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ABSTRACT

Additive manufacturing (AM) technologies are an excellent tool for shaping the properties and producing proto-
types of innovative parts and devices. The scarcity of research on bumpers made from thermoplastic elastomers
(TPE) prompted efforts to expand the available knowledge. The aim of the study was to determine the influence
of the hardness of the filament material, the number of walls and the fill density on the determined characteristics,
i.e. maximum forces, plastic deformation, absorbed energy (EA), hysteresis and specific damping capacity (SDC)
of cylindrical-shaped bumpers with a volume of 1 cm?®. The bumpers were subjected to uniaxial compression tests
to deformations ranging from 0 to 70%. The above parameters of the buffers were determined by numerical inte-
gration of the relevant sections of the compression force vs displacement characteristics. The results show a non-
linear dependence of the analysed parameters as a function of strain. It turned out that the type of the material had
the greatest effect on the determined characteristics, followed by the filling density and the number of buffer walls
was the smallest. The highest levels of technical performance were exhibited by a bumper made from a higher
hardness filament, with a wall count of 8 and 100% infill density. The bumper made of the thermoplastic elastomer
UNIFLEX 120, with a wall number of 8 and a filling density of 100%, showed the highest values of characteristics;
the maximum force was 6.640 kN, the EA was 3.58 J, the maximum hysteresis was 1.82 J, with a plastic deforma-
tion of 38.6% for 60% deformation. The other types of bumpers, which differed in the type of filament material,
number of walls and filling density, showed lower values of mechanical characteristics.

Keywords: additive manufacturing, energy dissipation, mechanical characteristics, buffers, thermoplastic elastomers.

INTRODUCTION

Bumpers

Elements that protect against the effects of
unintentional collisions of objects, regardless of
their size, are called buffers. The purpose of us-
ing a buffer is to reduce the momentum energy
and amplitude of the forces acting on the sys-
tem in question. For the protection of technical
structures, rubber buffers of considerable size are
usually used [1, 2]. Medium-sized buffers can be
part of damping systems made up of, among oth-
er things, a hydraulic shock absorber, elastomeric
inserts and a steel casing, e.g. the Keystone train
bumper with Combigard T 105 (train bumper) [3].
Classical elastomeric small-size buffers can be
used to protect walls against the impact of doors,

gates. The use of small-size buffers made of new
materials should not be ruled out to replace rub-
ber buffers in their existing solutions.

Additive manufacturing technologies

Additive manufacturing technologies, often
referred to as 3D printing, are seeing continued
growth and revenue growth from $18.0 billion
in 2022 to a projected $102.7 billion in 2032 [4].
There is no indication that the trends in AM will
change in the coming years. An analysis of the
number of patents granted and revenues related
to incremental technologies in the work [4] also
confirms this observation.

AM technologies, in relation to low-volume
injection moulding production, are characterised
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by lower product manufacturing costs and shorter

lead times [5]. AM technologies can be success-

fully used to produce small bumpers due to the
following characteristics:

e Fast designing and prototyping — short time
from design to final product [5, 6]. On the
basis of the acquired knowledge of the me-
chanical energy damping of buffers, products
with application-specific characteristics can
be designed in a very short time. They can be
“tested” and implemented by the customer, al-
lowing adjustments to be made to the product
at the initial stage of the buffer use.

e Variety in designs — to meet the requirements
of a given customer group and meet the de-
mand for prints with precise geometries [6, 7].
Buffers with precise geometries can be easily
designed in widely available CAD software.

e Enhanced product range — By using AM tech-
nology, a given company can provide a wide
range of prints for each customer. The range
can thus be diversified [6]. There can be a sig-
nificant number of buffers on offer due to the
ease of modifying the geometry and internal
structure of the print [7].

e Improved quality — small production cycles
provide the opportunity to improve products
at the design stage and actual production [6].
Buffers with new mechanical characteristics
can be investigated at this stage.

e Smoother production process — product de-
velopment does not interrupt or interfere sig-
nificantly with the production process [6]. In
order to carry out the research on buffers, the
production process does not need to be in-
terrupted, because it can be carried out on a
small number of printers. Production can be
successfully carried out continuously.

e Comparative advantage — low lead times,
no precision moulds required as in injection
moulding, less material used in production [5,
6]. The bumpers produced using AM technol-
ogy and low-volume production mode are ob-
tained faster and more efficiently, with lower
material consumption.

e Cost advantage — enables the design and pro-
duction of small quantities of prototypes and
tools in-house (rapid tooling) and allows the
R&D costs to be significantly reduced [5, 6].

e Minimal material waste — prints can be pro-
duced with a minimum of post-production
waste [6]. The buffers as well as the model
supports produced using the fused deposition
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modelling (FDM) method are made of thermo-
plastic and can be recycled and reprocessed.

e Mass customisation — AM technologies, some-
times combined with injection moulding, have
the ability to produce prints with different ge-
ometries and properties, which is not possible
with injection moulding technologies alone [8].

The manufacture of products using AM tech-
nologies is based on the construction of the prod-
uct layer by layer, based on a 3D model in digital
form and a given physical phenomenon. The op-
erating principles of the various additive technol-
ogies are described in detail in work [9] and will
not be described further here.

There are seven incremental manufacturing
technologies [10]: binder jetting (BJ), direct energy
deposition (DED), material extrusion (alias FDM),
material jetting (MJ), powder bed fusion (PBF),
sheet lamination (SL), and VAT polymerisation.

Of the above-mentioned technologies, four
can be applied to the processing of polymeric
materials that ultimately have elastomeric char-
acteristics, i.e. low hardness, very high strain to
failure, low Young’s modulus, low proportion of
permanent deformation. These are BJ, FDM, PBF
and VAT Polymerisation [11].

