter: PE layer) can be set 

on top of the paperboard to increase the contact area and to prevent grooving. This layer 

is first formed and then reformed to its original shape by heating under pressure in a 

separate process to reuse the plates. 

 

 
Fig. 6. Schematic test rig for the single point incremental forming of paperboard with counter 
pressure device, left: initial state; right: final state (not scaled) 
 

As mentioned, the forming limit for incremental forming is usually determined by 

the maximum achievable flange angle. However, the flange angle is dependent on the 

maximum infeed in z-direction per rotation and the spring back behavior of the material. 

Therefore, to determine a process limit independent of the spring back, the maximum 

infeed in z-direction is first examined as a function of the parameters presented in 

Table 4. The process limit is defined as the maximum infeed in the z-direction, which can 

be reached without cracks in the paperboard. The maximum achievable flange angle is 

separately investigated by evaluation of the final part geometry. Thus, the final shape of 

each specimen without elastic strains is determined. For this purpose, the geometry of all 

parts are digitalized after the forming process with the optical measurement system 

ATOS® from GOM.  

To reduce the influencing parameters, the infeed in radial direction is constantly 

set to 2.5 mm per rotation, starting at an initial radius (r0) of 125 mm and ending at a 

radius (rE) of 25 mm. Furthermore, the number of rotations is set to 40. As a result, a 

higher infeed value leads to a deeper cup with a steeper flange angle if spring back is not 

taken into account. 
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Compared to conventional SPIF-tools for metals, the used one (a) is not rigid, but 

has a rotating ball as a tip. Preliminary tests have shown that a rigid tool destroys the 

paperboard by shearing the top layer within the first few rotations, as a result of high 

friction. This failure mode is eliminated by the mounted ball. The use of lubricants to 

reduce friction is not suitable, as they would penetrate into the fiber network and 

contaminate it. 

According to Groche and Huttel (2016) and Stein et al. (2018), the counter 

pressure is set to 2 and 4 N/mm². Due to the numerous elastic components in the 

construction, the determination of the necessary pressure (pneumatic cylinder) to achieve 

the required contact stresses was only approximately possible. In order to determine the 

real contact stresses subsequent tests were conducted. The resulting contact stresses were 

determined with the aid of a pressure measuring foil of the medium pressure type, mono 

sheet from Fujifilm, Japan.  

Since the moistened samples dry during the process and thus the formability 

decreases, the tool velocity was set to 5000 mm/min. In order to counteract the drying of 

the samples, the influence of additional steam application during the process was 

investigated. Therefore, steam is applied through a nozzle every second rotation in front 

of the forming zone. All conducted process parameters are summarized in Table 4. 

 

Table 4. Test Parameters for Incremental Forming of Paperboard 

Parameter Variations 

Moisture content 4.5 %, 10 % and 20 % 

Counter pressure 2  N/mm² and 4 N/mm² 

Thickness of EPDM layer 0, 2  mm and 6 mm 

PE layer on topside With and without 

Steam application With (every second rotation) and without 

Constants Forming velocity 5000 mm/min 

Initial radius r0 = 125 mm 

End radius rE = 25 mm 

Radial infeed 2.5 mm/rotation 

  

Additionally to the shape analysis, the forming forces were measured. In order to 

do so, a three axis piezo sensor (Type 9047C) from Kistler Instrumente GmbH, Germany 

was used. This sensor allows the measurement of the vertical, radial and tangential forces 

during the process. The sensor is mounted in the direct flow of force between the SPIF-

tool and the chuck of the used CNC mill. The scanning frequency was set to 1200 Hz. 

As it was the aim to predict the forming limits in incremental forming by 

standardized material characterization tests, plastic elongations were determined by the 

optical measurement system Argus ® from GOM. The measuring principle is similar to 

that of Aramis ®. However, in contrast to Aramis ® an abrasion-resistant, deterministic 

pattern was applied by printing, and only one camera was needed. The plastic elongations 

were determined by comparing the shape of the pattern before and after the forming 

process. 
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RESULTS AND DISCUSSION – MECHANICAL TESTING 
 

For clarification, the results of the tensile and bulge tests are described and 

discussed separately from the results of the investigations regarding the incremental 

forming. Therefore, in the following section, the results of the mechanical testing are 

described and discussed. For better presentation, the examinations onto tensile and bulge 

test are shown separately. At least five specimens were used for all parameter 

combinations to calculate an average value.  

The section “Results and Discussion – Mechanical Testing” is followed by the 

section "Incremental Forming of Paperboard", which contains the results of incremental 

forming with a focus on process limits and shape accuracy. 

