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Abstract
Purpose – This study aims to investigate the tensile strength and compressive behaviour of two thermoplastic polyurethane (TPU) filaments
produced via material extrusion (ME): TPU 95A and Reciflex (recycled).
Design/methodology/approach – Tensile strength and compressive behaviour are assessed. The influence of extrusion temperature and infill
pattern on these properties is examined, supported by thermal characterization, surface morphology analyses and a comprehensive comparison
with existing literature. An analytical method is presented for estimating the solid ratio of ME parts, using an ellipse model to describe the
material bead geometry.
Findings – Reciflex is generally stiffer than TPU 95A in both tensile and compressive tests. Specimens loaded orthogonally in compression tests
exhibited stiffer behaviour than those loaded parallelly, and higher tensile properties were typically observed when material beads were deposited
parallel to the load direction. Unlike TPU 95A, Reciflex is sensitive to extrusion temperature variations.
Social implications – By comparing recycled and virgin TPU filaments, this research addresses waste management concerns and advocates for
environmentally sustainable production practices in the broadly used filament/based ME technique.
Originality/value – This study provides an extensive comparison of computed values with existing literature, offering insights into how different
materials may behave under similar processing conditions. Given ongoing challenges in controlling melt flow during extrusion, these results may
offer insights for optimizing the production of ME parts made with thermoplastic elastomers.
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1. Introduction

Additive manufacturing (AM), often referred to as 3D printing,
encompasses a set of technologies that sequentially deposit or
consolidate material, typically in a layer-by-layer manner
(Gibson et al., 2014). AM technologies allow the production
of geometrically complex shapes and customized products,
with potential gains in mechanical performance, cost reduction

and environmental impact (Abdulhameed et al., 2019;
Lee et al., 2017). Within the multitude of AM processes,
filament-based material extrusion (ME) methods are among
themost widely used for processing polymer materials, namely,
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thermoplastic elastomers (TPEs) (Awasthi and Banerjee, 2021;
Zhou et al., 2020).
TPEs commonly display both hard and soft phases, which

is manifested by having rubber-like elasticity along with the
processability commonly associated with thermoplastics
(Nace et al., 2021). Consequently, they can undergo repeated
melting and processing without substantial loss of their
properties, although the synthesis and processing conditions
may influence their molecular structure (Awasthi and
Banerjee, 2021). In addition, TPEs exhibit both amorphous
and crystalline regions. Amorphous regions tend to lack a
regular, ordered structure in their molecular chains, which
contributes to the flexible properties of the material. In
contrast, crystalline regions have an ordered molecular
arrangement, contributing to the material’s strength and
rigidity (Babu andNaskar, 2010).
A filament-based ME system usually incorporates a feeder,

a hot end and an extruder outlet (nozzle). The feeder directs
the filament into the hot end, where the polymer is heated
until it reaches a molten state, allowing it to be selectively
deposited onto a build platform or onto previously deposited
material (Altıparmak et al., 2022). The feeder mechanism is
either coupled to the hot end (direct drive extrusion) or
mounted away from it, requiring a flexible tube to guide the
filament to the hot end (Bowden extrusion). Typically, for
flexible filaments, a direct drive extrusion system is preferred,
as it minimizes the travel distance of the filament to the hot
end, reducing the potential for filament clogging and
promoting steady material throughput from the nozzle
(Papazetis and Vosniakos, 2019). Despite significant
advancements in ME technology over the past decade,
several challenges persist (Qamar Tanveer et al., 2022).
Notably, there is still a need to enhance the accuracy of both
process- and component-related simulations, as well as to
understand how the technology can be scaled to meet the
promises of mass customization for consumer products
(Tofail et al., 2018). Moreover, one of the key challenges is
minimizing internal and surface defects while enhancing the
mechanical properties of printed parts (Sardinha et al., 2024;
Wickramasinghe et al., 2020).
In ME, build orientation refers to the position in which a

printed object lies on the build platform during manufacturing,
which defines how the layers are aligned within the object, and
it is considered one of the most critical characteristics of these
components (Coogan and Kazmer, 2020; Qamar Tanveer
et al., 2022). Infill refers to the material deposited within the
walls of the printed part, and the raster angle can be defined as
the angle at which the infill beads are deposited in relation to
one principal direction of either the part or the machine. Build
orientation and infill parameters such as raster angle justify the
characteristic anisotropic behaviour of components and should
be carefully considered when designing products (Koch et al.,
2017; Steuben et al., 2015).
ME is typically a non-isothermal process with a cyclic, non-

uniform thermal history that influences the final properties of
components (Peng et al., 2018). Both the extrusion temperature,
which refers to the temperature of the hot end during extrusion,
and parameters such as printing speed, layer height and outlet
nozzle diameter directly affect volumetric material throughput
(Coasey et al., 2020; Mackay, 2018). During extrusion,

processed thermoplastics exhibit viscoelastic behaviours,
meaning they can combine both viscous flow and elastic
deformation. Many of these materials are shear-thinning, where
their viscosity decreases with increasing shear rate, though some
may exhibit shear-thickening behaviour. In addition, ME parts
can exhibit signs of residual stresses due to non-uniform cooling
and shrinkage, as well as due to fluctuating shear and
compression forces during the extrusion (Das et al., 2021).
Generally, slower printing speeds promote a stronger bonding of
layers and infill beads, enhance geometrical tolerance and
decrease the likelihood of print failure. At higher deposition rates,
the material experiences pressure and temperature fluctuations
inside the heating chamber, leading to an oscillating extrusion
rate, which negatively impacts the final properties of the
components (Ferraris et al., 2019; Luo, 2020). Maintaining
consistent values of storage modulus, loss modulus and complex
viscosity is fundamental for achieving a uniform rheological
response, which improves control over the flow behaviour of the
melt (Das et al., 2021). Extrusion temperatures that are 10°C–20°C
higher than the material’s melting temperature (Tm) generally
provide adequate material viscosity for controlled deposition (Xiao
and Gao, 2017). Bonding between adjacent beads and between
layers (interlayer strength) is governed by coalescence processes,
which results from phenomena such as surface wetting, neck
growth and interfacial polymer chain diffusion and entanglements
(Bellehumeur et al., 2004; Coogan and Kazmer, 2017).
Conduction is the dominant heat transfer mechanism in ME and
because the bonding of material within a part is promoted by the
thermal energy of the semi-molten deposited bead, the thermal
history of the polymer plays a pivotal role in the quality of the bond
(Bellehumeur et al., 2004).
One impactful characteristic of extruded parts that deeply

