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A B S T R A C T

The development of prototypes prior to the market launch of final products requires adapting production 
components to reduce costs and increase flexibility for potential modifications. While the manufacturing of rigid 
or structural components is well-established and widely practiced, the production of expanded materials presents 
significantly greater challenges due to the final product’s reliance on the specific process employed. Changing the 
process to lower costs necessitates reproducing the same mechanical behaviour and appearance to ensure 
validation in terms of both style and function. This study focuses on replicating the behaviour of expanded 
polyurethane foam, commonly used in motorcycle seat padding, using thermoplastic polyurethane (TPU). The 
aim is to create a prototype or a customised version of the foam. The internal stochastic closed-cell structure is 
designed using slicing software, and test specimens are subsequently fabricated through Material Extrusion 
(MEX) additive manufacturing and subjected to compression testing. The results emphasise the critical influence 
of material hardness and infill density on the force-displacement curves. An experimental map, derived from 
three parameters (material hardness, elastic modulus, and foam density) illustrates the behaviour of the speci
mens, with iso-lines representing constant density. This map serves as a valuable tool for accurately replicating 
desired foam properties, providing guidance on material selection based on force-displacement characteristics.

1. Introduction

When the human body needs to interact with a rigid structure, 
polymer foams (Kabir et al., 2006) are one of the preferred materials. 
Application can be found for example in biomedical engineering 
(Alessandri et al., 2022), furniture, sports equipment, shoes, automotive 
and transportation (e.g., cars, buses, etc.), aeronautics, personal 
mobility (e.g., bicycles, motorbikes), as well as industrial equipment 
(Salifu et al., 2022) (e.g., agricultural, construction, forestry machinery, 
cranes, etc.). These foams (Liu et al., 2003), characterized by their in
ternal structure of gas-filled cells (Chu et al., 2008), are employed in 
applications that require light weight, thermal insulation 
(Papadopoulos, 2005), and shock absorption. Motorcycle seats are 
predominantly made from polyurethane foams, owing to the numerous 
advantages they offer over other materials. These foams are durable and 
wear-resistant, providing comfort and support by conforming to the 
rider’s body shape (Eida Nadirah et al., 2020). Their versatility allows 
them to be moulded into complex shapes, facilitating the mass produc
tion of seats that are both functional and aesthetically pleasing. Coatings 

and finishes can be applied to enhance resistance to moisture, UV rays, 
and other environmental factors, making these foams ideal for manu
facturers due to their robustness and adaptability. In motorcycle racing, 
maintaining a stable and comfortable position is crucial for maximizing 
control and handling. Polymer foam seats offer excellent support, 
reducing the risk of fatigue during prolonged use. Additionally, they can 
be customised to fit the rider’s body shape and size, ensuring a perfect fit 
for optimal performance. This customisation is essential in racing, where 
even minor differences in rider position can significantly impact 
performance.

One common traditional method for producing these foams is 
extrusion foaming, a technique that involves melting the polymer and 
then forcing it through a nozzle, resulting in an expanded structure 
(Pontiff, 2014). This process allows for relatively good control over the 
foam’s density and cell size, although it has some limitations regarding 
the precision of cell morphology (Esposito et al., 2024). Another 
well-established methodology is mould foaming (Llewelyn et al., 2020) 
(Peng et al., 2024). This process is particularly valued for its ability to 
create foams with complex and precise shapes using preformed moulds 
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(Feng et al., 2019). However, mould foaming is not without significant 
drawbacks, including the high costs associated with mould production 
and often lengthy lead times, which can limit its efficiency in large-scale 
production settings (Viscardi et al., 2016). A significant issue with 
extrusion foaming is the difficulty in achieving a well-defined cell 
morphology (Nian et al., 2024). The distribution and size of the cells can 
vary greatly depending on process parameters, directly impacting the 
material’s mechanical and physical properties.

In response to these challenges, the scientific community has initi
ated numerous studies aimed at improving both the manufacturing 
techniques and properties of polymer foams. A notable innovation in 
this field is the use of thermally expandable microspheres (TEM) as 
blowing agents to create foams with controlled density (Pawar et al., 
2022). TEMs, composed of a polymer shell encasing an expanding agent 
(Kalia et al., 2022), expand when heated, forming a cellular structure 
within the polymer matrix. Despite advances, precisely controlling cell 
morphology during 3D printing with TEMs remains a challenge. 
Simultaneously, the use of carbon dioxide (CO2) as a physical blowing 
agent in extrusion foaming (Zhou et al., 2023) has garnered attention for 
its environmental sustainability compared to traditional chemical 
agents. This technique, known as CO2 foaming, requires careful control 
of CO2 content and its diffusion during the 3D printing process to ach
ieve uniform and stable foam structures.