 

Forming Behavior under Uniaxial Loads 
Figure 7 depicts the elongation at break and the strain at break values dependent 

on the moisture content and the fiber orientation. A transversal contraction was not 

determined. This is further demonstration that the assumption of a constant volume 

during the forming processes is limited.  

The elongation at break tended to a maximum at about 20 % moisture content for 

all fiber orientations. As already described, the general increase in elongation up to 20 % 

moisture content is based on weaker hydrogen bonds, which results in an easier fiber 

movement. The 20 % moisture content is also the value above which the influence of 

hydrogen bonds significantly decreases (Bos et al. 2006c). 

As Huttel (2015) determined the maximum elongation at break at a moisture 

content of 15 % for a recycled paperboard, it can be concluded that the most suitable 

moisture content regarding high elongations at break has to be determined for each 

material composition individually.  

In contrast to the elongations at break, the tensile strength is decreasing almost 

linearly with increasing moisture content. Since in CD fewer hydrogen bonds contribute 

to the tensile strength compared to MD, the decrease is lower. With moisture contents 

above 20 %, the difference is reduced to a minimum, since the hydrogen bonds no longer 

contribute to the cohesion of the fiber network that much. 
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Fig. 7. a) Elongation at break and b) stress at break of fresh fiber paperboard (390 g/m²) 
dependent on the moisture content 
 

Spring Back Behavior under Uniaxial Loads 
 Based on the presented results, the investigations regarding the spring back 

behavior at uniaxial loads were reduced to moisture contents of 4.5 %, (equilibrium at 

standard conditions), 10 % (intermediate), and 20 % (maximal elongation at break).  

 As depicted in Fig. 8, the spring back depends on the fiber orientation and on the 

moisture content. The influence of the moisture content is also explained by weakened 

hydrogen bonds at elevated moisture contents. Subsequently, the raising stresses between 

the fibers are reduced, which leads to a decreased restoring force.  

The lower spring back in 45° and CD compared to MD is due to the behavior of 

the fiber network under load. As described in the sub-section “anisotropic forming 

behavior”, in CD less fibers are orientated in loading direction. In consequence, fewer 

hydrogen bonds between the fibers are influenced, which results in a reduced restoring 

force. Furthermore, the distance between the fibers increases, due to the higher bearable 

elongations in CD with the result of fewer hydrogen bonds interacting between the fibers. 

The lower spring back in CD also indicates that straightening the curled fibers causes less 

stress in the material than the fiber elongation in MD.  

For the 50 % loading, similar tendencies as above were determined. However, at 

50 % the moisture content was the dominant parameter. Since the resulting elongations 

were low, it was assumed that almost no fiber movement occurred. As a consequence, the 

plastic elongations had to be based on an elongation of the highly moisture-content-

dependent hydrogen bonds or a stretching of the fibers. The latter forming mechanism is 

assumed to be primarily limited to MD and occurring already at low loads. Thus, a low 

increase of + 14.7 % to 89.4 % spring back at 4.5 % moisture content compared to 80 % 
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loading can be explained. In contrast, spring back increased by 50.2 % in CD compared to 

80 % loading. This supports the assumption that at 50 % loading the elongations in CD 

are too small to overcome the hydrogen bonds, which results in a high restoring force.  

Due to the low absolute elongations, the quota of elastic elongations is high. Thus, 

the spring back values are in general higher. 

 

 
Fig. 8. Spring back dependent on the fiber orientation and the moisture content at 80 % loading of 
the corresponding stress at break value 

 

Forming Behavior under Biaxial Loads 
Figure 9 shows the elongations at break at 4.5 % and 20 % along a section. For 

this, the last image immediately before breakage is evaluated (scanning frequency was set 

to 5 Hz). While for the 4.5 %-samples the elongations were almost uniform, along the 

section at 20 % as well as at 10 % a maximum in the middle was observed. The reason for 

this is that there was no fiber movement near the clamping area. Consequently, an 

elongation can only be based on the forming mechanism “elongation”. Based on the high 

strength of the hydrogen bonds at low moisture contents, this is the dominant forming 

mechanism at 4.5 %. Consequently, a homogeneous distribution occurs along the section. 

In contrast, at elevated moisture contents the dominant forming mechanisms are based on 

a fiber movement with the result of higher elongations. As this mechanism is blocked 

near the clamping but not in the middle of the specimen, an uneven distribution occurs. 