influences their mechanical properties is the presence of voids
(Koch et al., 2017; Sun et al., 2023). In most cases, these
voids are related to infill deposition strategies, occurring
between adjacent materials beads and forming pathways or
chimneys within the parts (Tao, Kong, et al., 2021).
Akhoundi and Behravesh (2019) investigated the influence of
various infill strategies on the mechanical properties of ME
parts, particularly focusing on the formation of voids. The
study concluded that the highest tensile and flexural strength
were significantly correlated with a reduction in void
quantity. To minimize the presence of voids, Eiliat and
Urbanic (2018) proposed a slicing method that generates
raster orientations in each layer based on the geometry of the
part. In addition to the infill deposition strategy, increasing
the extrusion temperature has been reported to improve the
flowability and reduce the viscosity during extrusion,
reducing the number of voids found in parts (Wach et al.,
2018).
Concerning material-extruded thermoplastic elastomers (ME-

TPEs), their applications span across diverse fields, including but
not limited to uses in footwear, cushioning, tissue engineering
and medical devices (Awasthi and Banerjee, 2021; Geng et al.,
2023). Recent advancements have expanded their utility into
innovative areas such as acoustic dampers (Tao, Ren, et al.,
2021), orthotics (Mian et al., 2024), flexible electronics
(Papazetis and Vosniakos, 2019), soft robotics (Salem et al.,
2018) and non-pneumatic tires (Sardinha et al., 2022, 2023).
Nonetheless, the inherent soft nature of TPEs makes controlling
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the melt flow during extrusion particularly challenging, which
can result in unpredictable and severe viscoelastic deformations
(Awasthi and Banerjee, 2021). To avoid printing issues such as
oozing and stringing effects, strategies that rely on tuning
filament retraction and cooling, or carefully designing and
positioning parts to limit travel movements within previously
deposited paths, can promote printability and overall part quality
(UltiMaker, 2024; Wu et al., 2024). Still, printing parameters
that enhance printability often conflict with those that ensure
adequate mechanical integrity, requiring trade-offs (Ajinjeru
et al., 2017).
Thermoplastic polyurethanes (TPUs) are among the most

common TPEs used in filament-based ME. Historically, they
have been synthesized from petrochemicals, but can also be
produced in a bio-based manner using plant oil–based polyols
and diols (Datta and Kasprzyk, 2018). Moreover, in today’s
context, the use of recycled TPEs is an inevitable aspect of
materials science. However, due to the intricate and variable
compositions of thermoplastic and elastomeric components,
the recycling of these materials presents significant challenges
(Lin et al., 2020). TPEs are composed of uneven molecular
chain lengths requiring different energy amounts to activate.
Because the different linkages in the polymer chain may have
different thermal dissociation temperatures, reprocessing can
lead to a loss of mechanical properties. In addition, thermal
degradation of TPEs can begin between 110°C and 270°C, a
range that falls within the temperatures used in ME (Zia et al.,
2007). Badini et al. (2024) tested the influence of extrusion
temperature and infill on the tensile properties of two types of
TPU (generic and recycled from tire rubber), focusing on the
manufacturability and characteristics of the recycledmaterial.
TPEs exhibit non-linear stress–strain behaviour, meaning

there is no constant elastic modulus defining their complete
elastic response, making it difficult to identify a yield point
(Kucherskii, 2003; Treloar, 1975; Xu et al., 2020). Despite
this, two distinct elasticity regions are commonly observed: the
initial region is associated with molecular disorder and
randomness, often termed entropic elasticity, whereas the
subsequent region occurs at higher strains, where the polymer
chains are fully stretched, and is related to how the material
stores and releases energy during deformation and recovery
(Kartsovnik, 2022).
Because ME is a thermally activated extrusion process, it is

crucial to have proper knowledge of the thermal characteristics
of filaments, particularly the temperature at which filament
material starts to melt, or the temperature range that defines
brittle and elastic material behaviour, which is especially
relevant when designing elastomeric components (Das et al.,
2021). Glass transition temperature (Tg) is a property of
amorphous materials or the amorphous portion of a semi-
crystalline material and defines the transitional temperature at
which polymer segments start to move from a frozen state (with
increasing temperature) or start to freeze (with decreasing
temperature) (Bin Samsuri, 2017). As the temperature
increases, and the polymer chains gain mobility, if there is
sufficient energy to form ordered molecular arrangements,
crystallization events can occur. Melting relates to the
absorption of heat until molecular chains lose their ordered,
solid structure, softening the polymer and making it gain the
mobility associated with a viscous material, and is also linked

with a sudden change in heat capacity (Frick and Rochman,
2004). Tg and Tm for amorphous and semi-crystalline polymers
are usually not single, definite temperatures but ranges during
which polymer molecular chains gain or lose mobility.
Typically, elastomers are characterized by having very low Tg,
which allows them to exhibit rubbery behaviour at ambient
temperature.
In this work, the tensile strength and compressive behaviour

of twoME-TPU filaments (recycled and generic TPU95A) are
studied, with a focus on how extrusion temperature and infill
pattern influence these properties. Thermal characterization
and surface morphology analyses are conducted to support the
findings, and a comprehensive comparison of computed values
with existing literature is performed. The research also explores
the adequacy of an analytical method for estimating the solid
ratio of parts. By correlating the estimated solid ratios with the
actual voids, the research seeks to validate the method and
explore its applicability. While there is some literature on the
mechanical behaviour of ME-TPEs, several issues discussed
above hinder the consistency in reporting their mechanical
properties, limiting their applicability. Furthermore, there is
limited information on important aspects such as the
relationship between compressive load types, build orientation
and mechanical properties. Therefore, this research advances
material science within the rapidly evolving field of AM by
clarifying the relationship between key ME process parameters
and mechanical responses, thereby facilitating the design of
elastomeric components.

2. Material and methods

The specimens produced for this experiment are divided into
two main groups based on their shape and the mechanical test
they are designed for: dog-bone specimens for tensile tests and
cubic specimens for compression tests. Figure 1 provides an
overview of how each specimen type is used in the different
experimental procedures, which are detailed in the subsequent
sections.