Strengths of the FDM technology

Indirectly, the price of equipment and mate-
rial in a given technology is a determinant of its
usefulness for producing specific products and
selling them on the market. The price of the print-
ers and the thermoplastic elastomer filament used
for printing is still in favour of the FDM tech-
nology. The cost of BJ printers is up to 200 000
PLN with material cost starting from 1 600 PLN.
The cost of FDM printers ranges from PLN 1 to
PLN 10 000. Filament costs between PLN 100
and 300 per kg. Printers in PBF and VAT Polym-
erisation technology cost up to PLN 75 000 and
PLN 200 000, respectively. The cost of powder
for printers in PBF technology is PLN 680/kg,
while the cost of resin, which after cross-linking
has elastomer characteristics, is PLN 320/kg. The
cost/effect ratio is in favour of the FDM technol-
ogy. FDM printers are already present in every
institution; from schools and universities to small
and large businesses [12]. Undoubtedly, the price
of the printers and the thermoplastic elastomer
filament used for printing is still in favour of the
FDM technology.
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FDM does not require significant skills (ex-
pertise) from the technologist/printer like PBF and
VAT Polymerisation technology [12]. The accura-
cy of model reproduction in FDM technology is
worse in relation to PBF and VAT Polymerisation,
but still sufficient for technical applications [12].

Literature sources indicate that prints in the
FDM technology can be subjected to: machining
[13], chemical treatment to improve surface qual-
ity [14], or thermal treatment, which affects the
final properties of the print, including mechanical
properties and surface quality [ 15]. Multi-material
printing allows complex prints with new and un-
precedented properties to be obtained in a single
step [16]. The FDM technology is also character-
ised by: short and undemanding post-processing
(removal of supports and the base of the print),
material recycling of waste after the printing pro-
cess, or the production of products with closed
surfaces and different infill densities, without the
need to remove the remaining material from the
closed interior voids of the print, which affects
the weight and final properties of the print [17].

On the basis of the information cited above, it
can be concluded that the FDM technology is an
excellent solution for printing a variety of small-
sized components. Such products include the
buffers presented in this publication.

Thermoplastic elastomer and rubber as
damping materials

The display of a significant level of mechan-
ical damping by rubbers [18, 19] as well as ther-
moplastic elastomers [20, 21] is a well-known
phenomenon. During the deformation of vulcan-
ised rubber [2, 22], as well as thermoplastic [23]
elastomer products, a characteristic hysteresis
loop appears, which is the result of the elastomer
dissipating strain energy.

Table 1 provides concise information on
which characteristics of a buffer made of rubber
and thermoplastic elastomer can affect its ability

to dissipate mechanical energy. The microstruc-
ture of the material and the macrostructure of
the buffer affect the ability to absorb mechanical
energy. Thermoplastic elastomers, compared to
rubber, due to the physical nature of the network
nodes, have a poorer resistance to prolonged stat-
ic forces, so-called creep, and a high level of plas-
tic deformation [24] (p. 224-225). On the other
hand, physical network nodes allow processing
using the FDM technology and shaping the phys-
ical properties of buffers over a wide range. Thus,
it becomes reasonable to analyse the possibility
of using TPE in the construction of innovative
buffers produced using the FDM technology.
Thermoplastic urethane elastomer (TPE-U)
filament has been used to produce, among other
things, strain [33] and force sensors [34], parts
with shape memory [35] and that deform under
electrical potential [36], magnetic properties [37]
and mechanical properties [38, 39]. TPE-U has
also been studied for medical applications [40,
41]. TPE-U was used in the study of composite
structures [42, 43]. The group of thermoplastic
elastomers also includes ethylene-vinyl acetate
(EVA) copolymers. Although they have been stud-
ied, they have not yet gained popularity among us-
ers of FDM 3D printers [44, 45]. A less common
material for use in FDM 3D printing is styrenic
thermoplastic elastomer (TPE-S). This type of TPE
has a wide range of hardness and mechanical prop-
erties, good damping and does not require drying
before processing and is easy to print. These char-
acteristics determined the use of TPE-S to produce
the bumpers described in this study. There are re-
ports in the literature of the use of TPE-S for print-
ing capacitive force sensors, mechanical vibration
dampers [46] and pressure sensors [47].
Wojnowski and Chmiel [48] investigated the
ability of soft material thermoplastic elastomer
prints (UNIFLEX 75 from 3D UNIVERSAL) to
dampen mechanical vibrations in the X-Y plane
of shear forces. Depending on the geometry of the
print and the degree of filling, the damper showed

Table 1. Factors influencing the dissipated energy of a buffer made of rubber and thermoplastic elastomers

Factor

Rubber Thermoplastic elastomer

Chemical structure

Major impact [25] Major impact [26, 27]

Prestrain

Small impact [28] Major impact [29]

Ability to achieve a complex external buffer
geometry

Capability low and limited by the geometry of

the mould [30] Significant [31, 32]

Ability to achieve a complex internal buffer
geometry

No internal, 3D printing like, geometry possible [30]

Significant [7]
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a different vibration damping capacity. The degree
of filling of the print — the cylinder — mattered and
the maximum damping appeared for a infill densi-
ty value of 50%, while for 0% and 100% the values
of dissipated energy turned out to be lower.

Leén-Calero and coauthors [7] conducted an
analysis of quantities such as compression strength,
specific energy absorption, compression modulus,
SDC for samples differing in internal structure,
fill density and type and hardness of the filament
material. These proved to have a significant effect
on the determined quantities. For increased mate-
rial hardness of one type and infill density, com-
pression strength increased. the best results for the
quantities related to mechanical energy dissipation
were obtained for the material with the highest
hardness and the highest fill density.

Printing parameters

Printers operating in the FDM technology
have a significant number of technological pa-
rameters (e.g. infill angle, infill density, infill type,
layer thickness, nozzle temperature, printing bed
temperature, head movement speed, air gap) that
affect the final print mechanical properties [49].
On the basis of the author’s previous experience
with thermoplastic elastomer filaments, it was
found that the type of filament material, number
of walls and infill density can have a significant
impact on mechanical properties, including the
dissipation of impact energy.

Quantities describing the buffer’s ability to
dissipate mechanical energy

Ledn-Calero et al. describes in detail the be-
haviour of prints obtained by the FDM technol-
ogy subjected to compression [7]. The quantities
determined are: hysteresis, energy absorption,

specific damping capacity. Xu et al. additionally
introduces the parameter specific energy absorp-
tion [50]. In the light of studies on the energy dis-
sipated by buffers with inhomogeneous internal
structure, i.e. different material distribution on the
cross-section, specific energy absorption is a dif-
ficult quantity to estimate. The author of this pub-
lication decided to use hysteresis, EA and SDC
to describe the deformation behaviour of small-
sized buffers in a uniaxial pseudocyclic compres-
sion test as adequate energy parameters.

