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Additively manufactured (3D-printed) elastomers have increasing applications in impact resistance devices
such as helmets, shoe soles, and shock absorbing architectured metamaterials. These rapidly expanding areas
require a proper understanding of the thermo-mechanical behaviours of soft polymers. In this contribution,
thermal-mechanical properties of 3D-printed elastomeric polyurethane (EPU) are extensively characterised
under low to high strain rates which are missing in the literature. The EPU under investigation is digitally
manufactured using a Digital Light Synthesis (DLS) technology and is characterised by tensile experiments
with a wide range of strain rates spanning from 0.001/s to 500/s and temperature variations of -20 °C to
60 °C. The experimental results reveal deformation nonlinearity, thermal-sensitivity, and strain rate-sensitivity
in the elastomer. Moreover, the study reveals the occurrence of the glass transition phenomenon, which is
commonly observed in soft materials under low-temperature and high strain-rate conditions. Various graphical
illustrations are presented to depict the effects of temperature and strain rate on the stress response. It
is observed that as temperature decreases or strain rate increases, the stress amplifies and becomes more
sensitive to variations in temperature or strain rate. Additionally, higher strain levels further enhance the stress
sensitivity to these variations. The microscopic mechanisms behind the thermal and strain rate sensitivities
are discussed, taking into account the influence of the strain level. Overall, this study contributes to a proper
understanding of the thermo-mechanical behaviours of digitally-printed soft polymers, particularly in dynamic
scenarios.

1. Introduction strength, low wave speeds, and exceptional impact resistance [10,27-

32]. Numerous experimental investigations have provided valuable

Additive manufacturing (AM) technology, widely applied in aero-
space [1,2], sports equipment [3,4], healthcare [1-9], and architec-
ture [2,10], is celebrated for rapid prototyping, waste reduction, pre-
cision, and design flexibility [11]. Unlike traditional subtractive man-
ufacturing, AM technology adds raw material, typically powder or
liquid, layer-by-layer or dot-by-dot to build objects. Moreover, recent
developments in 4D printing have further propelled AM technology into
the realm of intelligent materials manufacturing [12-14]. This technol-
ogy enables users to optimise the mechanical properties by adjusting
printing parameters (e.g., tensile strength and impact resistance) of
printedobjects [3,4,11,15-26], making AM technology ideal for produc-
ing personalised medical instruments, footwear, and protective gear,
tailored to individual anatomical features.

Elastomeric polyurethane (EPU) has gained popularity across vari-
ous engineering disciplines, including automotive manufacturing, con-
struction, and sports equipment, primarily due to its excellent tear
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insights into the material’s unique characteristics such as nonlinear de-
formation, strain rate dependence, hysteresis, and stress softening [33—
36]. Given the critical applications of EPU in impact protection, it
often encounters extreme circumstances, including low temperatures
and high strain rates. Understanding its thermo-mechanical properties
is crucial in such scenarios. Numerous experiments [37-47] have been
conducted to investigate compression experiments from 10~3/s to 10*/s
by using the split Hopkinson pressure bar technique. These experiments
involved various soft materials, including polyurea, EPU, pig skin,
and hydroxyl-terminated polybutadiene. A common observation across
these studies is the strain rate sensitivity of soft materials, with an
increase in stiffness and strength at higher strain rates. Furthermore,
soft materials have been extensively explored for enhancing the ballistic
and blast resistance of coated materials [10,30,48]. Moreover, the
influence of temperature and strain-rate on tensile behaviour have been
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examined [49,50]. Zhang et al. [51] and Liao et al. [32] conducted
systematic experiments on the transparent EPU from —40 °C to 50 °C
and 10%/s to 103 /s, revealing the impacts of temperature and strain rate
changes on mechanical characteristics.

The aforementioned studies are important for understanding the
behaviours of soft materials under extreme conditions. They reveal that
soft polymers undergo a transition from a rubbery state to a glassy
state with decreasing temperature and/or increasing strain rate, a phe-
nomenon known as the glass transition [32,52-54]. A comprehensive
understanding of this transition is crucial for designing novel materials
and structures that can better withstand impacts and protect against
injuries in applications like sports equipment and personal protective
gear. Furthermore, the classical Time-Temperature Superposition (TTS)
principle [55] has been widely adopted to elucidate the glass transition
phenomenon and its correlation between temperature reduction and
strain rate increase on the mechanical properties of soft materials,
enabling the prediction of the mechanical behaviour over a wide range
of strain rates [32,51,56].

However, the aforementioned dynamic experiments exclusively fo-
cused on conventionally manufactured soft materials such as injection
moulding. While EPU has demonstrated its value in various fields,
especially in dynamic scenarios, its potential in AM technology is yet
to be fully explored. To the best of the authors’ knowledge, there is
currently no systematic investigation of the dynamic mechanical char-
acteristics of digitally printed soft polymer materials. Considering the
superior impact performance of EPU and the inherent advantages of AM
technology, this study aims to bridge the existing gap of experimental
studies on 3D printed soft polymers, which will contribute to improv-
ing engineering practices, such as quantifying external loads acting
on structures in engineering settings [57]. In this case, the thermo-
mechanical behaviours of digitally-printed EPU across a broad range of
temperatures and strain rates that go through the glass transition have
been investigated. This investigation contributes to the comprehension
of material selection and structural optimisation for impact protective
devices using 3D printed EPU.