Another emerging approach in foam (Ugadi et al., 2024) production 
leverages additive manufacturing technologies. These technologies 
enable the creation of flexible materials and geometric structures 
(Emery and Revier, 2022) designed to deform in a controlled manner in 
response to stresses or impacts. Although the literature on this meth
odology is still limited, some studies explore the development of custom 
filaments (Peng et al., 2021), from the base material such as TPU 
(Aghvami-Panah et al., 2024) to the production of filaments (Hassanien 
et al., 2023) for Material Extrusion (MEX) machines (Shin et al., 2022) 
(Kristiawan et al., 2021). Other documents suggest the possibility of 
obtaining foams through the use of co-extruded materials (WEN et al., 
2017) or through multi-material printing, which allows for the creation 
of components with two or more integrated phases (H S et al., 2020). 
The adoption of additive manufacturing technologies for the production 
of polymer foams offers significant advantages over traditional methods. 
A critical aspect lies in the ability to customize the internal structure of 
the material, effectively eliminating defects caused by the uneven 
dispersion of the blowing agent. This precise control enables meticulous 
adjustment of both the external and internal geometry, including the 
infill configuration, thereby optimizing the mechanical properties of the 
3D-printed component. The printing parameters play a significant role 
in determining the final properties of the component. To achieve high 
interlayer adhesion and minimize defects, the parameters were carefully 
defined based on insights from existing literature and experience with 
the specific machine and material used (Kechagias, 2024). Another 
advantage of this technology is the flexibility in producing small batches 
or prototypes. This capability eliminates the need for expensive moulds, 
significantly reducing initial costs and the time required to start pro
duction. 3D printing enables the rapid and efficient creation of func
tional prototypes (Parry et al., 2023), facilitating continuous iteration 
and innovation without the burden of traditional tooling.

The present study focuses on analysing the compression character
istics of samples created with a specific stochastic infill, which mimics 
the complex geometry of conventional foams. Stochastic structures are 
characterized by random geometries and shapes, distinguishing them 
from structures derived through topological optimization, as they are 
not generated based on the stress distribution within the material 
(Chisena and Shih, 2019), (Yi et al., 2023). The component can be 
analysed through simulation to evaluate its behaviour prior to fabrica
tion (Yi et al., 2023). In this study, the stochastic infill was generated 
within the slicer to optimize the print head paths, thereby improving the 
manufacturing process. By examining these samples, the study aims to 
identify key parameters that influence the material’s mechanical 

behaviour. This approach enables the correlation between infill, mate
rial hardness, and elastic modulus to be identified, using stochastic infill 
to emulate the behaviour of foams and optimize the performance of new 
samples.

2. Materials and methods

2.1. Filaments

To achieve characteristics equivalent to those of motorcycle polymer 
foam, research was undertaken to identify filaments that, once printed 
using material extrusion additive manufacturing, would exhibit similar 
behaviour. The study also examined internal geometry and printing 
parameters (Doshi et al., 2021). The focus was placed on various types of 
thermoplastic polyurethane (TPU) (Rodríguez-Parada et al., 2021), 
which can be processed in a molten state and is renowned for its 
versatility. TPU’s unique structure provides excellent impact resistance, 
flexibility (Beloshenko et al., 2021), and a wide range of hardness levels, 
making it suitable for a variety of applications by mimicking rubber-like 
properties. These materials are hygroscopic (Seng et al., 2020), meaning 
they absorb moisture from the environment. If not properly dehumidi
fied, this can lead to poor print quality due to bubble formation during 
the extrusion phase. Therefore, all materials used in the tests were 
dehumidified both before and during the printing process to ensure 
optimal results. Table 1 summarizes the material properties provided in 
the data sheets of the filament manufacturers. Only a selection of 
properties has been included, as the others were not always specified.

In addition to the material used to fabricate motorcycle foams, a key 
parameter for classifying commercially available foams is density. As 
previously mentioned, expanded polyurethane (Gama et al., 2018) is the 
most commonly used material for motorcycle seat production, and 
foams are categorized based on their density values. Therefore, it was 
necessary to conduct a benchmark analysis of the densities of foams used 
in this context to establish appropriate values for our project.