Novelty

An element of novelty in this publication is
the use of the FDM 3D printing technology to pro-
duce buffers. The FDM technology allows for the
shaping of mechanical properties [51, 52], damp-
ing [7, 53] and geometry of prints [48, 52]. Thus,
it becomes reasonable to see, by experiment, what
possibilities FDM offers in shaping the mechani-
cal properties and damping of mechanical energy
of small buffers made from a flexible filament of
the TPE-S group. An element of novelty is also
the initial proposal to use “stacks” of individual
buffers in the bumper (Fig. 1).

Figure 1 shows an example of the use of buff-
ers analysed in this study. Small-sized buffers can
be used as an impact energy absorbing element.
They can be stacked with buffers of a single type
as well as with buffers of different types. The sec-
ond solution would allow the mechanical charac-
teristics of the entire impact energy absorbing sys-
tem to be mixed. This is a prototype device that is
worth testing under real conditions.

Objective and summary

The results of a database search (www.we-
bofscience.com) on the following keywords:
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Figure 1. Example of the use of small-sized buffers in a vehicle bumper

310



Advances in Science and Technology Research Journal 2025, 19(5), 307-320

FDM, FFF, buffer, bumper, damper, thermoplas-
tic elastomer, either yielded no results or the pub-
lications were completely unrelated to the topic
addressed in this publication.

The aim of this publication is to analyse
the extent to which the model wall count and
infill density influence permanent set and hys-
teresis, EA and SDC as quantities related to the
mechanical energy dissipation of a buffer of a
given type.

MATERIALS AND METHODS

Printer setup and CAD model

The buffers under study were manufactured
on a MakerBot Replicator 2X printer (manufac-
turer based in the United States), operating in
FDM extrusion technology. On the basis of the
information obtained from the literature [7], the
author decided to use a buffer with a cylindrical
shape (Fig. 2).

The dimensions of the buffer — a height of
10 mm and a diameter of 12 mm — were deter-
mined by first arbitrarily assuming a buffer height
of 10 mm and then, based on EN ISO 604:2003
(Equation 1), calculating the diameter for which
the buffer would not buckle and rounding up to a
whole number:

XZ

(1)

where: ¢ * — maximum nominal compression
strain; [ — buffer length, x — buffer diameter.

The model in digital form was prepared using
FreeCAD software. Commercial UNIFLEX 75 and
UNIFLEX 120 filaments (TPE-S class polymer)
from 3D UNIVERSAL, Poland, with a diameter of
1.75 mm and two hardnesses (75 and 120 Shore A,
values given by the manufacturer) were used.

The technological parameters of the 3D print-
er, which were not changed during the manufactur-
ing process of the buffers, were as follows: type of
infill — linear, printing temperature = 245 °C (UNI-
FLEX 75) and 225 °C (UNIFLEX 120), height of
the printed layer = 0.20 mm, cooling of the print by
air flow - maximum available. The technological
parameters that were changed are given in Table 2.

Uniaxial pseudocyclic compression test

The buffers were subjected to a uniaxial
pseudocyclic compression test using an Au-
tograph AG-X plus (Shimadzu, Kyoto, Japan)
tensile testing machine. Deformation was car-
ried out until the crosshead reached a displace-
ment of 1, 2, 3, 4, 5, 6, 7 mm from the initial
position of 0 mm. The crosshead of the testing
machine was returned to the position where the
force value was 0 N. A sensor with a force mea-
surement range of up to 10 kN was used for the
tests. The speed of movement of the crosshead
was constant and equal to 5 mm/min. Where
required, the corresponding crosshead dis-
placement values of the testing machine were
converted to values of buffer deformation and
expressed in %.

A E

Type 2

Type 1

Type 3

Type 4

Type 5 Type 6

Figure 2. Geometry of buffers analysed in this study

Table 2. Type and technological parameters changed during manufacturing process of buffers

Designation Filament Infill density Model wall count | Number of samples tested
Type 1 UNIFLEX 75 100% 3 3
Type 2 UNIFLEX 120 100% 3 3
Type 3 UNIFLEX 120 100% 8 3
Type 4 UNIFLEX 120 70% 3 3
Type 5 UNIFLEX 120 50% 3 3
Type 6 UNIFLEX 120 0% 8 3
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The designations and the first hysteresis loop,
an example for each type of buffer, are shown in
Figure 3. Abbreviations and designations used
will be explained below.

The level of permanent set for a given strain
value was determined using the graphs shown
in Figure 4. The x ; value for the i-th cycle was
read and then strain was determined by dividing
it by the bumper height of 10 mm. The result was
the dependence of permanent set as a function of
maximum strain for a given cycle.

From the graphs (Fig. 4), the values of hys-
teresis (A) for a given strain were determined [7]
Equation 2:

Hysteresis = A =
= f;:z Fpp(x)dx — f;l’l“ Fy(x)dx, fori=1,..,6 )

where: x, — displacement after loading, x , — dis-
placement after unloading, i — deformation
cycle number, F, | —curve for second load-
ing cycle, 7, — curve for unloading step.

The hysteresis is the difference between the
work applied to the buffer during loading and the
work recovered during unloading, and directly rep-
resents the amount of energy that is lost irretrievably
in the way of heat to the environment [54].

Knowing the course of the F-x curves (Fig. 4),
it was possible to determine the energy absorption
using Equation 3 below [7].

EA=A+B =
= [MUF, 1y (0)dx, fori=1,..6 3)
Equation 3 designations are the same as in

Equation 2. The EA value represents the work
involved in deforming the buffer, without taking
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into account the energy returned to the environ-
ment (B). When comparing two buffers, the first
with a lower and the second with a higher EA val-
ue, the latter will require more energy to deform
the buffer by a given amount, such as 10%.

EA and hysteresis were calculated using nu-
merical integration, using the trapezoid method, as
indicated in the diagram below (Fig. 3). The unit of
EA and hysteresis was the unit of energy — Joule.

Integration was carried out on a selected rep-
resentative curve, for each type of buffer. The se-
lection of the representative curve was done sub-
jectively, assuming that the representative curve
lay between the curve with the largest values and
the smallest values.