To reduce the influence of the clamping, the elongations were only evaluated within a 

15 mm radius around the center. The value 15 mm was selected because this area showed 

the highest strains in most of the samples. Furthermore, the average allows reducing the 

influence of local strain peaks, which are a result of the typically inhomogeneous material 

composition. For each sample the elongations at break were determined by generating 

three parallel sections in MD and CD (cf. Fig. 9). 
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Fig. 9. Elongations at break for 4.5 and 20 % moisture content (MD) in the bulge test along a 

section and schematic depiction of section position on the specimen 

 

Although the material is rotationally symmetrically loaded, the averaged 

elongations at break are dependent on the fiber orientation for 4.5 and 10 % moisture 

content (cf. Fig. 10). This occurs because of the lower forming resistance in CD than in 

MD, as described in the sub-section “anisotropic forming behavior”. As a result, the 

pressurized air leads to higher elongations of the specimens in CD than in MD and thus to 

a deviation from an ideal circular shape. This corresponds also with the stresses at break 

in the tensile tests (cf. Fig. 7 b), which are always higher in MD than in CD with the same 

parameters. 

At 20 % the elongations at break in MD and CD converged, since the fiber 

movement was significantly increased in both directions by the weakened hydrogen 

bonds. In contrast to the tensile test, however, the values were lower compared to 10 % 

moisture content. As can be seen in Fig. 10, the elongations at break for 20 % moisture 

content were reduced by 29.1 % in CD and 13.2 % in MD, compared to 10 % moisture 

content. The difference to the tensile test is due to the larger specimen dimensions as well 

as the biaxial load. Both factors lead to the fact that, in addition to the hydrogen bonds, 

mechanical hooking of the fibers also contributes to the fiber network strength. While 

hydrogen bonds allow the fiber network to be stretched, mechanical hooking can only 

transmit a specific force. If this force is exceeded, this bond will fail immediately. It can 

be assumed that the swelling of the fibers and the lower friction between the fibers 

caused by moisture reduce the strength of the mechanical hooking. The easing of the 

mechanical hooking, however, directly influences the molecular-level hydrogen bonds, 

since the distance between the fibers increases as a result of the loosening. As a result, the 

hydrogen bonds are also weakened or broken. Due to the aforementioned characteristics, 

the bearable elongations in the bulge test are higher at 10 % than at 20 % moisture 

content. The same applies to the strength of the fiber network. While the pressure at 

break at 10 % moisture content is 0.99 bar, it decreases to 0.40 bar at 20 %.  

In the tensile test mechanical hooking has no such influence since the width of the 

samples is much smaller than their length. As a result, only few mechanical hooking 

connections are loaded with the consequence of a hydrogen bond dominated forming 

behavior. 
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Fig. 10. Average elongation at break in MD and CD over a section of 15 mm length to both sides 
of the center 

 

Huttel reported that the elongations at break for a recycled paperboard in the 

bulge test almost correspond to the elongations at break under uniaxial load in the 45°-

fiber-orientation (Huttel 2015). For the investigated material this cannot be confirmed. In 

contrast to the investigations of Huttel, the used fresh fiber material showed differences 

regarding the elongations at break in MD and CD in the bulge test (especially at 4.5 and 

10% moisture content). The main reason for these differences is that the material 

properties of fresh fiber paperboard commonly have higher variances between MD and 

CD, compared to recycled paperboard. This is due to longer fibers on the one hand and 

less filler material on the other hand in fresh fiber compared to recycled paperboard. 

However, the ratio between the elongations at break in MD and CD (δ) in the 

bulge test was significantly lower compared to the tensile test (cf. Table 5). The reason 

for this is that in the bulge the fiber network is simultaneously loaded in MD and CD, 

which leads to homogenization. The homogenization even increases if the moisture 

content is further increased (20 %) and thus the hydrogen bonds are further weakened as 

depicted in Fig. 10 and Table 5.  

 
Table 5. Comparison of the δ in Tensile and Bulge Test 

δ = εMD/εCD 

Moisture content Tensile test Bulge test 

4.5 % 0.3571 0.6907 

10 % 0.3366 0.8353 

20 % 0.3281 0.9527 

 
Spring Back Behavior under Biaxial Loads 

For the spring back tests 80 % of the pressure at break is set as maximum load. 

This results in a maximum pressure value of 1.05 bar for 4.5 % moisture content, 0.79 bar 

for 10 % and 0.32 bar for 20 % moisture content. 

Just as for the elongations at break, the lowest value regarding the spring back 

was achieved at 10 % instead of 20 %, as can be seen in Fig. 11 (cf. Fig. 8). Since the 

elongations at 10 % were highest, the quota of plastic strain was also highest, which 

results in a smaller spring back. The approach of superimposed forming mechanisms, as 

described in the previous section, is supported by the fact that, in contrast to the tensile 
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tests, the spring back in MD and CD was almost identical for all moisture contents.  

The reason for the higher spring back values at 20 % compared to 4.5 % is 

explained by the lower stiffness of the moistened samples. As a result, the shaped dome 

relaxes more. Since the dimensional stiffness in the tensile test has no influence due to 

the vertical clamping, this behavior is limited to the bulge test. 