By consulting the catalogues of major suppliers of both foams and 
motorcycle seats, it was observed that the density of the products varies 
depending on the specific final application. Low-density foams are used 
in scooters and motorcycles designed for urban use to enhance comfort 
and assist the suspension in minimizing the transfer of loads to the rider. 
In contrast, off-road foams are typically harder, allowing the rider to 
slide on the seat, with comfort being a secondary consideration. For 
example, open-cell (Gong et al., 2005) expanded polyurethane has a 
density as low as 0.12 g/cm3, while closed-cell (Chen et al., 2017) 
expanded polyurethane can reach densities as high as 0.4 g/cm3. As a 
result, three representative density values were chosen: 0.12 g/cm3, 
0.21 g/cm3, and 0.30 g/cm3.

2.2. Slicer for 3D printing

As previously mentioned, MEX is a widely used 3D printing tech
nology that utilizes a thermoplastic filament to construct physical 

Table 1 
Filaments used and their intrinsic key characteristics.

Hardness 
(Shore A)

Hardness 
(Shore D)

Density [g/ 
cm3]

Elongation at 
break [%]

Treed Elasto 
A

95 35 1.12 >200

Ninjatek 
Cheetah

95 35 1.22 580

Recreus 
Filaflex

82 31 1.12 650

Fiberlogy 
Fiberflex

81 30 1.07 870

Recreus 
Filaflex

70 20 1.08 900
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objects layer by layer. The internal structure of the 3D printed object is 
defined by the infill (Forés-Garriga et al., 2020), which provides support 
and stability to the outer shell.

It allows for lightweighting components while maintaining high 
mechanical properties, forming a structure akin to a sandwich panel. 
This approach saves material and reduces printing times while still 
providing adequate support for the upper layers. There are two main 
categories of infill: planar and 3D. Planar infills are generated by 
extruding a 2D profile in the printing direction, while 3D infills lack a 
preferred direction as their structure develops in three dimensions. The 
mechanical behaviour of planar infill is predominantly unidirectional, 
maximizing mechanical properties in the printing direction. In contrast, 
3D structures aim for more uniform behaviour in all three dimensions.

Various infill patterns are available, including linear, grid, trian
gular, honeycomb (Panda et al., 2018), and rectilinear for planar infills, 
and gyroid, cubic, and 3D triangular for 3D infills. The honeycomb 
pattern is one of the most commonly used for planar infill, known for its 
robust yet lightweight structure. Rectilinear infill is another popular 
choice, balancing strength and printing speed. Gyroid infill offers a 
mathematical pattern that provides a good compromise between rigidity 
and lightweight design. The selection of the appropriate infill pattern 
depends on the specific requirements of the printed object, including its 
size, shape, and intended application.

The goal was to identify an economical and easily replicable model 
that could effectively replicate the behaviour of motorcycle foams. The 
desired structure needed to exhibit similar behaviour in all three di
rections, with comparable mass and mechanical response to conven
tional foam. A model was selected that closely follows a stochastic 
pattern (Maiti et al., 2016), involving complex geometric structures 
(Bacciaglia et al., 2022) formed randomly and described as a collection 
of closed-cell bubbles. The cell shape was not perfectly spherical, as this 
would be inefficient to print, requiring supports and resulting in 
non-uniform wall thickness throughout the structure. Additionally, the 
required pattern must be easily crushable, allowing significant defor
mation under load without plastic deformation.

Among the available slicers (Anand Sankar et al., 2023), the IceSL 
slicer was ultimately chosen. In addition to the conventional infill pat
terns found in other software, this slicer provides a specific infill option 
called “polyfoam”. This infill pattern appeared to be the closest match to 
our project’s requirements, allowing us to achieve the desired internal 
structure (Fig. 1).

2.3. Choice of specimens

For the experimental specimens, the EN ISO 1923–1995 standard 
relating to cellular plastics and rubbers was followed. Once the meth
odology with which to generate the most suitable infill for production 
via MEX printing has been defined, a method must be found to obtain 
the desired density. Since the identification materials have different 
densities, to compensate for this difference, the infill of the specimens 

was adapted so as to have greater homogeneity in the results. The TPU 
filaments available on the market have a density that varies between 
1.00 and 1.30 g/cm3. By using a filament with a higher density than the 
material used for the production of the motorcycle foams, it is possible to 
print the specimens using an infill pattern such as is possible to play with 
the infill percentage to obtain a final result with a density close to the 
one obtained on conventional foams. Alternatively, by using a filament 
with a lower density compared to that used for the original sample, it is 
possible to increase the infill percentage to maintain the same density. 
However, it is important to consider that varying the infill can lead to 
changes in the mechanical properties of the sample, such as strength and 
rigidity. Therefore, considering the reference densities of the foams used 
in saddle production and the specific densities of the filaments used for 
printing, the infill values for all the specimens were determined. To 
obtain the percentages within Table 2, the proportion in Equation (1)
was employed. 