2.1. Thermoplastic polyurethanes
Among the several commercially available ME-TPE filaments,
this work evaluates two TPUs: TPU 95A fromUltimakerVR and
Reciflex, a recycled filament from RecreusVR . Ultimaker’s TPU
95A is a widely used filament inME and, according to research
by (Le�on-Calero et al., 2021), consists of approximately 52%
hard segments. Reciflex (Recreus, 2022) filament is made from
recycled TPU, sourced from the footwear industry and
Recreus’ internal waste. Its hardness ranges between 92A and
98A, but limited additional data is available (Armstrong et al.,
2023). Table 1 summarizes the material characteristics
reported by their manufacturers.

2.2. Production of test specimens
Figure 2(a) shows the geometrical features of the tensile
specimens, which is designed to conform to both the Die C type
specimens of American Society for Testing and Materials
(ASTM) standard D412 (ASTM, 2016) and the type IV
specimens of ASTM standard D638 (ASTM, 2014), with the
exception of the width of the narrow section, which is 7.2mm, a
multiple of the nozzle diameter. The cubic specimens have a
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side length of 10mm, selected to allow testing in different load
directions. The Ultimaker S5, equipped with a Bowden-type
extruder, was used to produce all specimens. The slicer software
used to generate the G-code files was Ultimaker Cura version
4.11.0. All samples were manufactured with 100% infill, a layer
height of 0.2mm, a nozzle diameter of 0.4mm, a line width of
0.38mm and a printing speed of 30mm/s. No top or bottom
layers were applied; thus, all layers consisted of two outer walls
and infill. In addition, a 0.4mm overlap between the walls and
the infill was used, and infill line beads were produced before
the walls [Figure 2(b)]. Regarding the importance of
temperature during production, the build platform and filament
cooling fan were maintained at 50°C and 20% speed,
respectively, with a minimum layer time of 15 s. Furthermore,
this study evaluates the influence of three levels of extrusion
temperature (per material) and three infill patterns. Four
identical samples of each studied parameter were produced in a
common printing session, one at a time. Before defining the
extrusion temperatures, temperature towers for each material
were produced, with 5°C increments between each level,
Figure 2(c) and (d).
Temperature towers are used for the initial screening of

extrusion temperatures, helping to identify suitable temperature
ranges by assessing the printer’s ability to reproduce features
like bridges and overhangs and through visual inspection of
interlayer adhesion. However, for these TPUs, only small
differences between the tower’s levels were observed. In the

temperature tower test of TPU 95A, the material printed at
245°C exhibits not only a more pronounced stringing effect but
also a subtle colour difference between the layers, which may
indicate material degradation. In the temperature tower of
Reciflex, no visible difference was observed in the material
printed between 220°C and 230°C, but signs of under-
extrusion and slight roughness were noted at 215°C, and signs
of material oozing and colour variation appeared at 235°C.
After this visual assessment, and considering results from
previously published works (Sardinha et al., 2024), thermal
characterization performed (subsection 2.4), and a review of
temperatures used in other studies, the chosen tested
temperatures for TPU 95Awere 225°C, 235°C and 240°C, and
for Reciflex were 220°C, 225°C and 230°C.
Regarding the tested infill strategies, both linear and

concentric types were studied, with three variations of raster
angle orientations for the linear infill: [0°/90°], [45°/�45°] and
[0°/0°]. Representative examples of these cubic specimens are
shown in Figure 3(a)–(d).

2.3. Tensile and compression tests
Tensile and compression tests were performed using a universal
testing machine Instron 5566 with a 10kN load cell, at room
temperature (21°C) and approximately 60% relative humidity.
Considering previous research findings on the strain sensitivity
of TPEs (Sean Teller, 2019; Vidakis et al., 2021; Wang et al.,
2023), and the recommendation of relevant standards, tests
were conducted with a crosshead speed of 20mm/min for
tensile tests and 2mm/min for compression.
For the tensile testing, the gauge section of each specimen

was measured at three different locations to estimate the cross-
sectional area of the unstrained specimen. After toe correction
of the zero-strain point, in accordance with ASTM standard
D412 (ASTM, 2016), the nominal stress at a specified
elongation (sxxx) was calculated using the load required to
reach that elongation (Fxxx) and the average cross-sectional
area of the unstrained specimens. To compare the stiffness and
strength with available literature, the authors compute the
tensile strength (sR), the elongation at break («R) and the initial
elastic modulus at strains ranging from 1% to 5% (Ei).
Compression tests were conducted by imposing a total

crosshead displacement of approximately 70% of the initial

Table 1 Material characteristics of the materials, according to their
manufacturers

Property, [units]
TPU 95A

(UltiMaker, 2022)
Reciflex

(Recreus, 2022)

Density (r), [g/cm3] 1.22 1.00–1.22
Hardness (H) 96A/48D 92A–98A
Elongation at break («R), [%] >560a >400
Young modulus [MPa] 61–73a NA
Tensile strength [MPa] 22–40a 40 – 50

Notes: NA = not available; aFor specimens produced lying flat on the
build platform
Source: Table by authors

Figure 1 Schematic of the production process and application of different specimen types in the research experiments
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height of the specimens. To compare compression properties,
the authors computed the elastic modulus and nominal stress at
strain levels of 10%, 20%, 50% and 70%. Before testing, the
initial height (hi) and compression area of each specimen were
measured. In addition, the height recovery (Re) of the cubic
specimens was estimated by remeasuring their height two
weeks after testing (h2), as shown in equation (1):

Re ¼ hi � h2
hi

� 100 (1)

Compression specimens printed with a [0°/90°] infill were
tested with the load applied orthogonal to the layer plane, as
shown in Figure 4(a). To evaluate the influence of infill on
compression behaviour, the load was applied parallel to the
layer plane. Specimens with a [0°/0°] infill were loaded in
two different directions, as illustrated in Figure 4(b) and (c).
Notably, loading the concentric and linear specimens
with a [45°/�45°] infill along these two perpendicular
directions yields equivalent results. As a result, a total of
seven compression load cases were performed for each
material.
Table 2 summarizes the study variables for eachmechanical test,

including the nomenclature based on material, extrusion
temperature (Text), infill pattern and, for compression specimens,
the load direction.