 

 
Fig. 11. Average spring back values in MD and CD after loading to 80 % of pressure at break  

 
 
RESULTS AND DISCUSSION – INCREMENTAL FORMING OF 
PAPERBOARD 
 

 The investigations concerning the incremental forming of paperboard are divided 

into two main sections. First, the process limits that are dependent on specific parameters 

are determined. However, the maximum infeed is only a single process parameter that 

serves as a first indication of the maximum achievable depth of the formed part (cf. 

section “test rig for incremental forming”). Therefore, the final geometry of the 

component is analyzed in the second section. Since the aim is to predict the forming 

behavior using standardized characterization tests, the determined influence of the 

various parameters is compared with the forming behavior in the characterization tests in 

both sections. 

For reasons of clarity the nomenclature described in Table 6 is used. Due to the 

different polymer layers the contact normal pressure differs as the penetration depth of 

the SPIF-tool varies. Therefore, the counter pressure is given by the set pressure value at 

the pneumatic cylinder. 

 

Table 6. Used Nomenclature  

Example nomenclature: 20%_p1.2_1_6mm 

 Meaning Variations 

20%_ Moisture content in % 4.5, 10 and 20%; 
xx% includes all three 

designations 

p1.2_ Adjusted pressure value in the cylinder in bar p0 and p1.2 

1_ With or without PE layer on topside of the paperboard 0 (without) or 1 (with) 

6mm Thickness of the EPDM layer on top of the counter 
pressure assembly 

0 (no layer), 2 and 6 mm 
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In the conducted SPIF tests the moisture content of the samples with an initial 

moisture content of 20 % was reduced by only 2 % since no tool parts were heated. As a 

consequence, the additional steam application easily leads to moisture contents above 

10 % (bulge test) or 20 % (tensile test) and thus reduces the formability, as shown by the 

conducted material characterization tests. Even in the tests with an initial moisture 

content of 4.5 % no advantage is determined. Since none of the tool parts are heated, the 

applied steam condenses immediately, which leads to puddles on the paperboard. The 

high amount of water causes a significant softening and finally a decomposition of the 

fiber network due to the mechanical stress. Thus no further tests were conducted with 

steam.  

 

Process Limits 
Figure 12 depicts the maximum infeed for incrementally formed parts at different 

conditions.  
 

 
Fig. 12. Maximal infeed (Δz) per rotation dependent on different process parameters  

 

As assumed, known optimization parameters, like elevated moisture content and a 

counter pressure, in general increase the maximum infeed.  

Contrary to the initial assumption, an EPDM-layer mounted to the counter 

pressure assembly (xx%_p1.2_1_2mm and _6mm) does not further increase the 

maximum infeed compared to the test setup with counter pressure only (xx%_p1.2_1_0). 

Rather, the additional layer even slightly reduces the maximum infeed. Investigations 

regarding the final thickness of the formed specimens show that the compression is 

negligibly small when using the EPDM-layer. This compression, however, is required to 

increase the forming limits of paperboard as presented by Stein et al. (2018). Without the 

EPDM-layer but with a PE-layer a compression from 0.52 to 0.45 mm (-13.46 %) for dry 

samples and from 0.56 to 0.44 mm (- 21.24 %) for moistened samples was determined, 

when superimposing a counter pressure. It is assumed, that due to the EPDM-layer the 

forming area is increased and thus the resulting contact normal pressure is too low to 

compress the paperboard. This was confirmed by the tests with a pressure measuring foil. 

It is determined that at 4.5%_p1.2_1_0 the contact normal pressure is 6.78 N/mm². At 

4.5%_p1.2_1_6 mm, the contact normal pressure was only 1.24 N/mm² and thus 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

m
a
x
im

a
l 

in
fe

e
d

 Δ
z
 i
n

 m
m

 p
e
r 

ro
ta

ti
o

n

nomenclature of different process variants

moisture content moisture content 

+ PE-layer + 

counter pressure

moisture content + PE-layer + counter 

pressure + EPDM-layer



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Stein et al. (2019). “Paperboard 3D forming,” BioResources 14(1), 1731-1764.  1751 

obviously too small to sufficiently compress the paperboard. The contact normal 

pressures of all other tests were within this range with highest values at 4.5 %. This 

behavior can be explained as follows. Moistening causes the paperboard to swell and the 

pressure resistance is reduced. At the same time, however, the counter pressure in the 

pneumatic cylinder is constantly set to 1.2 bar for all tests. Since the PE-layer is used in 

all tests when applying a counter pressure, the forming area is not limited to the SPIF-tool 

diameter only. As a result, the constant counter force acts on a larger surface, resulting in 

smaller compression values for moistened samples.  