infill density %=
foam density target

filament density
• 100 (1) 

The cellular structure of foams enables the attainment of both low 
density and controlled energy absorption during deformation. Test 
specimens were printed to adhere to the standards specified in EN ISO 
1923 for determining the force-displacement curve in compression for 
polymeric and flexible cellular materials. To comply with these stan
dards, the test specimens were manufactured both by 3D printing and by 
cutting parallelepipeds with dimensions of 50 × 50 × 25 mm from 
commercial foam panels. This method ensures that the specimens align 
with the required standards and facilitates a consistent comparison be
tween the 3D printed specimens and those derived from commercial 
foams.

2.4. Printing process

Printing parameters are essential for achieving high-quality results in 
Fused Filament Fabrication (FFF) 3D printing. Correctly configuring 
these parameters can significantly impact the accuracy and final 

Fig. 1. Example of polyfoam infill: (a), (b), (c) section of the internal structure at different height, (d) prospective view.

Table 2 
Percentage of infill, with “Polyfoam" pattern, calculated using equation (1)
considering the density of the chosen filaments.

Foam density target 0.12 g/cm3 0.21 g/cm3 0.30 g/cm3

Treed Elasto A 10.71% 18.75% (26.79%)
Ninjatek Cheetah 9.84% 17.21% (24.59%)
Recreus Filaflex (82 A) 10.71% 18.75% (26.79%)
Fiberlogy Fiberflex (11.21%) 19.63% 28.04%
Recreus Filaflex (70 A) (11.11%) 19.44% 27.78%

Note: Specimens obtained with the densities in brackets will not be subjected to 
compression testing because they do not exhibit characteristics similar to the 
reference foam through quality control.

A. Montalti et al.                                                                                                                                                                                                                                



Advances in Industrial and Manufacturing Engineering 10 (2025) 100158

4

appearance of the printed object. Incorrect parameter settings can lead 
to issues such as deformation, filament extrusion problems, and poor 
adhesion between the various layers of the object. It is crucial to 
experiment with printing parameters to find the best combination for 
the type of filament used and the specific requirements of the object 
being printed, ensuring both high-quality printing and increased print
ing process reliability. For the selected filament type, the fundamental 
printing parameters were adhered to as specified in the datasheets, 
while some parameters were chosen to optimize specimen quality.

The aesthetic aspect plays a particularly influential role in the cre
ation of functional prototypes, as it provides users with comprehensive 
feedback, enabling them to better identify potential modifications from 
both stylistic and functional perspectives. From a functional standpoint, 
it helps to detect defects that could alter the component’s behaviour 
compared to its intended design. By examining the top and bottom 
layers, it is possible to assess the cohesion of the deposited lines within 
the same layer. To achieve this, the flow rate of the extruded material 
was adjusted. For the infill, proper deposition is essential, especially 
since flexible materials can face challenges during filament feeding 
through the extruder. The deposited lines must maintain consistency 
across all layers, avoiding a gradual reduction in flow as the layers build 
up, which could compromise adhesion between lines. Furthermore, 
correctly configuring retraction settings is vital to prevent stringing 
within the infill. Stringing could adversely affect the mechanical 

properties of the component, necessitating precise calibration to pre
serve both structural integrity and aesthetic quality.

For the production of the specimens, the Artillery Sidewinder X1 was 
employed. This printer, with its open-frame design and substantial print 
volume of 300 × 300 × 400 mm, is particularly well-suited for the 
fabrication of large objects. The extruder used was the LGX Shortcut 
Copperhead hot-end, a premium direct-drive hot-end for 3D printing. 
This component is distinguished by its minimal distance between the 
extruder motor and the nozzle (Xu et al., 2022). Such a configuration is 
particularly advantageous for flexible filaments, as it reduces the risk of 
buckling, which could otherwise compromise the print quality or cause 
clogging.

The test specimens were all produced using the same printing pa
rameters, except for the nozzle temperature and bed temperature, which 
were adjusted according to the manufacturer’s recommendations. These 
parameters are listed in Table 3.

Our objective is to produce a cube with three solid layers at both the 
top and bottom, ensuring a well-defined surface for both the printing 
and testing stages. Furthermore, when a point load is applied to the test 
specimen, multiple cells are engaged to facilitate better force distribu
tion. External shells were excluded to assess the behaviour in a general 
context, avoiding the influence of shell lines which can alter stiffness. 
The overhang angle is fixed at 45◦ to eliminate the need for supports 
within the infill, thereby reducing printing errors. The infill’s anisotropy 

Table 3 
Parameters used in the slicer for printing all specimens.