Specific damping capacity is the ratio of A to
the sum of A and B [7] Equation 4:

A
DC = ——-100% =
SDC VW 00% )

Hysteresis
=" 1009
EA %

The higher the SDC of the buffer, the greater
the proportion of hysteresis in the total work in-
volved in its deformation. For hypothetical cases,
an SDC of 100% indicates that virtually all the
work involved in deforming the bumper is dis-
sipated in the way of heat. For SDC values close
to 0%, the bumper shows no damping, while all
the strain energy is returned back to the system.
Ideally, buffers should exhibit high SDC values.
The unit of SDC is %.

Statistical analysis

Tests on the testing machine were carried out
on 3 buffers of each type (Table 2). A separate

1600
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S
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Compression force, N
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0,0 0,5

10 1,5 2,0

Displacement, mm

Figure 3. Compression force vs testing machine crosshead displacement
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analysis was carried out for each buffer by calcu-
lating: permanent set, hysteresis, EA, SDC.

The curves in the graph (Fig. 4) are single and
representative of each type of buffer. They were
selected as the curves lying between the extremes
— with the highest and lowest values.

The values on both the X and Y axes of Fig-
ures 5—-8 were the arithmetic mean of the values
from each of the three samples.

The values in the table (Table 3) are the maxi-
mum values obtained for a given buffer type.

RESULTS

General mechanical characteristics of buffers

Thermoplastic elastomers with a high per-
centage of soft phase and during deformation,
TPE-U [55], TPE-E [56], TPE-V [28], exhibit
the Mullins effect [57], hysteresis and a certain
level of reversible and irreversible deformation.
The curves produced by pseudocyclic deforma-
tion of buffers (Fig. 4) are of a nature inherent to
the deformation of TPE products. Pseudocyclic
deformation, in contrast to cyclic deformation,
is led to increasing strain values [23]. Repeat-
ing the load-unload cycle for a given maximum
strain value is not required, as it does not signifi-
cantly affect the mechanical characteristics [28].

The deformation of TPE is accompanied by
the Mullins effect of destroying the original mi-
crostructure. What results is a lower force level
of the second loading cycle of the material F
1(X) compared to the first F| (x) (Fig. 3). If the
material is not subjected to higher deformations
than the current and maximum deformations in a
given cycle, it will continue to operate based on
the existing hysteresis loop of F, | (x) and F (x).

LI

Table 3. Potential applications for buffers

As the number of deformation cycles increases,
there is a slight/negligible reduction in the stress
level of the hysteresis loop [28]. Thus, it was
considered unnecessary to run the deformation
more than twice for one cycle — once to show the
Mullins effect and a second time to determine
the hysteresis loop. The curves (Fig. 4) do not
have a clear plateau and do not show plastic flow
during deformation of the buffer.

The type of filament material from which
Type 1 and Type 3 buffer is constructed has a
significant impact on the mechanical character-
istics. The use of a material with a lower Shore
A hardness for printing bumpers results in lower
levels of permissible forces that the buffer can
transmit without risk of failure. Different char-
acteristics are obtained for the UNIFLEX 120
material (Fig. 4), which is undoubtedly related
to the buffer’s macrostructure, the number of
model walls and the infill density. The UNI-
FLEX 75 soft-filament buffer is not able to carry
loads greater than 0.635 kN (for a crosshead dis-
placement of 6 mm), so as not to be destroyed.

Type 2 and 3 buffers were found to have iden-
tical mechanical characteristics. Hence, it was
concluded that the number of walls is not impor-
tant in the process of determining the technolog-
ical parameters of the print and can be assumed
to be 3 or 8, depending on the application. Under
the given test conditions, buffers of type 2 and 3
transfer the highest compressive forces, equal to
6.415 kN and 6.640 kN, respectively, for a cross-
head displacement of 7 mm.

Analysis of the mechanical characteristics
shown in Figure 4, which apply to buffers of types
2,4 and 5, leads to the conclusion that the density
of filling of the buffer has a significant effect on
the level of compression forces. The infill density

Designation | Maximum load Maximum Mammum Applications
permanent set hysteresis

Type 1 <0.635 kN <11.0%" <0.32 J' Dampers under lightweight equipment or buffers for
doors and gates

Type 2 <6.415 kN <37.7% <181J Stacking buffe_rs to protect motor vehicles or dampers
for heavy equipment

Type 3 <6.640 kN <38.6% <182 Stacking buffgrs to protect motor vehicles or dampers
for heavy equipment

Type 4 <4.405 kN <33.9% <1.10J Stacking bt_Jffers tq protect_ motor vehicles or dampers
under medium weight equipment

Type 5 <2.880 kN <313% <0.66 J Stacking bl_Jffers tq protect_ motor vehicles or dampers
under medium weight equipment

Type 6 <3.635 kN <35.7% <0.97 J Stacking bgffers tq protect. motor vehicles or dampers
under medium weight equipment

Note: ' approximated value.
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influences the slope coefficient of the data at the
start (0 to 1 mm displacement), middle (1 to 6
mm displacement) and end (6 to 7 mm) of the me-
chanical characteristics above.

Permanent set

On the basis of the characteristics present-
ed above (Fig. 4), a graph of the dependence of
the plastic strain contribution as a function of
the maximum deformation during the cycle was
drawn up (Fig. 5). During the deformation of the
buffers, above the maximum deformation reached
in the previous cycles, there is an increase in the
proportion of irreversible deformation [23]. The
type 1 buffer exhibits the lowest proportion of per-
manent set over the entire range of deformations
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tested. The buffers manufactured from a lower
hardness filament are characterised by a lower
level of irreversible deformation.

The plastic deformation contribution curve
for the buffers of types 2 to 6, for a deformation
equal to 30%, has an identical course. In the
deformation range from 0 to 30%, the effect of
wall number and infill density on plastic defor-
mation is negligible.