As already mentioned, the PE layer is always used when applying a counter 

pressure. The reason for this is that the penetration of the SPIF-tool into the paperboard 

by the counter pressure leads to grooves when the PE layer is not used. 

 

Process limits compared to the mechanical characterization tests 

Without a counter pressure, the maximum infeed followed the forming behavior 

in the bulge test with the highest infeed at 10 % (10%_p0_0_0). The same was 

determined when using an EPDM-layer on top of the counter pressure assembly. In case 

of only applying a counter pressure (xx%_p1.2_1_0), the maximum infeed followed the 

behavior within the tensile tests with the highest infeed at 20 %. This was due to the 

direct contact of the paperboard with the solid counter pressure assembly (aluminum). 

The contact area and thus also the forming area was strongly localized (Fig. 13 b).  

 

 
Fig. 13. The different forming conditions dependent on the set up, no scaling 
 

As a result, the interaction of the fibers was reduced, as only a few were loaded 

simultaneously. In contrast, at xx%_p0_0_0 the paperboard surrounded the SPIF-tool 

during the forming process with the result of an interacting of the fibers as in the bulge 

test (Fig. 13 a). The same phenomenon occurred when using the EPDM-layer (Fig. 13 c). 

Due to the counter pressure and the forming force, the polymer was compressed and thus 

a cavity emerged in which the paperboard was formed. As a consequence of the cavity on 

the one hand side the paperboard also encircled the SPIF-tool. On the other hand, the 

compression leads to a restoring force applied by the EPDM-layer, which additionally 

pushes the paperboard against the SPIF-tool. 

The maximum elongations in tensile-, bulge-test, and SPIF (4.5%/10%_p0_0_0) 

are depicted at 4.5 % and 10 % moisture content in Fig. 14. However, due to the counter 
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pressure assembly, no inline measurement of elongations was possible. Thus, in SPIF 

only plastic elongations were determined. As a consequence, the depicted elongations for 

tensile and bulge test in Fig. 14 are also the plastic part, determined after loading to 80 % 

of strength at break and a subsequent unloading. It is obvious that the elongations in SPIF 

were significantly higher (between 1.30- and 4.52-times) than expected from the material 

characterization tests. The difference was approximately equal to the spring back values 

in the characterization tests. Nevertheless, spring back also occurred in SPIF (cf. 

subsection “shape accuracy”). As a consequence, it can be concluded that the bearable 

elongations during the SPIF process were higher compared to the characterization tests. 

This meets the state of the art for which higher elongations can be endured in SPIF 

compared to other forming processes due to the localized forming. This behavior can be 

explained on the one hand by compression of the fiber network even if no counter 

pressure is applied, due to the forming resistance of the sheets. For 4.5 % a reduction 

from 0.52 mm to 0.50 mm is determined. For 10 % a reduction from 0.54 to 0.50 mm is 

observed. On the other hand the localized and repetitive forming (Fig. 19 in section 

“vertical spring back”) leads to an improved forming behavior. 

 

 
Fig. 14. Comparison of the plastic elongations in tensile-, bulge test and SPIF 

 

Figure 15 shows the elongations in SPIF of all parameter combinations. The 

highest plastic elongations occurred at 10 %. This behavior is similar to the bulge test. 

This data also confirmed that the difference between MD and CD was reduced at 20 %. 

Furthermore, the elongations were increased for all moisture contents by applying a 

counter pressure, which is explained by compression of the fiber network (Stein et al. 

2018). However, the compression is dependent on the set parameters.  
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Fig. 15. Plastic elongations in SPIF at different parameter combinations 

 

Influence of tangential forces on to the achievable forming limits 

Based on the depicted forming conditions in Fig. 13, it is expected that an increase 

of the counter pressure will lead to an increased compression of the fiber network and 

thus to extended forming limits. However, this was not the case. Increasing the counter 

pressure without any polymer layer tangential forces will limit the forming, as they cause 

twisting. This behavior is also known for metals (Neto et al. 2015). The tangential forces 

are based on a deeper penetration of the SPIF-tool into the paperboard as a result of the 

higher counter pressure values. Due to the continuous moving of the SPIF-tool this leads 

to an increased bulge in front of the forming tool (cf. Fig. 13 c), which causes tangential 

forces and in consequence a twisting of the samples.  

However, increased tangential forces do not always lead to twisting. In Fig. 16 a) 

the tangential forces are depicted for 0.5 and 1.2 bar cylinder pressure with the use of the 

PE-layer between the SPIF-tool and the paperboard. As expected, the tangential forces 

increased with high counter pressure. In contrast to the forming without the PE-layer no 

twisting occurred. The reason for this is, on the one hand, that the tangential force was 

increased primarily by a deeper penetration of the SPIF-tool into the PE-layer. The 

penetration into the paperboard was reduced by the increased forming surface and as a 

consequence, the lower contact pressure by the use of the PE-layer as depicted before. On 

the other hand, friction occurs between the paperboard and the PE-layer, which reduces 

twisting as the resulting friction force is counteracting the tangential force. Thus, by the 

use of the PE-layer the introduced tangential stresses onto the paperboard are reduced and 

the failure mode switches from twisting to a fiber network breakage. 