Parameter Value Unit of measure

First layer height 0.25 mm
Layer height 0.25 mm
Line width 0.4 mm
Print speed 30 mm/s
Retraction distance 0.5 mm
Retraction speed 40 mm/s
Support No /
Adhesion (Skirt/Brim/Raft) Skirt /
Cooling: fan speed 100 %
Enable Fan from layer 2 /
Solid layer: Top 3 /
Solid layer: Bottom 3 /
Number of shell 0 mm
Infill overhang angle 45 ◦

Infill direction of anisotropy 0 ◦

Minimum achievable percentage Equal to infill percentage %
Infill density Equal to data in Table 1 %
Infill pattern Polyfoam /
Flow multiplier Adjusted on demand /
Nozzle temperature 220 ÷ 250 ◦C
Bed temperature 20 ÷ 60 ◦C

Fig. 2. Example of specimens (from left to right): Treed ElastoA (18,75%), Ninjatech Cheetah (24,59%), Filaflex Recreus 82 A (18,75%), Fiberology Fiber
flex (28,03%).

Table 4 
Specimen weight and density recalculated considering the actual amount of 
material used. In mass value is reported the instrument accuracy.

Low Medium High

Total 
massa

[g]

Real 
infill 
density 
[g/cm3]

Total 
massa

[g]

Real 
infill 
density 
[g/cm3]

Total 
massa

[g]

Real 
infill 
density 
[g/cm3]

Reference 
foam

7.6 0.12 13.2 0.21 18.7 0.30

Treed 
Elasto A

10.2 0.11 16.8 0.22 22.5 0.31

Ninjatek 
Cheetah

10.7 0.11 16.9 0.21 22.8 0.31

Recreus 
Filaflex 
(82 A)

10.8 0.12 16.8 0.22 22.9 0.31

Fiberlogy 
Fiberflex

9.5 0.10 14.5 0.18 20.0 0.27

Recreus 
Filaflex 
(70 A)

9.7 0.10 15.2 0.19 20.0 0.27

a The accuracy of the instrument used is 0.1 g.
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direction is set to zero to create the most isotropic component possible. 
The infill density and the minimum achievable percentage vary for each 
test specimen, as previously specified. The initial flow multiplier is set to 
one and is adjusted based on the material used; it is modified if the flow 
during printing is insufficient or excessive, in order to improve the 
quality of the printed object.

Upon completion of the prints for creating the test specimens (Fig. 2), 
the material used was assessed using a digital scale to determine the 
actual density. Before calculating the actual density of the test speci
men’s infill, it is necessary to subtract the mass of the solid layers that 
were created (Table 4).

To conduct a focused evaluation, foams with properties and loads 
comparable to those typically employed in commercial applications 
were tested. Not all the specimens listed in Table 2 were subjected to 
compression testing, as a qualitative assessment revealed that some 
exhibited behaviour significantly different from that of the reference 

foam. Samples were compressed between two flat plates using an Instron 
8032 universal testing machine equipped with a 25 kN load cell, as 
illustrated in Fig. 3. The crosshead speed was set at 5 mm/min, with a 
maximum displacement limit of 18 mm and a force limit of 5 kN.

The aim of the test is to describe the behaviour of the test specimens 
in order to characterize the material and the produced infill. The 
displacement was constrained to remain within the elastic range of the 
specimen, thereby preventing permanent deformation. After conducting 
tests on each of the previously mentioned test specimens, all data 
collected by the machine’s operating software was filtered and reproc
essed to facilitate comparisons and analyses.

3. Result

The data obtained from the compression tests were filtered and 
graphically represented to facilitate a series of comparisons. The trends 

Fig. 3. Photo of the testing machine: (a) specimen in position; (b) compressed specimen.

Fig. 4. Comparison between foams with a density 0.12 g/cm3. Percentage in parenthesis indicates the Infill % for each material; all curves represented have a 
standard deviation of less than 7%.
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observed in the experimental graphs align with the theoretical behav
iour of hyperelastic materials. Two distinct regions can be identified. In 
the initial region of the graph, where deformations are low, the behav
iour is nearly linear, and the force increases proportionally with defor
mation, representing the elastic phase of the material. Beyond this, there 
is a non-linear region where the force increases non-proportionally with 
deformation, often displaying an “ascending" trend in the force - 
displacement curve. The graphs depicting these materials’ behaviour 
also include the zone of maximum deformation capacity, commonly 
referred to as the specimen’s rupture zone.