2.4. Thermal characterization
In this work, differential scanning calorimetry (DSC) was used
to characterize the materials. DSC is a thermal analysis
technique that measures the temperature and heat flow
associated with material transitions as a function of time and
temperature. The outcome is usually a heat flux versus
temperature plot, where glass transitions manifest as a step
in the recorded signal, reflecting a change in the heat capacity of
the sample material. In this work, Tg is computed through
the DSC software using an average of the change in heat
capacity. Tm and crystallization temperature (Tc) are identified
as the minimum of the endothermic transition and the
maximum of the exothermic transition, respectively. Table A1
in Section A of the supplementary files associated with this
research outlines DSC parameters from literature used to
characterize 3D-printed TPUs.
In this study, DSC is used for the thermal characterization of

four material samples. Specifically, one sample was extracted
from each filament used, whereas the remaining two were
derived from tensile test specimens produced with each
material. After being processed through ME, the cross section
of the specimens was cut into a thin layer to obtain a
representative material amount, i.e. a sum of material from
each layer. The experimental procedure used during the DSC
follows some recommendations of ASTM standard D3418
(ASTM, 2015) and was carried out on a TA 2920 calorimeter.

Figure 2 Design and manufacturing of the test specimens
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Figure 3 Slicing preview of the deposition of the last layer of a cubic specimen (in blue) on top of previous layers (in grey), with infill type

Figure 4 Schematic of the load application in compression tests: the hexagonal yellow shape represents the extrusion head, the current layer is shown
in blue and the previous layers are depicted in grey

Table 2 Nomenclature and processing parameters for each batch of specimens

Filament material
Tensile specimens Compression specimens

Sample reference Text [°C] Infill pattern Sample reference Text [°C] Infill pattern

TPU T1_TPU_T225_0_90 225 [0°/90°] C1_TPU_T225_0_90_Z 225 [0°/90°]
T2_TPU_T235_0_90 235 [0°/90°] C2_TPU_T235_0_90_Z 235 [0°/90°]
T3_TPU_T240_0_90 240 [0°/90°] C3_TPU_T240_0_90_Z 240 [0°/90°]
T4_TPU_T235_45_-45 235 [45°/�45°] C4_TPU_T235_45_-45_XY 235 [45°/�45°]
T5_TPU_T235_Concentric 235 Concentric C5_TPU_T235_Concentric_XY 235 Concentric
T6_TPU_T235_0_0 235 [0°/0°] C6_TPU_T235_0_0_X 235 [0°/0°]

C7_TPU_T235_0_0_Y 235 [0°/0°]
Reciflex T7_Reci_T220_0_90 220 [0°/90°] C8_Reci_T220_0_90_Z 220 [0°/90°]

T8_Reci_T225_0_90 225 [0°/90°] C9_Reci_T225_0_90_Z 225 [0°/90°]
T9_Reci_T230_0_90 230 [0°/90°] C10_Reci_T230_0_90_Z 230 [0°/90°]
T10_Reci_T225_45_-45 225 [45°/�45°] C11_Reci_T225_45_-45_XY 225 [45°/�45°]
T11_Reci_T225_Concentric 225 Concentric C12_Reci_T225_Concentric_XY 225 Concentric
T12_Reci_T225_0_0 225 [0°/0°] C13_Reci_T225_0_0_X 225 [0°/0°]

C14_Reci_T225_0_0_Y 225 [0°/0°]

Source: Table by authors
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The samples, ranging in mass from 7.9 to 11.3mg, were
weighed with a precision of 60.1mg using a Mettler UMT2
ultra-micro balance. Sealed aluminium crucibles with a
perforated lid were used. The experiments were performed
with a temperature range from�70°C to 250°C at a rate of 15°
C/min, under a flow of high pure helium of 30 cm3/min. The
temperature scale of the instrument was calibrated at the same
heating rate based on the fusion temperatures of indium and
tin. The calibration of the heat flow scale was based on the area
of the fusion peak and the enthalpy of fusion of the indium
referencematerial.
Thermally stimulated depolarization current (TSDC) is a

technique based on a sample’s depolarization by thermal
activation and can also be used to detect the Tg of polymers.
TSDC can be very sensitive and affected by aspects like the
structural, electrical, thermal and polarization characteristics of
the samples. When performing this technique, at the polarization
temperature (or poled temperature), a static electric field is
applied to the sample for a sufficient time to allow various mobile
entities to orient themselves within the field. This configuration is
then fixed by rapidly decreasing the temperature while
maintaining the electric field, preventing the relaxation of dipoles
and/or charges. Once the temperature stabilizes, the electric field
is switched off, and the sample is short-circuited for a specific
period to eliminate any surface charges and stabilize the sample.
Subsequently, the poled sample under an inert helium
atmosphere is short-circuited and connected to a highly sensitive
electrometer. The furnace containing the sample is then
programmed to increase its temperature linearly over time.
During this increase, the return to equilibrium of the previously
oriented entities creates a depolarization current which is
recorded as a function of temperature.
TSDC measurements were conducted by subjecting two

samples, processed through ME, to electric polarization under
an inert atmosphere. The process used a scanning temperature
range from�80°C to 30°C, covering the glass transition region
of un-poled samples (baseline) as well as samples poled at
polarization temperatures of �20°C for TPU and 5°C for
Reciflex. The strength of the polarizing electric field used was
200V/mm, with a polarization time of 5min. The freezing
temperature was set to �80°C, and the heating rate was 8K/
min. Additional physical background of the TSDC technique
and a deeper explanation of the experimental procedures used
can be found inDiogo et al. (2016).

2.5. Geometrical structure analysis
Un-tested specimens were visually inspected using a
VellemanVR digital microscope, model CAMCOLMS1N, to
identify macroscopic production defects. In addition, scanning
electron microscopy (SEM) was used to assess the bonding
quality resulting from each studied parameter by observing the
cross sections of tensile test specimens, using the Phenom ProX
G6 model from Thermo Fisher Scientific (Waltham, MA,
USA). Figure 5(a) shows a representation of the cross section
analysed and its approximate location within the gauge section
of a tensile specimen. To prepare the samples, specimens were
placed in a cooling chamber at �80°C for 72h, as represented
in Figure 5(b), and then cut with a sharp blade. Because TPUs
are non-conductive polymers, a coating of gold and palladium
was applied for SEManalysis, as seen in Figure 5(c).