 

Vertical forces at incremental forming of paperboard 

It is obvious, that the vertical forces (z-direction) rose with the increase of the 

counter pressure (cf. Fig. 16 a). The compression of the PE-layer and, if used, the EPDM-

layer led to a reduced force in z-direction at the first two rotations, as can be seen in 

evidence for 1.2 bar. This is due to the fact, that the counter pressure assembly has a limit 

stop at the level of the clamping. Since the starting point (z = 0) is set on top of the PE-

layer the first two rotations are required to compress the PE-layer and possibly the 

EPDM-layer.  
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Fig. 16. a) forming forces at SPIF of paperboard with 0.5 bar (top) and 1.2 bar (bottom) cylinder 
pressure with PE-layer at 4.5 % moisture content; b) horizontal force components at SPIF 

 

Further features of the force-time curve 

For the sake of completeness the force over process time curve will be explained 

in greater detail. As can be seen in Fig 16 a), the forces increased during the process. This 

is explained by the growing contact area between the SPIF-tool and the paperboard as 

well as the PE-layer due to the developing conical shape. Furthermore, the forming 

resistance and the elastic restoring forces of the materials increase, which leads to higher 

forming forces. Tests without any layer (SPIF-tool + counter pressure only) show an 

almost constant progression. The oscillation of the curves is generally explained by the 

fact that the pressure has to be adapted first at every infeed by the pressure relief valve as 

the pressure increases due to the pressing of the piston rod into the cylinder. The higher 

frequency at the end of the process is explained by the reduced diameter. 

 

Shape Accuracy 
 The above described process limits are only based on the process parameters and 

thus do not take into account spring back. In order to determine the best parameter 

combination with regard to a maximum cup height and a steep flange angle, the shape of 

the final part has to be taken into account in comparison to the process parameters. 

Because the specimens are fixed by the clamping ring (part h in Fig. 6), the most 

common shape inaccuracy of paperboard forming, namely wrinkles, do not occur 

(Hauptmann et al. 2016b).  

As spring back is a characteristic material behavior, it also occurs during 

incremental forming and thus has to be investigated. Since the specimens were digitalized 

immediately after the forming process, it is assumed that shrinkage does not influence the 

results. However, there is no evaluation of samples at 20%_p0_0_0 possible. The reason 
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for this is that this parameter combination releases the residual stresses that arise in the 

manufacturing process. In consequence, waves occur which are always parallel to MD 

and thus the specimen could not be evaluated. The orientation of the waves is explained 

by the higher strength in MD compared to the one in CD as well as the machine-

direction-orientated, different drying conditions. For 10 % moistened samples 

(10%_p0_0_0) also a small waviness was determined, but was smooth enough to 

evaluate its shape. In tests with a superimposed counter pressure (e.g. 20%_p1.2_1_0) no 

waviness is observed.  

As depicted in Fig. 17 a), the final shape is evaluated by sections in MD and CD. 

To determine the spring back behavior, the tool path is compared with the final shape of 

the parts after releasing any force and clamping. As can be seen, two kinds of spring back 

occurred. On the one hand, the bottom springs back in vertical direction (vertical spring 

back). On the other hand, the flanges differ from the tool path (spring back of the flange 

angle α). Additionally, a shape deviation in the bottom and transition area occurs, as can 

be seen in Fig. 17 a). For reasons of clarity, the influence of the investigated process 

parameters onto the various shape inaccuracies is afterwards described separately. 

 

 
Fig. 17. a) Representative sections in MD and CD of a single point incrementally formed part; b) 
Schematic section of the conical shape with depicted forming behavior of the fibers dependent on 
their preferred orientation 

 

Vertical spring back 

 The spring back values depicted in Fig. 18 refer to the depth of the tool path. A 

spring back of 50 % correspondingly means that the final component is only half as deep. 