The tests conducted on these specimens do not exhibit rupture or 
plastic deformation because the intention was to remain within the 
elastic behaviour zone of the specimen. Upon initial analysis, it is 
evident that the specimens exhibit a similar trend to that of the reference 
foam, which was the primary objective of the research. Specifically, the 
reference foam has a density of 0.12 g/cm3; thus, it can be compared to 
foams produced at the same density and subjected to compression 

testing.
As shown in Fig. 4, the reference foam initially displays a curve very 

similar to that of Treed Elasto A (Shore: 95 A), but in the central part of 
the graph, it more closely resembles the curve generated by Recreus 
Filaflex (Shore: 82 A). In the nonlinear final part of the graph, all 
specimens produced through additive manufacturing diverge from the 
behaviour of the reference foam, displaying a shorter linear zone and 
reaching a steeper slope with less deformation. This discrepancy is also 
due to the reference foam’s linear behaviour extending up to a 
displacement of 11.5 mm, whereas the 3D printed foams exhibit a linear 
zone up to approximately 9.0 mm of displacement.

It is noteworthy that Ninjatek Cheetah, despite having the same 
hardness as Treed Elasto A, behaves differently in the initial part of the 
graph and maintains this divergence throughout the remaining part of 
the graph. For displacements below 3.5 mm, the behaviour of the 
reference foam is better represented by the specimen made with Treed 
Elasto A. In contrast, for displacements between 3.5 mm and 9.0 mm, the 

Fig. 5. Comparison between foams with a density of 0.21 g/cm3. Percentage in parenthesis indicates the Infill % for each material; all curves represented have a 
standard deviation of less than 7%.

Fig. 6. Comparison between foams with a density of 0.30 g/cm3. Percentage in parenthesis indicates the Infill % for each material; all curves represented have a 
standard deviation of less than 7%.
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Fig. 7. Graph of all foams compared to the reference foam. Percentage in parenthesis indicates the Infill % for each material; all curves represented have a standard 
deviation of less than 7%.

Fig. 8. Graph zoomed into the initial part of the deformation. Percentage in parenthesis indicates the Infill % for each material; all curves represented have a 
standard deviation of less than 7%.
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behaviour of the reference foam is more accurately characterized by the 
specimen made with Recreus Filaflex 82 A.

Foams with a density of 0.21 g/cm3 (Fig. 5) exhibit higher force 
values compared to those with lower densities observed earlier at the 
same displacement. The curves are ordered according to increasing 
filament stiffness, with the specimen made from Recreus Filaflex 70 A 
producing the lowest curve. As the material hardness increases, the force 
at the same displacement also increases.

Foams with a density of 0.30 g/cm3 (Fig. 6) achieve even higher 
force values than those with lower densities. The linear behaviour zone 

is shorter, indicating that the nonlinear zone begins at a lower 
displacement. It is evident that specimens with higher densities exhibit 
greater reaction force compared to those with lower densities at the 
same displacement.

Figs. 7 and 8 present a comprehensive overview of all the tested 
specimens, providing a general perspective on the results.

Prior to testing, the specimens are meticulously inspected to detect 
any defects originating from the printing process, ensuring these do not 
affect the accuracy of the results. Fig. 9 provides an example of defects 
observed on the top layer, as well as significant stringing effects in the 

Fig. 9. Details of the printed specimens: (a) close-up of the top layer of a specimen exhibiting a fill defect; (b) close-up of the top layer of a correctly fabricated 
specimen; (c) infill showing significant material stringing; (d) infill correctly fabricated with minimal stringing.

Fig. 10. Graph stress – engineering strain of all foams compared to the reference foam. Percentage in parenthesis indicates the Infill % for each material; all curves 
represented have a standard deviation of less than 7%.

A. Montalti et al.                                                                                                                                                                                                                                



Advances in Industrial and Manufacturing Engineering 10 (2025) 100158

9

infill region. Fig. 9 also highlights a structure with proper material 
deposition, free from any visible flaws. It is crucial to ensure that the 
specimens, both before and after the compression tests, do not exhibit 
permanent deformations or fractures that could irreversibly alter their 
characteristics. Standards specify a maximum allowable displacement 
during testing to prevent such occurrences. Moreover, this study aims to 
develop components capable of withstanding multiple compression cy
cles under normal usage conditions, without operating near the com
ponent’s performance limits.