By examining the SEM images of the cross sections, it is
possible to observe and quantify voids within parts. These
voids typically manifest as irregular-shaped pathways in the
specimen’s structure because they represent air gaps
between adjacent beads. This analysis enables inference
about the relationship between the bonding quality between
beads and the mechanical properties of each specimen.
Stronger parts are typically correlated with beads printed
closely together which, in theory, minimizes voids within
parts. The distance between infill beads is influenced by
manufacturing parameters such as the line width, the

Figure 5 Representation of important steps of the SEM analysis
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overlap between infill paths and overall material flow. Even
though material is extruded through a circular nozzle, the
flow of extruded material is shaped by the interaction
between the nozzle and the printing substrate, which causes
the cross-sectional geometry of each bead to approximate an
elliptical shape (Wang et al., 2023). Therefore, a theoretical
solid ratio (SR) of ME parts can be defined as the ratio
between the area of consolidated beads (Abead) and the
maximum bead area [equation (2)]:

SR ¼ Abead

Amax
(2)

Computing the area of a consolidated bead often takes
into account thermo-structural conditions that define the
bonding phenomena between materials (e.g. surface
diffusion and material viscosity), as proposed by Garzon-
Hernandez et al. (2020). However, simple analytical
models based solely on the geometry of deposited beads
provide a fast and practical estimation of the SR. Based on
a proposal of Koch et al. (2017), the area of a consolidated
bead can be defined as the area of an ellipse (Aellipse), where
the semi-major (a) and semi-minor (b) axes correspond to
the layer height (h) and line width (d) of the extrusion
process, respectively, allowing the SR to be computed
using equation (3):

SRKoch ¼ Aellipse

Amax
¼ abp

hd
¼ p

4
ffi 0:785 (3)

Clearly, defining the bead shape as a simple ellipse would be a
very conservative approach. An analytical model that better
defines the geometry of adjacent beads, with no overlapping
deposition paths, can be more accurately expressed by
considering this shape as a minimum SR. As the process
evolves, the ellipse grows within a bounding box whose size is
defined by the layer height and line width, as illustrated in
Figure 6.
In this model, the consolidated bead area is given by the sum

of the three shaded areas shown in the schematic, and the SR
can be computed using equation (4):

SR ¼ A1 12A2 1 4A3

Amax
¼ h d � 2að Þ1 2a h� 2bð Þ1 abp

hd

¼ hd1 ab p� 4ð Þ
hd

(4)

To assess the adequacy of this estimate, the normalized
density of test specimens was computed by analysing the area
ratio between the solid and pore regions from cross-sectional
SEM images. ImageJ software was used to quantify the size of
inter-bead voids within each specimen’s cross section. It should
be noted that the normalized density is an average density
computed using a representative area of the specimen and does
not account for localized effects or void variations in the walls
and centreline of the specimens.

3. Results and discussion

3.1. Thermal characterization
Figure 7(a) and (b), displays the endothermic and exothermic
evolutions of the DSC analysis of both filament (un-processed)
and ME-processed form. The results show marginal differences,
suggesting that the ME process does not significantly affect the
material’s thermal properties, and that the Tg range of both
materials is broad, which is characteristic of amorphous and
semi-crystalline polymers, as it is a second-order transition. The
remaining heating and cooling cycles are available in the
supplementary files (SectionA).
After being processed by ME, the range of glass transition

decreases by 6°C in the TPU 95A and 8.1°C in the Reciflex.
However, while the Tg of TPU 95A increases after processing, the
opposite occurs in Reciflex. After being processed, the melting
peak of bothmaterials decreases approximately 14°C. The cooling
traces of all samples exhibit similar trends. Nevertheless, unlike
Reciflex, two distinct peaks can be observed inTPU95Awhen the
sample cools from 250°C. This exothermic signature is associated
with crystallization temperatures (Tc). This phenomenon suggests
that, after material deposition, when reaching such temperatures,
crystallization might occur, potentially influencing the bonding
with subsequent layers.
Notably, the two lowest temperatures used in the

temperature tower tests are below the melting peaks identified
in these samples. This suggests that the energy provided to the
materials during extrusion at these temperatures may not be
sufficient to properly activate the polymer chains, potentially
affecting the steadiness and controllability of melt flow during
extrusion and influencing themechanical properties
Figure 8(a) and (b), displays the results of the molecular

motions study conducted using the TSDC technique. Analysis
of the thermogram reveals the presence of two distinct
mobilities, with moderate overlap but varying intensities. For
TPU 95A, the peak temperatures are recorded at�24.7°C and
6.8°C, whereas for the Reciflexmaterial, they occur at�26.1°C
and 5.8°C. The similarity in the curve shapes and the proximity
of the peak temperatures within the covered temperature range
suggest comparable structural characteristics between the two
materials. In addition, for both samples, the mobility
characteristics observed at the lowest temperature indicate the
signature of the glass transition temperature as detected by the
TSC technique.

Figure 6 Schematic of the analytical method to estimate the SR, based
on ellipsoidal-shaped filament beads
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Table 3 summarizes the main thermal characteristics of each
material. A comparison of the obtained results with available
literature shows that the identified values of the Tg and a Tm

for TPU 95A align with the findings of Le�on-Calero et al.
(2021), which reported a Tg between �54°C and �34°C,
and a Tm of approximately 220°C. Furthermore, the
identified Tm of the TPU 95A samples approaches the
values reported in the data sheet of the material (216.8°C)
(UltiMaker, 2022). No reported values were found for
Reciflex.

3.2. Surfacemorphology
Figure 9(a)–(f) depicts representative surface morphologies
obtained through SEM analysis. Additional images of each
observed surface can be found in the supplementary files
(Section B). Voids between deposited infill beads are visible in

all specimens. Figure 9(a) shows the cross section of a TPU
95A specimen printed at 235°C with a [0°/0°] infill, including
representations of approximate bead shapes. The magnified
view of this cross section, in Figure 9(b), facilitates the
identification of two types of defects observed in the specimens:
inter-bead voids and air pores. Air pores were not included in
further analysis, as inter-bead voids are more prevalent and
larger in size.
Figure 9(c) shows the edge of the cross section of a TPU 95A

specimen printed at 225°C with a [0°/90°] infill, which allows
the identification of the layer height used in printing. Despite
the 0.4mm overlap used between the outer walls and the infill,
smaller and more irregular voids remain visible between these
two types of beads.
As anticipated, identifying differences in specimens with

concentric and linear [0°/0°] infills can be challenging.

