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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:
	• 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.

	• 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.

	• 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].

	• 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.

	• 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.

	• 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.

	• 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].

	• 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 

modelling (FDM) method are made of thermo-
plastic and can be recycled and reprocessed.

	• 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.

León-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

León-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: 

Figure 1. Example of the use of small-sized buffers in a vehicle bumper
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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:

	 𝜀𝜀𝑐𝑐
∗ ≤ 0.4 ∙  𝑥𝑥2

𝑙𝑙2   (1) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐴𝐴 = 

= ∫ 𝐹𝐹𝐿𝐿,𝐼𝐼𝐼𝐼(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑙𝑙𝑙𝑙
𝑥𝑥𝑢𝑢𝑢𝑢

− ∫ 𝐹𝐹𝑈𝑈(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑢𝑢𝑢𝑢
𝑥𝑥𝑙𝑙𝑙𝑙

, for i = 1,..,6 
(2) 

𝐸𝐸𝐸𝐸 = 𝐴𝐴 + 𝐵𝐵 = 
= ∫ 𝐹𝐹𝐿𝐿,𝐼𝐼𝐼𝐼(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑙𝑙𝑙𝑙

𝑥𝑥𝑢𝑢𝑢𝑢
, for i = 1,..,6 

(3) 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴
𝐴𝐴 + 𝐵𝐵 · 100% = 

= 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 
𝐸𝐸𝐸𝐸 ∙ 100% 

(4) 
 

	 (1)

where:	 εc* – maximum nominal compression 
strain; l – 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 %.

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 xui 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:

	

𝜀𝜀𝑐𝑐
∗ ≤ 0.4 ∙  𝑥𝑥2

𝑙𝑙2   (1) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐴𝐴 = 

= ∫ 𝐹𝐹𝐿𝐿,𝐼𝐼𝐼𝐼(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑙𝑙𝑙𝑙
𝑥𝑥𝑢𝑢𝑢𝑢

− ∫ 𝐹𝐹𝑈𝑈(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑢𝑢𝑢𝑢
𝑥𝑥𝑙𝑙𝑙𝑙

, for i = 1,..,6 
(2) 

𝐸𝐸𝐸𝐸 = 𝐴𝐴 + 𝐵𝐵 = 
= ∫ 𝐹𝐹𝐿𝐿,𝐼𝐼𝐼𝐼(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑙𝑙𝑙𝑙

𝑥𝑥𝑢𝑢𝑢𝑢
, for i = 1,..,6 

(3) 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴
𝐴𝐴 + 𝐵𝐵 · 100% = 

= 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 
𝐸𝐸𝐸𝐸 ∙ 100% 

(4) 
 

	 (2)

where:	xli – displacement after loading, xui – dis-
placement after unloading, i – deformation 
cycle number, FL,II – curve for second load-
ing cycle, FU – 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].

	

𝜀𝜀𝑐𝑐
∗ ≤ 0.4 ∙  𝑥𝑥2

𝑙𝑙2   (1) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐴𝐴 = 

= ∫ 𝐹𝐹𝐿𝐿,𝐼𝐼𝐼𝐼(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑙𝑙𝑙𝑙
𝑥𝑥𝑢𝑢𝑢𝑢

− ∫ 𝐹𝐹𝑈𝑈(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑢𝑢𝑢𝑢
𝑥𝑥𝑙𝑙𝑙𝑙

, for i = 1,..,6 
(2) 

𝐸𝐸𝐸𝐸 = 𝐴𝐴 + 𝐵𝐵 = 
= ∫ 𝐹𝐹𝐿𝐿,𝐼𝐼𝐼𝐼(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑙𝑙𝑙𝑙

𝑥𝑥𝑢𝑢𝑢𝑢
, for i = 1,..,6 

(3) 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴
𝐴𝐴 + 𝐵𝐵 · 100% = 

= 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 
𝐸𝐸𝐸𝐸 ∙ 100% 

(4) 
 

	 (3)

Equation 3 designations are the same as in 
Equation 2. The EA value represents the work 
involved in deforming the buffer, without taking 

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:

	

𝜀𝜀𝑐𝑐
∗ ≤ 0.4 ∙  𝑥𝑥2

𝑙𝑙2   (1) 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐴𝐴 = 

= ∫ 𝐹𝐹𝐿𝐿,𝐼𝐼𝐼𝐼(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑙𝑙𝑙𝑙
𝑥𝑥𝑢𝑢𝑢𝑢

− ∫ 𝐹𝐹𝑈𝑈(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑢𝑢𝑢𝑢
𝑥𝑥𝑙𝑙𝑙𝑙

, for i = 1,..,6 
(2) 

𝐸𝐸𝐸𝐸 = 𝐴𝐴 + 𝐵𝐵 = 
= ∫ 𝐹𝐹𝐿𝐿,𝐼𝐼𝐼𝐼(𝑥𝑥)𝑑𝑑𝑑𝑑𝑥𝑥𝑙𝑙𝑙𝑙

𝑥𝑥𝑢𝑢𝑢𝑢
, for i = 1,..,6 

(3) 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴
𝐴𝐴 + 𝐵𝐵 · 100% = 

= 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 
𝐸𝐸𝐸𝐸 ∙ 100% 

(4) 
 

	 (4)

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 

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 FL, 

II(x) compared to the first FL, I(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 FL, II(x) and FU(x). 

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 

Table 3. Potential applications for buffers

Designation Maximum load Maximum 
permanent set

Maximum 
hysteresis Applications

Type 1 <0.635 kN <11.0%1 <0.32 J1 Dampers under lightweight equipment or buffers for 
doors and gates

Type 2 <6.415 kN <37.7% <1.81 J Stacking buffers to protect motor vehicles or dampers 
for heavy equipment

Type 3 <6.640 kN <38.6% <1.82 J Stacking buffers to protect motor vehicles or dampers 
for heavy equipment

Type 4 <4.405 kN <33.9% <1.10 J Stacking buffers to protect motor vehicles or dampers 
under medium weight equipment

Type 5 <2.880 kN <31.3% <0.66 J Stacking buffers to protect motor vehicles or dampers 
under medium weight equipment

Type 6 <3.635 kN <35.7% <0.97 J Stacking buffers to protect motor vehicles or dampers 
under medium weight equipment

Note: 1 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 

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 

Figure 4. Compressive force – machine crosshead displacement characteristics for each type of buffer
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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 

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.

Figure 5. Contribution of permanent set as a function of buffer strain. 
Dotted line – extrapolated Type 1 permanent set

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 

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.

Figure 7. Contribution of hysteresis as a function of buffer strain. Dotted line – extrapolated Type 1
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As expected, it was found that the hysteresis 
value increases along with infill density of the 
buffer. This is confirmed in [7], where León-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 

Figure 8. Contribution of SDC as a function of buffer strain. Dotted line – extrapolated Type 1.
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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: 
	• 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.

	• 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.

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