The measurement was conducted immediately after the forming process. However, 

disassembly, transportation to the measurement system, and preparation for measurement 

required about five minutes. The difference in the vertical spring back between MD and 

CD is based on the fiber-orientation-dependent forming behavior. While the fibers in MD 

get stretched like illustrated in Fig. 17 b), in CD the load, acting perpendicularly to the 

fiber orientation, primarily leads to a compression of the voids between the fibers, as has 

already been determined by Stein et al. (2017). This behavior leads to a smooth radius in 

MD and a sharp molding, almost identical with the diameter of the SPIF-tool (15.88 mm), 

in CD (cf. Fig. 17 a). In consequence, in CD two “pins” occur which quantitatively reduce 

the spring back in vertical direction. 
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Fig. 18. Vertical spring back of incremental formed parts at different process parameters 

 

Due to weakened hydrogen bonds, the spring back in general decreased with 

increased moisture content. For the parameter sets xx%_p1.2_1_0 the behavior is similar 

to the one with uniaxial loads. However, when additionally an EPDM-layer is used, the 

spring back behavior was similar to that of the bulge test with a minimum spring back at 

10 % moisture content. As already described in the section “process limits compared to 

the mechanical characterization tests”, the forming is more localized if an EPDM-layer is 

not used on the upper side of the counter pressure assembly and therefore the forming 

behavior with respect to the influence of the moisture content corresponds more closely 

to that of the tensile tests. 

Comparing the vertical spring back values with the use of counter pressure and 

EPDM-layer with those of the bulge test yields that, in contrast to the bulge test, spring 

back was smaller at 20 % moisture content (20%_p1.2_1_2mm or _6mm) than at 4.5 % 

(4.5%_p1.2_1_2mm or _6mm). As mentioned, the weight of the moistened samples 

influences the spring back in the bulge test. However, in the conducted incremental 

forming tests the vertical forming direction (z-direction) is identical to gravity. As a 

result, the sample weight does not reduce the component depth, nor does it increase it, as 

the counter pressure assembly prevents this. 

In general, spring back values were lower when using an EPDM-layer on topside 

of the counter pressure assembly with the smallest spring back of all tests at 

10%_p1.2_1_2mm. Thus, the EPDM-layer interacts with the paperboard, which results in 

a reduced spring back. This behavior can be explained by the increased forming area, 

which is a result of the use of the EPDM-layer and the counter pressure as already 

described in section “process limits”. Due to this, the forming time is enlarged and thus 

the fibers have more time to restore (cf. section “time and temperature for increased 

shape accuracy”). Since the forming area is radially symmetrically enlarged around the 

SPIF-tool, on the one hand the forming time is enlarged within one circulation. On the 

other hand, the same area is already formed during the previous rotation and is formed 

again during the subsequent circulation (Fig. 19). 
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Fig. 19. Schematic depiction of the forming area, dependent on the use of an EPDM-layer 

 

Shape inaccuracies in the transition zone 

Opposite to the bottom area a significant difference regarding the final diameter 

occurred in the transition zone (Fig. 17 a). As described in the previous section, this was 

partly due to the different spring back behavior in MD and CD and due to the fibers 

interacting within the network. Additionally, the different forming mechanisms in MD 

and CD were responsible for the deviations. In MD, the fibers were loaded parallel to 

their orientation. Due to the hydrogen bonds, the local forming was mainly transferred in 

the longitudinal direction of the fiber, thus expanding the forming area. In contrast, in CD 

the fibers were loaded perpendicularly to their orientation with the result of a sharply 

formed transition area. 

 

Spring back of the flange angle 

 In Fig. 20 the spring back values of the flange angle for different parameters are 

depicted. At first glance, some negative values in CD can be seen. This means that the 

final flange angle was steeper than the angle of the tool path. It is obvious that this 

situation predominately occurred at 4.5 % moisture content. The reason for this can be 

explained as follows. It is known that the spring back in MD is higher than in CD, 

especially at low moisture content. Additionally, the strength of the fiber network and as 

a consequence the fiber network interaction is the highest at low moisture contents. Thus, 

the spring back of the flanges in MD influences the spring back in CD by reducing the 

diameter primarily in the transition area (lower dimensional stiffness) with the result of a 

steeper flange angle compared to the tool path. Since the material behavior is 

homogenized (reduced interaction) at higher moisture contents no negative values occur.  

 Furthermore, a high difference between MD and CD occurred except for 

10%_p1.2_1_2mm and _6mm. The reason for the difference is based on the diverse 

forming and spring back behavior in the transition zone as described the previous section.  

 At 10%_p1.2_1_2mm and _6mm the spring back of the flange angle in MD and 

CD was almost identical, which leads to almost rotationally symmetric final shapes. 

Additionally, for these parameters the values in MD were the smallest. As without an 

EPDM-layer a high difference between MD and CD is determined (10%_p1.2_1_0), this 

behavior must be based on support by the EPDM-layer. However, it appears that this 

support requires a certain degree of fiber network stiffness, as a difference between MD 

and CD occurs at 20 % moisture content. 
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Fig. 20. Spring back towards the tool path in MD and CD dependent on different parameters 
 
Optimized Process Parameters for SPIF of Paperboard 
 Figure 21 depicts the final cup height (vertical distance from the bottom to the 

clamping plane).  