Figure 7 DSC-measured heat flow during

Figure 8 Thermogram from the TSDC analysis of both materials processed through ME
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Table 3 Thermal characteristics (Tg, Tc and Tm) of tested material samples

TSDC DSC
Testing sample Condition Text [°C] Tg [°C] Tg [°C] Tc [°C] Tm [°C]

TPU 95A Filament – – [�45.9;�19.7] 110.8/137.2 227.8
ME processed 235 �24.7 [�41.2;�12.9] 111.3/138.7 214.3

Reciflex Filament – – [�30.4;�2.1] 145.4 216.5
ME processed 225 �26.1 [�36.2,�16.0] 149.0 202.7

Source: Table by authors

Figure 9 Representative SEM images of the surface morphology of the cross section of specimens, with dimensions in micrometre
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Compared to the [0°/0°] infills, specimens with a [0°/90°] infill
exhibit approximately half the number of voids. This reduction
may be attributed to the fact that half of the layers are deposited
parallel to the cross-sectional view plane. The surface section in
Figure 9(d) exemplifies the middle of the cross section of the
specimens with concentric infill, where a reduction in the
number of voids near the cross-sectional centreline is observed.
This observation may be attributed to the fact that the narrow
section of the tensile specimens with concentric infill consists of
layers with 19 parallel infill lines, each with a width of 0.38mm
(totalling 7.22mm). In addition, the infill deposition starts
from the outer edge. Considering the narrow section of the
specimens is only 7.2mm wide, despite potential flow
adjustments through software compensation, the last deposited
infill line must fit into a smaller gap between previously
deposited infill material.
The surface morphology of a Reciflex specimen with a

linear [45°/�45°] infill, as shown in Figure 9(e), reveals that,
from a cross-sectional perspective, this infill orientation
generates ovalized and larger voids. Furthermore, the image
also shows that, in some cases, larger voids result from the
merging of voids from two consecutive layers deposited
orthogonally to each other. Apart from these, and voids near
the specimens’ walls, the shape of most voids observed in this
work aligns with the triangular voids detailed in the review by
Sun et al. (2023).
Figure 9(f) exemplifies how higher temperatures result in

smaller and less frequent voids across specimens, and
Table 4 summarizes the average size of inter-bead voids, as
well as the software-measured SR. Notably, in Reciflex,
increasing the extrusion temperature from 220°C to 230°C
led to a reduction in the average void size from 0.024 to
0.002 mm2. Similarly, in TPU 95A, a wider temperature
range (15°C) caused a decrease in average void size from
0.006 to 0.001 mm2. The measured SR, which is directly
linked to void size and frequency, reached its highest values
when specimens were produced at the highest tested
temperatures, namely, 0.993 in Reciflex and 0.983 in TPU

95A. This trend aligns with previous studies on the effect of
increasing extrusion temperature in the reduction of voids
(Elhattab et al., 2022; Kasmi et al., 2022; Wach et al., 2018),
most likely due to an increased flowability and reduced
viscosity of the extruded material. Even so, it is expected
that the higher flowability during extrusion may affect the
dimensional accuracy of parts (Sun et al., 2023).
Figure 10 shows the relationship between the measured SR

of specimens and the analytical approach based on the ellipse
constrained by layer height and line width. Inmost tested cases,
the ellipse model provides an adequate description of void
presence, except for Reciflex specimens produced at the lowest
temperature or with a linear [45°/�45°] infill. The model is
more accurate at lower SR values, but as SR approaches 0.9,
the influence of triangular void shapes increases, making
precise predictions more challenging. If the two Reciflex
outliers are excluded, the measured SRs range from 0.906 to
0.983 for TPU 95A and from 0.910 to 0.993 for Reciflex.
These values are comparable to the results reported by Wang
et al., 2023), who reported an SR range of 0.93–0.97 for five
different 3D-printed TPEs. In summary, this analysis suggests
good bonding between adjacent beads because, aside from
void location, it is difficult to identify layer stratification or
distinct bead boundaries, almost independently of the process
parameters used.

3.3. Tensile properties
Figure 11 allows for a comparison of the tensile properties of
each material, with each curve representing the average of three
specimens. Notably, the shape of the tensile stress–strain curves
obtained in the present study differs considerably from those
observed in other polymers, such as polylactic acid (Adibeig
et al., 2023). As expected, these materials exhibit hyperelastic
behaviour, undergo significant elastic deformation and display
a non-linear stress–strain relationship, which is evident from
changes in the slope during loading. The complete set of
individual tensile results can be found in the Section C of the
supplementary files. A general visual analysis of these results
shows that, in terms of stiffness and energy absorption
capabilities, the Reciflex material is slightly superior across
variations in production parameters, except for the specimens
printed at 220°C. Consistent with existing research, no clearly
discernible yield point is observed in the material behaviour.
However, it can be noted that a transition between the two
main elasticity domains typically occurs between strains of 15%
and 30%, at a nominal stress of 5–10MPa.
Figure 12(a) and (b), compares the average tensile strength (sR)

and the elongation at break («R), respectively. When analysing the
effect of extrusion temperatures on strength and stretchability,
both materials exhibit minor differences in specimens produced at
the two highest temperatures, whereas the lowest temperature
consistently resulted in theweakestmechanical properties.
Regarding infill strategies, the first specimens fail after

approximately 200% elongation, with the highest stretchability
reaching roughly 500%. Notably, concentric infill consistently
results in the lowest strength and stretchability, and individual
tests revealed a premature and erratic failure behaviour. The
authors hypothesize that this may be due to gaps generated by
inaccuracies in the slicing procedure, as seen in the slicer
preview of Figure 13(a). A visual inspection of these specimens’

Table 4 Summary of average void size and software-measured SR of each
analysed study variable

Reference sample Measured SR Average void size [mm2]

TPU 95A
T1_TPU_T225_0_90 0.906 0.0066 0.005
T2_TPU_T235_0_90 0.950 0.0066 0.002
T3_TPU_T240_0_90 0.983 0.0016 0.001
T4_TPU_T235_45_-45 0.965 0.0046 0.001
T5_TPU_T235_Concentric 0.952 0.0046 0.001
T6_TPU_T235_0_0 0.960 0.0036 0.001