4. Discussion

Overall, the specimens exhibited the anticipated behaviour. The 
force-displacement (Fig. 8) curve features an initial non-linear region, 
which is more pronounced in some specimens than in others. This is 
followed by a linear region, the slope of which depends on the material 
and the infill. After the linear segment, there is another non-linear re
gion with an increasing slope. Specifically, Fig. 7 provides an enlarged 
view of the initial section of the graph, enabling a detailed examination 

of the behaviour of specimens with reduced displacement. Within this 
region, substantial differences in the behaviour of the specimens are 
evident. Some, like Recreus Filaflex 82 A (10.71%), show a linear trend 
from the beginning, while others, such as Ninjatek Cheetah (17.21%), 
exhibit a pronounced initial nonlinear settling zone. Fig. 7 also illus
trates how some specimens display a steep settling phase followed by a 
reduced slope in the linear zone compared to similar specimens. For 
instance, Fiberology Fiberflex (28.04%) starts with a reduced slope, 
lower than Treed Elasto A (18.75%) and Ninjatek Cheetah (17.21%) but 
surpasses their force values before reaching 7.0 mm of displacement due 
to a higher slope in the linear region.

Another example is Recreus Filaflex 70 A (27.78%), which behaves 
similarly to Fiberology Fiberflex (19.63%) up to a displacement of 2.1 
mm. Beyond this point, it exhibits a higher slope, aligning its behaviour 
with Recreus Filaflex 82 A (18.75%) for deformations around 9.0 mm 
and even surpassing it in the nonlinear zone.

In both examples, a specimen made of a softer material shows an 
initial phase with a reduced slope compared to the other specimens but 
has a higher density. This results in a steeper curve slope in the central 
linear segment.

From the compression test behaviour of the specimens, the Stress- 
Engineering Strain curve can be calculated (as shown in Fig. 10) to 
understand the material’s response under the applied load. Within the 
linear region of the curve in Fig. 10, the slope was determined as the 
ratio of stress to strain. This calculation allows for a comparison of the 
slopes across the various specimens, providing a means to evaluate their 
respective stiffnesses.

Table 5 lists the Stress/Strain values in ascending order, allowing for 
an analysis of how these values are influenced by the material’s density 
and hardness. As the stress-strain ratio increases, a corresponding in
crease in density is observed, assuming the filament hardness remains 
constant. To better visualise the relationship between these parameters, 
a scatter plot has been employed, as shown in Fig. 11.

The graph in Fig. 11 characterises the behaviour of the specimens by 
correlating the elastic modulus, calculated as the ratio of stress to strain 
from the linear segments of the curves, with the bulk material hardness. 
The plot displays three distinct lines, each traversing clusters of points 

Table 5 
Slopes of the central linear area of the specimens.

Infill % Density [g/ 
cm3]

Shore 
(A)

Stress/strain 
[kPa]

Reference foam / 0.12 / 46.93
Recreus Filaflex 82 

A
10.71 0.12 82 62.40

Treed Elasto A 10.71 0.12 95 93.94
Ninjatek Cheetah 9.84 0.12 95 98.26
Recreus Filaflex 70 

A
19.44 0.21 70 133.77

Fiberlogy Fiberflex 19.63 0.21 81 222.73
Recreus Filaflex 82 

A
18.75 0.21 82 268.78

Recreus Filaflex 70 
A

27.78 0.30 70 305.94

Treed Elasto A 18.75 0.21 95 397.79
Ninjatek Cheetah 17.21 0.21 95 432.05
Fiberlogy Fiberflex 28.04 0.30 81 543.30

Fig. 11. Scatter plot that correlates the elastic modulus with the hardness on specimens made with 3D printing.
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corresponding to different specimen densities, with the slope increasing 
as density rises. This graph serves as an experimental map describing the 
specimens’ behaviour based on the three analysed parameters. By 
following the iso-lines, which represent constant density, one can 
determine either the filament hardness or the elastic modulus depending 
on specific requirements. This methodology opens substantial possibil
ities for foam prototyping across various applications, as the graph en
ables precise replication of desired behaviours. Through the analysis of 
force-displacement curves, it becomes possible to select the most 
appropriate curve according to the desired characteristics of the initial 
non-linear region and the slope of the linear region. The map in Fig. 11
provides all the necessary information to design foam with intermediate 
characteristics within the scatter plot. The map is generated based on 
experimental tests, which inherently include a certain degree of error. 
Data on density and Shore hardness are sourced from supplier data
sheets, which, while not explicitly specifying measurement errors, are 
obtained following standardised procedures. Specifically, density mea
surements comply with ISO 1183, ASTM D792, which define the 
methodologies for determining the density of polymeric materials. 
Similarly, Shore hardness values are determined according to ISO 868, 
ASTM D2240, and ISO 7619, which establish the testing conditions and 
indenter types for accurate hardness assessment. These standards ensure 
the reliability and comparability of the reported material properties 
within the context of this study. The measurement errors observed 
across all tests were found to be below 0.02 MPa, as illustrated in Fig. 11. 
For the sake of clarity and readability, error intervals were not included 
in the earlier graphs. To expand this map further by including additional 
densities and material hardnesses, a 3D printer equipped with a pellet 
extruder would be advantageous, as it eliminates the limitations 
imposed by filament-based processes.