Above a deformation value of 30%, the lev-
el of plastic deformation varies. Type 3 buffer
achieves the highest level of plastic deformation
of 38.6% (Fig. 5), while type 5 buffer achieves the
lowest, up to a maximum of 31.3%, for a defor-
mation of 60%. This represents a 19% decrease in
the level of plastic deformation exhibited by the
type 5 buffer compared to type 3. The lower wall
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Figure 5. Contribution of permanent set as a function of buffer strain.
Dotted line — extrapolated Type 1 permanent set

number affects the level of plastic deformation of
the buffers. For type 2 buffer with a wall num-
ber of 3, the plastic deformation characteristics
have lower values than type 3 buffer with a wall
number of 8. The infill density affects the level of
plastic deformation, reducing its contribution to
the total deformation over the cycle, with a de-
crease in the infill density of the buffer.

Energy absorption

Using the knowledge of the ‘force-displace-
ment crosshead’ curves (Fig. 4), it is possible to
analyse the energy absorbed by the buffer during
deformation. The graph (Fig. 6) shows the EA
curves for the buffers as a function of maximum

4,0

deformation per cycle. The type of material has
a significant effect on the work consumed to de-
form the buffer. For a deformation of 50%, the
EA of type 2 buffer is at least four times that of
a type 1 buffer. Hence, to increase the overall
work to deform the buffer, it is sufficient to use
a material with a higher hardness. The number
of buffer walls affects the EA level. It decreases
as the number of walls decreases; as can be seen
for type 2 and 3 buffers. As the infill density de-
creases from 100% through 70% to 50% — type
2, 4 and 5 buffers — show decreasing EA values
throughout the deformation range. Infill densi-
ty plays a key role in the buffer’s EA level. To
increase the overall EA level, higher values of
print infill density should be used.
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Figure 6. Contribution of energy absorption as a function of buffer strain. Dotted line — extrapolated Type 1 EA
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Hysteresis

For each value of maximum deformation in
the cycle, the corresponding hysteresis value
was determined and plotted in the graph below
(Fig. 7). The hysteresis curves as a function of
buffer strain have a characteristic non-linear pat-
tern and are increasing. Up to a deformation of
5%, the hysteresis curve increases slightly. It is
only in the deformation range from 5% to 60%
that it increases abruptly. For small deforma-
tions and for buffer types 2 to 6, the effect of
wall number and infill density on the hysteresis
is negligibly small.

The buffers made of higher hardness filament
material exhibit the highest levels of hysteresis.
For a deformation of 60% and compared to type 1
buffer, type 2 buffer has almost six times the hys-
teresis. The number of walls of type 2 and type
3 buffer, for an infill density of 100%, slightly
affects the level of hysteresis exhibited. Type 3
buffer with a wall number of 8 shows higher hys-
teresis values. The infill density has a significant
effect on the hysteresis of the buffers.

Specific damping capacity

Knowing the hysteresis and EA characteristics,
it was possible to determine SDC as a function of
buffer strain (Fig. 8). The SDC value for a given
buffer structure is strain-dependent and increases
along with strain. The influence of the material on
SDC (buffer types 1 and 2) is evident in the de-
formation range of 10-20%. For the UNIFLEX 75
material and the aforementioned range of deforma-
tions, SDC takes on lower values, which means that

2,0

the material with the lower hardness shows worse
damping of mechanical vibrations. An unambigu-
ous determination of the effect of wall number and
infill density on SDC, for buffers of types 2 to 6, is
subject to considerable error due to the overlap of
the curves in the 20-60% strain range.

Buffers analysed and potential applications

On the basis of the results presented, several
examples of buffer applications can be given
(Table 3). If the buffer meets the need to trans-
mit very high forces and a significant ability to
dampen impacts, type 2 or 3 buffer should be
used. For undemanding applications, type 1 buf-
fers can be used, which are characterised by a
minimum degree of irreversible deformation and
low transmitted forces.

DISCUSSION

General

In the source [7], the authors present results
showing a significant effect of hardness on EA,
where for a filament hardness of 95 ShA there
is a significant increase. In the present study,
a similar phenomenon was observed for type
1 and type 2 buffers, produced from TPE with
hardness of 75 ShA and 120 ShA. Such a phe-
nomenon may be due to the lower proportion
of flexible segments [23] in the UNIFLEX 120
filament, which consequently leads to higher
deformation resistance at the molecular level
and an increase in EA values.
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Figure 7. Contribution of hysteresis as a function of buffer strain. Dotted line — extrapolated Type 1
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Figure 8. Contribution of SDC as a function of buffer strain. Dotted line — extrapolated Type 1.

As expected, it was found that the hysteresis
value increases along with infill density of the
buffer. This is confirmed in [7], where Leon-Cale-
ro et al. present the results of analyses of the de-
pendence of SDC as a function of infill density of
TPE samples. However, the effect of infill density
in the cited publication is ambiguous.

The test results, as expected, confirmed the
conjecture that infill density should significantly
affect EA, hysteresis, and SDC. Moreover, as in-
fill density decreases, the mentioned characteris-
tics should also decrease. It was confirmed that
the plastic strain values of the buffers increase
along with the cycle strain. The differences in
the EA, hysteresis and SDC of buffers type 1 and
2 can be explained by the higher proportion of
the soft phase in the UNIFLEX 75 material. The
plastic deformation, EA, hysteresis and SDC of
TPE buffers can be shaped over a wide range,
most effectively by selecting, first, the TPE used,
then the print infill density and finally the num-
ber of print walls.

Disadvantages of presented solution and way
to solve them

In addition to the obvious advantages of
FDM-produced buffers, this solution has some
disadvantages that need to be mentioned here.

The deformation of TPE products to increas-
ing levels is always accompanied by the phe-
nomenon of increasing plastic deformation [23].
Furthermore, as shown in this publication, char-
acteristics such as EA, hysteresis or SDC strong-
ly depend on the maximum deformation in the

cycle. A buffer deformed to 50% cannot return
to 20% deformation due to plastic deformation.
It will exhibit mechanical characteristics inherent
to a deformation of 50%. A solution may be to
place a mechanical limiter that would not allow
deformation greater than a certain preset value.

Like all thermoplastics, TPE is characterised
by low creep resistance. To reduce the negative
effect of creep, a commercial filament made from
a urethane thermoplastic elastomer can be used.
These have numerous hydrogen bonds in the
structure, which are stronger than the Van der
Waals bonds found at the physical crosslinks of
the network and have a creep-reducing effect in
urethane TPEs [58].