Reciflex
T7_Reci_T220_0_90 0.789 0.0246 0.018
T8_Reci_T225_0_90 0.910 0.0146 0.009
T9_Reci_T230_0_90 0.993 0.0026 0.001
T10_Reci_T225_45_-45 0.779 0.0346 0.020
T11_Reci_T225_Concentric 0.965 0.0026 0.001
T12_Reci_T225_0_0 0.960 0.0036 0.001

Source: Table by authors
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top layers confirms the presence of a defect that extends through
the thickness of the specimen, likely marking the fracture
initiation. Overall, most specimens displayed signs of both inter-
and intra-layer fractures near the fractured surface zone, which
showed a significant reduction in cross-sectional area.
Figure 13(b) compares the initial elastic modulus computed

for each specimen. Results show that increasing the extrusion
temperature from 225°C to 235°C and 240°C resulted in TPU
95A becoming roughly 30% stiffer. For Reciflex, increasing the
extrusion temperature from 220°C to 225°C resulted in more

than a 50% increase in initial stiffness, but an additional 5°C
increment reduced the stiffness. Comparing the results of
specimens with different infill shows that the initial elastic
modulus of Reciflex is maximized in those with [0°/0°] infill,
followed closely by those with concentric infill. In contrast,
infill strategies had a minor influence on the initial elastic
modulus of TPU 95A, though it is also maximized in
specimens with concentric and [0°/0°] infill.
Overall, the behaviour observed for TPU 95A falls within the

range of values reported in the literature for 3D-printed TPU

Figure 10 Comparison between the measured SR and analytical method for bead shape, based on ellipse model constrained by layer heigh and line
width

Figure 11 Nominal stress–strain plot of the tensile tests performed on TPU 95A (blue) and Reciflex (green)
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95A (Mian et al., 2024; Xiao and Gao, 2017), and is
comparable to existing reports on other TPUs. Regarding the
Reciflex filament, limited information is available beyond the
manufacturer’s data. Nevertheless, Reciflex demonstrates
behaviour very similar to TPU 95A, and its strength and
stiffness can be easily compared to TPUs tested in similar
studies. Badini et al. (2024) compared the behaviour of a
recycled TPE (made from waste tire rubber) with TPU 80A,
finding the recycled material to be approximately twice as stiff
as TPU 80A. However, the rubber-based filament did not
exhibit the same sensitivity to extrusion temperature changes as
the Reciflex filament used in this study. Table 5 summarizes the
available literature on the tensile properties of various types of
3D-printed TPUs, along with the computed values for initial

elastic modulus, tensile strength and stretchability from this
research.
Although drawing a general conclusion is challenging due

to some outliers and unknown sources of variation, the
maximum strength and stiffness are primarily observed in
material beads deposited parallel to the load direction,
notably in specimens with a [0°/0°] infill. This observation
aligns with existing literature on ME (Qamar Tanveer et al.,
2022). For instance, Arifvianto et al. (2021) tested 3D-
printed TPU specimens using various infill strategies and
found that strength and stiffness are maximized in specimens
with [0°/0°] infill. Similarly, Kasmi et al. (2022) observed
improved mechanical response in specimens with the same
infill orientation.

Figure 12 Tensile properties of tested specimens

Figure 13 (a) Illustration of a macroscopic production defect in specimens with concentric infill; (b) Initial elastic modulus (Ei) of tested specimens
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The correlation between the results and the measured SR
of specimens varies. Strength and stretchability show a weak
correlation with computed SR values across different infills
for both materials. However, in TPU, a slight correlation
between stiffness and computed SR is observed. When
focusing on extrusion temperature, a slight positive
correlation between an increase in SR and improvements in
strength and stretchability, particularly in the Reciflex
material. This observation corroborates some of the findings
by Hohimer et al. (2017), which state that voids significantly
impact strength. Nevertheless, our results suggest that further
studies are needed to fully understand these phenomena.

3.4. Compressive properties
Figure 14(a) and (b), shows the nominal compression
stress–strain behaviour of TPU 95A and Reciflex, respectively.
The complete set of individual compression results can be
found in the supplementary files (Section D). Overall, the plots
indicate that variations in loading direction, infill and
temperature parameters have limited influence on the results,
except for Reciflex, which is sensitive to changes in extrusion
temperature. Excluding the two temperature extremes, this
recycled material consistently exhibits higher compression
stiffness compared to TPU 95A.
Table 6 summarizes the computed averages and standard

deviations of initial compression stiffness (from 1% to 20%
strain), stress values at various strains and height recovery
(Re) for each batch of compression specimens. Comparing
the relationship between infill strategies and load direction, as
anticipated, the highest compression modulus is achieved
when the load is orthogonal to the layer plane (C2 and C9
samples). However, this discrepancy in stiffness is more
pronounced in TPU than in Reciflex. Specifically,
orthogonally loaded TPU specimens are 7%–12% stiffer than
parallelly loaded ones, whereas in Reciflex, they are 2%–13%

stiffer. This phenomenon may be explained by the fact that,
when the load is orthogonal to the infill lines, it compresses
beads against each other, promoting the closure of voids
within the samples. This results in higher resistance and
highlights the importance of considering the interplay
between infill alignment and loading direction in optimizing
the compressive behaviour of ME components. A similar
phenomenon is observed when comparing load cases with the
load parallel to the layer plane and orthogonal to infill beads
(C6 and C13). In these cases, because beads are compressed
against each other, the computed stiffness is higher compared
to when loads are parallel to both the layer plane and infill
beads (samples C7 and C14).
Soon after being compressed to 70% of their initial height,

cubic specimens regained a considerable portion of their
original shape, and two weeks later, they exhibited nearly
complete recovery, with all recoveries surpassing 90%. No
significant differences were observed, except for a tendency
towards reduced recovery with increasing extrusion
temperature, particularly in Reciflex specimens. Furthermore,
no height recovery was measured in specimens with [0°/0°]
infill, in which the load is applied parallel to the infill beads, as
these specimens sustained permanent damaged during the
mechanical tests.
Figure 15 shows a representative example of damaged cubic

specimens after compression, suggesting that their failure is
likely due to delamination of layers combined with the buckling
of infill beads.
Many studies have investigated the compression

behaviour of 3D-printed TPU cellular structures (Dixit and
Jain, 2022; Le�on-Calero et al., 2021; Nace et al., 2021), but
reports on their bulk properties are scarce. Table 7
summarizes the available literature on the compression
properties of various types of 3D-printed TPUs and
compares them with the results from this study. Both
Reciflex and TPU 95A exhibit higher compressive

Figure 14 Average nominal stress–strain plots of specimens made with
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properties compared to most TPUs, including TPU 95A
tested under similar load conditions, such as in the study by
Le�on-Calero et al. (2021).