Economic considerations must always be factored in, as they are 
often decisive in selecting the appropriate manufacturing process. Ad
ditive manufacturing is particularly cost-effective for producing custom 
items or small batches, as its lower productivity compared to traditional 
methods is offset by its high flexibility. However, the production of 
foams as described earlier is unlikely to replace mass production due to 
the extended time and higher costs involved. For initial prototype 
development, such as for verifying design, functionality, and comfort, it 
proves highly advantageous, as it eliminates the need for mould pro
duction, reducing costs by an order of magnitude.

The stochastic infill, which mimics the closed-cell structure of foam 
created with blowing agents, has demonstrated effectiveness in pro
ducing components for impact absorption, customised padding, and 
flexible parts in rapid prototyping. This is merely the first step in the 
development of flexible parts with precisely controlled material 

responses. Future studies could investigate other aspects of these 
structures, such as the effect of external walls on stiffness. Currently, the 
specimens were not tested for compression in the X and Y directions due 
to the lack of uniform contact surfaces, resulting from the absence of 
external walls. For future tests in these directions, it will be essential to 
prevent delamination between layers.

Further exploration could involve newly introduced filaments con
taining blowing agents that generate microbubbles as they pass through 
the nozzle, altering the stiffness of the extruded material. These fila
ments demonstrate variable hardness depending on the extrusion tem
perature, offering enhanced flexibility during the manufacturing process 
and enabling the use of a single material across a wide range of appli
cations. However, this introduces an additional variable that must be 
carefully managed to ensure consistent and high-quality outcomes. 
Additionally, the study could be enriched by analysing the fatigue 
behaviour of these structures to determine the number of cycles they can 
endure. Investigating the energy absorption characteristics, including 
hysteresis, would provide further insights into their performance and 
potential.

5. Conclusion

This research has successfully demonstrated the feasibility of pro
ducing polymeric foam models using additive manufacturing, specif
ically employing Material Extrusion (MEX) technology. The 
experimental findings confirm that specimens with stochastic infill 
patterns, mimicking the closed-cell structures of foams generated 
through blowing agents, can effectively achieve desired mechanical 
properties. Critical to tailoring the foam characteristics observed in the 
force-displacement graph are the density of the component (determined 
by infill percentage) and the hardness of the material used.

The study underscored the significance of material hardness during 
the initial deformation phase, where softer materials are advantageous 
for achieving low force under increasing deformation. Conversely, foam 
density primarily influences the slope of the linear region of the defor
mation curve, with adjustments to infill percentage playing a key role. 
Additionally, the foams produced in this study are characterized by solid 
top and bottom layers, without external walls, which significantly 
impact stiffness and alter the force-displacement response. Incorpo
rating external walls in prototypes modifies these properties, high
lighting their importance in designing foam components. The 
experimental map generated in this research, featuring iso-lines that 
indicate constant density, serves as a valuable design tool for creating 
foams with precisely tailored behaviours. It enables the selection of the 
most suitable filament hardness or elastic modulus according to 

Fig. 12. First saddle prototype based on naked motorcycles with the detail of the inner section (right).
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application-specific requirements. Further refinement of this map, 
incorporating additional densities and material hardnesses, could 
enhance the design process. Employing a 3D printer equipped with a 
pellet extruder would further optimize this approach by eliminating the 
constraints of filament-based systems.

This study establishes a robust foundation for the informed design of 
flexible parts with specific performance requirements, leveraging the 
experimental map to correlate behaviour with infill percentage and 
filament hardness. Producing components in the early stages of product 
development proves highly cost-effective, as it allows for the rapid 
creation of multiple models without the need to remake or modify 
traditional moulds for foam production (Fig. 12). Future research should 
explore the impact of incorporating external walls, providing a means to 
further control the properties of printed components. Additionally, 
investigating the use of filaments with variable Shore hardness could 
offer greater design flexibility and expand the range of applications.
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