CONCLUSIONS

For increasing values of material hardness
(bumper type 1 vs. 2), number of model walls
(bumper type 2 vs. 3) and infill density (bumper
type 2 vs. 4 vs. 5) permanent set, energy absorp-
tion, hysteresis, specific damping capacity in-
crease, but to different degrees.

The number of walls affects permanent set,
energy absorption, hysteresis and specific damp-
ing capacity in a negligible way, i.e. a change in
the number of walls from a minimum of 3 to a
maximum of 8 does not have the same effect as,
for example, a change in material hardness (from
UNIFLEX 75 to UNIFLEX 120) or filling density
(from 50% to 100%).

A given type of buffer can be characterised
by its maximum load, plastic deformation and the
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highest value of energy dissipated in the way of
heat, i.e. hysteresis. For example, a bumper with
a low hardness material can be characterised by a
maximum permissible load of up to 0.635 kN, a
plastic deformation of up to 11.0 % and a maxi-
mum hysteresis of 0.32 J. It can be used as a bum-
per under equipment with a low weight of 260 kg
(4 units of type 1 bumpers) or to protect doors
and gates against impacts. It should be noted at
this point that it is not possible to give an answer
about the superiority of one parameter over the
other; it all depends on the application and intend-
ed use of the buffer.

Given the scarcity of literature sources de-
scribing the behaviour of TPE prints in uniaxial
compression, directions for further research work
should be given:

e Fabrication of the system presented in this
publication and verification if the damping
exhibited by the buffers can be shaped by
stacking buffers with different mechanical
characteristics.

e (Creation of a mathematical model combining the
mechanical characteristics inherent in the buffer
and printing parameters, such as infill density,
number of print walls, height of the printed layer,
printing speed, printing temperature, among oth-
ers, along with their interactions.

e Analysis of creep of buffers subjected to static
compressive forces or the effect of strain rate
on mechanical characteristics

REFERENCES

1. Tuleja, J., Kedzierska, K., Sowa, M., Galor, P.
Evaluation of the possibility of increasing the en-
ergy absorption efficiency of fender devices using
the example of cylindrical fenders with additional
structural elements applied. Energies 2023; 16, 1-9.
https://doi.org/10.3390/en16031165

2. Shen, MY., Wu, CC., Chiou, YC. Enhance energy
absorption of hollow-cylinder rubber fender using
V-notch ring grooves. Ocean Eng. 2022; 255: 1-15.
https://doi.org/10.1016/j.oceaneng.2022.111442 (in
Polish) Standard buffers. AXTONE, 2024. Avail-
able from: https://www.axtoneglobal.com/pl-pl/
transportation/standard-buffers-freight-wagons
(Accessed: 26.11.2024).

3. Cavallo F., Ceulemans J., Gasner B., Martinez M.,
Grilli M., Meniere Y., Mayoral J., Papanikolaou V.,
Radev B., Rudyk I., Rungger M., Terzi¢ K., Van den
Bulcke H. Innovation trends in additive manufactur-
ing. Patents in 3D printing technologies. European

318

Patent Office, Munich, Germany, 2023. Available
from: https://link.epo.org/web/service-support/
publications/en-additive-manufacturing-study-
2023-full-study.pdf (Accessed on: 27.11.2024).

4. Achillas C., Aidonis D., lakovou E., Thymianidis
M., Tzetzis D., A methodological framework for the
inclusion of modern additive manufacturing into the
production portfolio of a focused factory. J. Manuf.
Syst. 2015; 37: 328-339, https://doi.org/10.1016/].
jmsy.2014.07.014

5. DhirA., Talwar S., Islam N., Alghafes R., Badghish
S., Different strokes for different folks: Compara-
tive analysis of 3D printing in large, medium and
small firms, Technovation. 2023; 125. https://doi.
org/10.1016/j.technovation.2023.102792

6. Leodn-Calero M. Vales S., Marcos-Fernandez A.,
Rodriguez-Hernandez J. 3D Printing of thermo-
plastic elastomers: role of the chemical composi-
tion and printing parameters in the production of
parts with controlled energy absorption and damp-
ing capacity. Polymers 2021; 13(20): 1-26. https://
doi.org/10.3390/polym13203551

7. Rajamani P., Ageyeva T., Kovacs J. Personal-
ized mass production by hybridization of addi-
tive manufacturing and injection molding. Poly-
mers 2021; 13(2): 1-19, https://doi.org/10.3390/
polym13020309.

8. Ligon, S., Liska, R., Stampfl, J., Gurr, M., Mul-
haupt, R. Polymers for 3D printing and custom-
ized additive manufacturing. Chem. Rev. 2017;
117(15): 10212-10290, https://doi.org/10.1021/acs.
chemrev.7b00074

9. Vithani K., Goyanes A., Jannin V., Basit A., Gais-
ford S., Boyd B. An Overview of 3D Printing Tech-
nologies for Soft Materials and Potential Opportuni-
ties for Lipid-based Drug Delivery Systems. Pharm.
Res. 2019; 36(4): 1-20, https://doi.org/10.1007/
s11095-018-2531-1

10.Zhou L., FuJ., He Y. A Review of 3D printing tech-
nologies for soft polymer materials. Adv. Funct.
Mater. 2020; 30(28): 1-38. https://doi.org/ 10.1002/
adfm.202000187

11. Elsonbaty A., MRashad A., Omnia A., Abdelgha-
ny T., MAlfauiomy A. A survey of fused deposi-
tion modeling (FDM) technology in 3D printing.
J. Eng. Res. 2024; 26(11): 304-312. https://doi.
org/10.9734/jerr/2024/v261111332

12. Boschetto A., Bottini L., Veniali F., Finising of fused
deposition modeling parts by CNC machining. Ro-
bot. Comput.-Integr. Manuf. 2016; 41: 92-101.
https://doi.org/ 10.1016/j.rcim.2016.03.004

13.Singh R., Singh S., Singh I., Fabbrocino F., Fra-
ternali F. Investigation for surface finish improve-
ment of FDM parts by vapor smoothing process.
Compos. B: Eng. 2017; 111: 228-234. https://doi.
org/10.1016/j.compositesb.2016.11.062



Advances in Science and Technology Research Journal 2025, 19(5), 307-320

14. Pazhamannil R., Namboodiri V., Govindan P,
Edacherian A. Property enhancement approaches
of fused filament fabrication technology: A review.
Polym. Eng. Sci. 2022; 62(5): 1356—1376. https://
doi.org/10.1002/pen.25948