 

 
Fig. 21. Resulting cup height of incrementally formed parts at different parameters 

 

Comparing the cup height with the maximum infeed in Fig. 12 it becomes obvious 

that the maximum infeed was not sufficient to predict the best parameter combination 

with regard to the deepest cup. While the infeed is maximal at 10 and 20 % and a 

superimposed counter pressure only (10% / 20%_p1.2_1_0), the cup height was maximal 

at 10 % with an applied counter pressure and a thin EPDM-layer (10%_p1.2_1_2mm). 

This result is explained by the lower vertical spring back when using an EPDM-layer on 

the topside of the counter pressure assembly. With the optimized parameter combination 

(10%_p1.2_1_2mm), an increase of the cup height of 347 % in MD and 328 % in CD 

compared to 4.5%_p0_0_0 was achieved. 
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 Comparing the final cup height with the conducted material characterization tests, 

a good accordance with the material behavior in the bulge test (Fig. 10 and 11) was 

observed when using an EPDM-layer. Thus it can be concluded that the bulge test is the 

expedient characterization method to determine the best moisture content to achieve a 

deep cup. This procedure is required, as it was found that the optimized moisture content 

is dependent on the material composition. 

 In Fig. 22 the final flange angle is depicted. It can be seen that the flange angle for 

the most parts differed significantly between MD and CD. Only at 10%_p1.2_1_2mm 

and _6mm an almost uniform flange angle was observed. As this parameter combination 

corresponds with the one for the maximum cup height, it can be concluded that the 

incremental forming of the investigated fresh fiber paperboard should be conducted at a 

moisture content of 10 % with a superimposed counter pressure and an EPDM-layer on 

topside of the counter pressure assembly.  

 

 
Fig. 22. Resulting flange angle of incrementally formed parts at different parameters 

 
Outlook 
 To further improve the shape of incrementally formed parts, a pre-loading at the 

beginning of the process (transition zone) will be investigated. The aim is to immediately 

achieve a plastic deformation in the transition zone, as currently the forming in the 

transition zone is almost purely elastic. In addition, a heater will be added to the counter 

pressure assembly to improve the material behavior towards better formability as 

described in the literature and to prevent condensation of steam. This should enable the 

advantages of a steam application during the incremental forming of paperboard as 

determined by Franke et al. (2018). 

 In addition, the influence of a lower grammage as well as the paper composition 

will be considered in future investigations in order to examine the transferability of the 

findings. 

Furthermore, the incremental forming of paper-based sandwich panels consisting 

of two thin aluminum face-sheets and a paperboard core (e.g. for facade applications) 

will be investigated. First tests showed that these panels have a better insulation than 

conventional (polymer-based) panels. In addition, the thin aluminum layers serve as 

protection against external influences such as water and insect infestation. 
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CONCLUSIONS 
 

1. The ideal moisture content in order to achieve the maximum elongations at break is 

dependent on the material composition.  

2. The maximum elongation at break does not show a linear relation to the moisture 

content. 

3. The different forming mechanisms in MD and CD lead to significant differences in 

fiber-orientation-dependent spring back values with higher values in MD. 

4. The differences of the material’s properties between MD and CD in the bulge test are 

significantly lower than in the tensile test. This is explained by the interaction of the 

fiber network, which leads to a homogenization.  

5. Due to the interaction of the fiber network at biaxial loads, the optimal moisture 

content to achieve a high elongation at break as well as a small spring back values 

switches from 20 % in the tensile test to 10 % in the bulge test.  

6. In both tensile and bulge tests, the bearable elongations are lower than in SPIF. 

7. A reusable counter pressure assembly is introduced and is proved to increase the 

forming limits of paperboard during incremental forming. 

8. A PE layer between the SPIF-tool and the paperboard is useful to avoid grooves and 

twisting. Since PE is a thermoplastic material it can be easily recycled in a post 

process to increase sustainability. 

9. The forming behavior at incremental forming is primarily similar to the bulge test. 

When using the counter pressure assembly without an EPDM-layer, the forming 

behavior known from the tensile test dominates as a result of the localized 

deformation zone. 

10. The highest cup height and lowest spring back is achieved at a moisture content of 

10 % with a superimposed counter pressure of about 1.7 N/mm² (resulting from 

1.2 bar in the pneumatic cylinder) and a 2 mm EPDM-layer on top of the counter 

pressure assembly. 

11. The maximum flange angles that can be achieved are significantly lower compared to 

most metals. 

12. Because the forming behavior for the optimized parameter combination is similar to 

the bulge test, the optimal moisture content can be determined with this 

characterization test. 
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