4. Conclusion

In this study, the authors explore the tensile strength and
compressive behaviour of two ME-TPUs: TPU 95A from
UltimakerVR and a recycled filament, Reciflex. The focus is
on the influence of two processing parameters: extrusion
temperature and infill strategy. Besides mechanical testing,
thermal characterization of both materials was performed
using DSC and TSDC techniques. Similar thermal
responses were observed in both the raw filament and
processed materials, suggesting that the ME process had
little impact on their thermal characteristics. Furthermore,
these tests allowed for the identification of the Tg and Tm,
and the results align with available literature on ME-TPEs.
The surface morphology of the specimens was analysed
using SEM, which effectively allowed the quantification of
void sizes within them. A simple analytical model,
describing the infill bead as an ellipse constrained by the
layer height and line width, correlated well with the actual
void measurements.
The study finds that Reciflex exhibits greater stiffness

than TPU 95A in both tensile and compressive tests.
However, this recycled material is notably sensitive to slight
variations in extrusion temperature. Producing complex
structures using ME often requires a delicate balance of
temperature, cooling and speed, which influence the heat
applied to the filament. Consequently, the authors
suggest that using recycled filaments like Reciflex requires
careful consideration due to their potentially limited
flexibility in production settings, which may pose challenges
during production stages such as part design and slicing.
Despite this, the mechanical properties of Reciflex closely
align with those of TPU 95A, making it a promising
alternative. However, further refinement and a deeper

understanding of the material’s characteristics and
printability are needed.
The authors highlight the following key findings from the

study:
� Higher extrusion temperatures, likely enhancing material

flow, led to fewer voids and, consequently, higher cross-
sectional SR.

� Most observed voids are triangular, except in specimens
with a [45°/�45°] infill, which exhibited ovalized and
larger voids. In some cases, these larger voids resulted
from the merging of voids from consecutive layers.

� The highest average tensile strength (�38 MPa) was
recorded in TPU 95A produced at 235°C with a [0°/90°]
infill and in Reciflex at 225°C with a [0°/0°] infill.
Although specimens with concentric infill showed high

Table 6 Compression results, including initial modulus, compressive stress at various strain levels and height recovery

Sample reference E1%–20% [MPa] s10% [MPa] s20% [MPa] s50% [MPa] s70% [MPa] Re [%]

C1_TPU_T225_0_90_Z 46.36 0.3 5.56 0.1 9.56 0.1 24.56 0.3 63.26 1.5 946 0
C2_TPU_T235_0_90_Z 46.06 1.1 5.46 0.1 9.46 0.2 23.96 0.4 60.96 0.9 946 1
C3_TPU_T240_0_90_Z 45.16 1.6 5.06 0.4 9.16 0.4 23.56 0.2 57.66 1.6 936 1
C4_TPU_T235_45_�45_XY 42.16 1.3 4.86 0.2 8.76 0.3 23.66 0.7 61.06 2.8 966 2
C5_TPU_T235_Concentric_XY 40.46 1.5 4.76 0.2 8.46 0.3 22.06 0.9 56.06 2.1 976 1
C6_TPU_T235_0_0_X 43.26 0.6 5.06 0.1 8.96 0.1 24.06 0.4 64.26 1.1 966 0
C7_TPU_T235_0_0_Y 40.26 1.9 4.86 0.4 8.36 0.4 22.06 0.8 58.76 0.6 –�

C8_Reci_T220_0_90_Z 25.86 4.9 3.16 0.5 5.46 1.0 13.86 2.1 37.76 5.1 966 0
C9_Reci_T225_0_90_Z 53.96 1.8 6.46 0.3 11.06 0.4 28.86 0.7 73.56 1.4 936 0
C10_Reci_T230_0_90_Z 29.16 0.9 3.46 0.1 5.96 0.2 16.96 0.2 40.66 0.5 916 1
C11_Reci_T225_45_�45_XY 52.76 0.2 6.46 0.1 10.96 0.1 29.06 0.3 71.36 2.2 976 0
C12_Reci_T225_Concentric_XY 52.86 0.5 6.46 0.1 11.16 0.1 29.56 0.3 75.56 0.9 966 1
C13_Reci_T225_0_0_X 51.16 1.2 6.26 0.2 10.66 0.3 27.86 0.9 67.46 3.7 976 2
C14_Reci_T225_0_0_Y 47.66 0.7 5.86 0.1 9.96 0.2 26.56 0.9 70.16 5.0 –�

Note: �Recovery is not calculated because the samples were damaged
Source: Table by authors

Figure 15 Example of the failure behaviour of a compression specimen
with [0°/0°] infill, where the load is applied parallel to the infill beads (C7
sample)
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initial stiffness, their strength and stretchability were
significantly lower due to macroscopic defects. Generally,
higher tensile properties are associated with material beads
deposited parallel to the load direction.

� Variations in infill showed a weak correlation with
computed SR values for both materials concerning tensile
strength and stretchability. However, a slight correlation
between stiffness and computed SR was observed in TPU.

� A positive correlation between greater SRs and
improvements in strength and stretchability was observed
with increased extrusion temperatures, particularly in
Reciflex.

� In compression tests, orthogonally loaded TPU
specimens were 7%–12% stiffer than parallelly loaded
ones, whereas Reciflex specimens were 2%–13% stiffer.
This increased stiffness is likely due to beads being
compressed against each other, helping to close voids
within the samples.

� Two weeks after undergoing compression to 70% of their
original height, most specimens exhibited nearly complete
shape recovery, except those with a [0°/0°] infill, where the
load was applied parallel to the infill beads, because these
were permanently damaged during the tests.

� The most consistent mechanical properties were achieved
at extrusion temperatures of 235°C and 240°C for TPU
and 225°C for Reciflex. Therefore, these are the extrusion
temperatures that the authors recommend when working
with these materials.
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