15. Giubilini A., Minetola P. Multimaterial 3D printing
of auxetic jounce bumpers for automotive suspen-
sions. Rapid Prototyp. J. 2023; 29(11): 131-142.
https://doi.org/10.1108/RPJ-02-2023-0066

16. Sola A. Materials requirements in fused filament
fabrication: A framework for the design of next-gen-
eration 3D printable thermoplastics and composites.
macromol. Mater. Eng. 2020; 307(10): 1-40. https://
doi.org/10.1002/mame.202200197

17.Chung D. Materials for vibration damping. J.
Mater. Sci. 2001; 36(24): 5733-5737. https://doi.
org/10.1023/A:1012999616049

18. Puskas J., Antony P., El Fray M., Altstadt V. The
effect of hard and soft segment composition and
molecular architecture on the morphology and me-
chanical properties of polystyrene-polyisobutyl-
ene thermoplastic elastomeric block copolymers.
Eur. Polym. J. 2003; 39: 2041-2049. https://doi.
org/10.1016/S0014-3057(03)00130-7

19. Preiss D., Skinner D. Damping characteristics of
elastomers. Rubber Age. 1965; 97(5): 58—68.

20. Puskas J., El Fray M., Tomkins M., Dos Santos L.,
Fischer F., Altstadt V. Dynamic stress relaxation of
thermoplastic elastomeric biomaterials. Polymer.
2009; 50(1): 245-249. https://doi.org/10.1016/j.
polymer.2008.10.030

21. Bergstrom J., Boyce M. Constitutive modeling of
the large strain time-dependent behavior of elasto-
mers. J. Mech. Phys. Solids. 1998; 46(5): 931-954.
https://doi.org/10.1016/S0022-5096(97)00075-6

22.Szymcezyk A., Nastalczyk J., Sablong R., Roslaniec
Z. The influence of soft segment length on structure
and properties of poly(trimethylene terephthalate)-
block-poly(tetrametylene oxide) segmented random
copolymers. Polym. Adv. Technol. 2011; 22: 72-83.
https://doi.org/10.1002/pat. 1858

23. Drobny J.G. Handbook of Thermoplastic Elasto-
mers. Second Edition. Amsterdam, Netherlands:
Elsevier Ltd.; 2014.

24.Mark J.E., Burak E., Frederick R.E. The science and
technology of rubber. Third Edition. Amsterdam,
Netherlands: Elsevier Ltd.; 2005.

25.Konyukhova E., Neverov V., Godovsky Y., Chvalun
S., Soliman M. Deformation of polyether-polyester
thermoelastoplastics: Mechanothermal and structur-
al characterisation. Macromol. Mater. Eng. 2002;
287(4): 250-265. https://doi.org/10.1002/1439-
2054(20020401)287:4<250::AID-
MAME250>3.0.CO;2-Z

26. Prisacariu C. Polyurethane Elastomers. From

morphology to mechanical aspects. First Edition.
Wien, Austria: Springer-Verlag; 2011. Mechanical
aspects of polyurethane elastomers. 103-202.

27.Persson A., Andreassen E. Cyclic compression
testing of three elastomer types-a thermoplastic
vulcanizate elastomer, a liquid silicone rubber
and two ethylene-propylene-diene rubbers. Poly-
mers. 2022; 14(7): 1-32. https://doi.org/10.3390/
polym14071316

28. Versteegen R. Well-defined Thermoplastic Elas-
tomers. Reversible networks based on hydrogen
bonding [PhD dissertation on the Internet]. Eind-
hoven: Technische Universiteit Eindhoven; 2003.
Available from: https://pure.tue.nl/ws/portalfiles/
portal/1766324/200310704.pdf

29. Sharma S., Kar KK. Composite Materials. Process-
ing, Applications, Characterizations. First edition.
Berlin, Germany: Springer-Verlag; 2017. Newly
Developed Rubber Pressure Molding Technique
for Fabrication of Composites. 79—88.

30. Mahmood S., Talamona D., Goh K., Qureshi A.
Fast Deviation Simulation for ‘Fused Deposition
Modeling’ Process. Proceedings of the: 14th CIRP
Conference on Computer Aided Tolerancing (CAT).
2016; Gothenburg, Sweden. Elsevier B.V. 327-332.

31.Kechagias J., Chaidas D., Vidakis N., Salonitis K.,
Vaxevanidis N. Key parameters controlling sur-
face quality and dimensional accuracy: a critical
review of FFF process. Mater. Manuf. Process.
2022; 37(9): 963-984. https://doi.org/10.1080/10
426914.2022.2032144

32.Christ J., Aliheidari N., Potschke P., Ameli A. Bi-
directional and stretchable piezoresistive sensors
enabled by multimaterial 3D printing of carbon
nanotubethermoplastic polyurethane nanocom-
posites. Polymers. 2019; 11(11): 1-16. https://doi.
org/10.3390/polym11010011

33.Kim K., Park J., Suh J., Kim M., Yeong Y., Park L.
3D printing of multiaxial force sensors using carbon
nanotube (CNT)/thermoplastic polyurethane (TPU)
filaments. Sens. Actuators A: Phys. 2017;263: 493—
500. https://doi.org/10.1016/j.sna.2017.07.020

34. Hu GF., Damanpack AR., Bodaghi M., Liao WH.
Increasing dimension of structures by 4D printing
shape memory polymers via fused deposition mod-
eling. Smart Mater. Struct. 2017; 26(12). https://doi.
org/10.1088/1361-665X/aa%95¢ec

35.Zhou F., Zhang M., Cao X., Zhang Z., Chen X.,
Xjao Y., Liang Y., Wong T., Li T., Xu Z. Fabrica-
tion and modeling of dielectric elastomer soft ac-
tuator with 3D printed thermoplastic frame. Sens.
Actuators A: Phys. 2019; 292: 112-120. https://doi.
org/10.1016/j.sna.2019.02.017

36. Calascione T., Fischer N., Lee T., Thatcher H., Nel-
son-Cheeseman B. Controlling magnetic properties
of 3D-printed magnetic elastomer structures via

319



Advances in Science and Technology Research Journal 2025, 19(5), 307-320

fused deposition modeling. In: Proceedings of the
65th Annual Conference on Magnetism and Mag-
netic Materials (MMM), Palm Beach, 2021. https://
doi.org/10.1063/9.0000220

37. Rodriguez-Parada L., de la Rosa S., Mayuet P. Influ-
ence of 3D-Printed TPU Properties for the Design
of Elastic Products. Polymers. 2021; 13(15): 1-21

38.Paz E., Jimenez M., Romero L., Del Mar Espinosa
M., Dominguez M. Characterization of the resis-
tance to abrasive chemical agents of test specimens
of thermoplastic elastomeric polyurethane compos-
ite materials produced by additive manufacturing. J.
Appl. Polym. Sci. 2021; 138(32): 1-11. https://doi.
org/10.1002/app.50791

39.Harynska A., Gubanska I., Kucinska-Lipka J,
Janik H. Fabrication and characterization of flex-
ible medical-grade TPU filament for FDM 3DP
technology. Polymers. 2018; 10(1304). https://doi.
org/10.20944/preprints201810.0552.v1

40.Jung S., Lee S., Kim H., Park H., Wang Z., Kim H.,
Yoo J., Chung S., Kim H. 3D printed polyurethane
prosthesis for partial tracheal reconstruction: a pilot
animal study. Biofabrication. 2016; 8(4). https://doi.
org/10.1088/1758-5090/8/4/045015

41.De Leon A., Dominguez-Calvo A., Molina S. Ma-
terials with enhanced adhesive properties based on
acrylonitrile-butadiene-styrene (ABS)/thermoplas-
tic polyurethane (TPU) blends for fused filament
fabrication (FFF). Mater. Des. 2019; 182: 1-11.
https://doi.org/10.1016/j.matdes.2019.108044

42. Arifvianto B., Satiti BE., Salim UA., Suyitno S.,
Nuryanti A., Mahardika M. Mechanical proper-
ties of the FFF sandwich-structured parts made
of PLA/TPU multi-material. Prog. Addit. Manuf.
2022; 7(6): 1213-1223. https://doi.org/10.1007/
$40964-022-00295-6

43.Kumar N., Jain P., Tandon P., Pandey P. Additive
manufacturing of flexible electrically conduc-
tive polymer composites via CNC-assisted fused
layer modeling process. J. Braz. Soc. Mech. Sci.
Eng. 2018; 40(175): 1-13. https://doi.org/10.1007/
s40430-018-1116-6

44. Kumar N., Jain P., Tandon P., Pandey P. The effect of
process parameters on tensile behavior of 3D print-
ed flexible parts of ethylene vinyl acetate (EVA).
J. Manuf. Process. 2018; 35: 317-326. https://doi.
org/10.1016/j.jmapro.2018.08.013

45. Saari M., GallaM., Cox B., Krueger P., Cohen A., Rich-
er E. Additive manufacturing of soft and composite
parts from thermoplastic elastomers. 2015; 949-958.

46. Lathers S., Mousa M., La Belle J. Additive manu-
facturing fused filament fabrication three-dimen-
sional printed pressure sensor for prosthetics with
low elastic modulus and high filler ratio filament

320

composites. 3D Print. Addit. Manuf. 2017; 4(1):
30—40. https://doi.org/10.1089/3dp.2016.005

47. WojnowskiJ., Chmiel J. Personalized Anti-Vibration
Protection for Telematics Devices in Urban Freight
Transport Vehicles. Energies. 2021; 14(4193): 1-20.
https://doi.org/10.3390/en14144193

48.Khan S., Joshi K., Deshmukh S. A comprehensive
review on effect of printing parameters on mechani-
cal properties of FDM printed parts. Proceedings
of the 2nd International Conference on Func-
tional Material, Manufacturing and Performances
(ICFMMP). 2021; Phagwara, India. 2119-2127.
https://doi.org/10.1016/j.matpr.2021.09.433

49.Xu P, Qu C., Yao S., Yang C., Wang A. Numeri-
cal Optimization for the Impact Performance of
a Rubber Ring Buffer of a Train Coupler. Ma-
chines. 2021; 9(10): 1-20. https://doi.org/10.3390/
machines9100225

50. Monkova K., Vasina M., Zaludek M., Monka P.,
Tkac J. Mechanical vibration damping and com-
pression properties of a lattice structure. Materi-
als. 2021; 14(6): 1-16. https://doi.org/10.3390/
mal4061502

51. Kechagias J., Vidakis N., Petousis M. Parameter ef-
fects and process modeling of FFF-TPU mechanical
response. Mater. Manuf. Process. 2021; 38(3): 341-
351. https://doi.org/10.1080/10426914.2021.2001523

52.Bates S., Farrow 1., Trask R. Compressive behav-
iour of 3D printed thermoplastic polyurethane
honeycombs with graded densities. Mater. Des.
2019; 162: 130-142. https://doi.org/10.1016/].
matdes.2018.11.019

53.Kar K., Bhowmick A. Hysteresis loss in filled
rubber vulcanizates and its relationship with
heat generation. J. Appl. Polym. Sci. 1997,
64(8): 1541-1555. https://doi.org/10.1002/
(SICI)1097-4628(19970523)64:8<1541::AID-
APP12>3.0.CO;2-0

54. Buckley C., Prisacariu C., Martin C. Elasticity and
inelasticity of thermoplastic polyurethane elasto-
mers: Sensitivity to chemical and physical struc-
ture. Polymer. 2010; 51(14): 3213-3224. https://doi.
org/10.1016/j.polymer.2010.04.069

55. Piesowicz E., Paszkiewicz S., Szymczyk A. Phase
separation and elastic properties of poly(trimethylene
terephtalate)-block-poly(ethylene oxide) copoly-
mers. Polymers. 2016; 8(237): 1-14. https://doi.
org/10.3390/polym8070237

56. Diani J., Fayolle B., Gilormini P. A review on the
Mullins effect. Eur. Polym. J. 2009; 45(3): 601-612.
https://doi.org/10.1016/j.eurpolym;j.2008.11.017

57.Krél P. Linear Polyurethanes. Synthesis Methods,

Chemical Structures, Properties and Applications.
First Edition. Leiden, Netherlands: VSP; 2008.