The structure of this contribution is organised as follows. Apart from
the current section, Section 2 specifies the details of the experimental
setup. Further, the experimental results and discussion are specified in
Section 3. Finally, the key contribution of the study is summarised in
Section 4.

2. Experimental setup

The test specimens were prepared using Digital Light Synthesis
(DLS) printing technique [1,2,58-60], which enables continuous con-
struction and promotes the rapid prototyping and structural integra-
tion. For this vat-polymerisation process, the polymer layer is printed
holistically, where UV light is projected across the entire layer to
induce material curing through an oxygen-permeable window. Posi-
tioned between this window and the printing part, a slender layer
composed of uncured resin forms what is termed the dead-zone, which
is used to prevent adhesion between the printed part and the uncured
resin, and to facilitate a continuous flow of liquid resins beneath the
printed component. For more information about the printing details,
see [36,58,59].

As indicated in [61,62], no discernible correlation has been ob-
served between the printing angle and the mechanical characteristics
of the samples printed using vat photopolymerisation techniques. Given
that the focus of this contribution does not lie in the realm of printing
conditions, we assume the isotropy of the DLS-based EPU for simplicity.
Two types of dogbone-shaped specimens are used in our tests (see
Fig. 1) due to the different clamping methods and different travel limits
of the machine used in our experiments, as highlighted in Figs. 2(a) and
2(b). According to some initial trial experiments, the specimens were
designed to ensure non-slippage and the prevention of fractures near
the clip position by the following actions:
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Fig. 1. The specimen sizes used for the uniaxial tension tests for low strain-rate case
(top): 50 x 5 x 3 mm and high strain-rate case (below): 20 x 2 x 2 mm. The flat
dumbbell shapes are chosen to avoid any fracture near the grips.

* to secure a tight grip, all the grip sections are glued to aluminium
sheets before being mounted onto the testing machine,

+ to prevent specimen fractures near the clamping positions, the
transition regions are introduced with no significant influence on
experimental results,

+ to mitigate potential influences arising from radial constraints,
the length-width ratio of 10:1 is chosen.

The preceding actions aim to mitigate the impact of different sample
geometries on test results, especially at high strain rates. The tem-
perature range of —20 °C to 60 °C is chosen similar to our previous
study [36]. Note that for this material, the glass transition temperature
(Tg) is measured to be the peak-temperature (8.8 °C) of the tan § curve
in the DMA experiment [36]. Additionally, 0.001/s to 500/s is chosen
to investigate the strain-rate sensitivity.

The tensile experiments at low rates (0.001/s to 0.1/s) are per-
formed using the Instron 5567 Universal Test Machine (see Fig. 2(a))
and the tests at high rates (10/s to 500/s) are conducted on the
Instron VHS 40/50-20 Test Machine (see Fig. 2(b)). All experiments
are performed in specially designed temperature chambers to ensure
temperature stability. To show the robustness of the results, tests in dif-
ferent conditions are repeated three times to ensure the reproducibility.
The gathered data is shown as the nominal stress (c: force divided by
the area of the initial cross-section of the specimen) and the nominal
strain (e: crosshead displacement divided by the original gauge length
of the specimen). Note that more precise strain measurements could
be achieved using techniques such as extensometers and Digital Image
Correlation (DIC) techniques, based on deformation within the gauge
section. However, these methods pose challenges when applied to
high-speed conditions with finite deformations in a spatial-constrained
temperature chamber. As an alternative approach, we have employed
the clamping distance as a substitute for the gauge length. According
to our pre-simulation, the use of transition regions does not lead
to significant discrepancies in the stress results. Additionally, consid-
ering the discernible stress fluctuations observed during high-speed
conditions, especially in the case of 500/s, the data smooth process
is applied utilising the adjacent-averaging algorithm, which involves
calculating the average value of successive data points and replacing
them with their corresponding calculated average. By employing this
algorithm, noise within the raw data was effectively mitigated, leading
to improved clarity and visual representation of the results.

3. Results and discussions
3.1. Effects of temperature

The stress—strain results of tensile tests conducted at various tem-
peratures are presented in Fig. 3 to show the effects of temperature

variation on the stress of EPU. Based on Fig. 3, we find that the stresses
under each strain level generally increase as the temperature decreases.
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Table 1

Tangent moduli at 0.1/s under different temperatures.
Temperature [°C] -20
Tangent modulus [MPa] 83.72 + 16.95

0

33.83 + 4.50

20 60
13.26 + 1.52 8.98 + 0.74

(a)

(b)

Fig. 2. (a) The structure of the Instron 5567 universal test machine used for our low-
speed experiments [36]. It can reach the maximum tensile speed of 8 mm/s with the
force measurement range from 0-500 N. (b) The structure of the Instron VHS 40/50-20
test machine used in our high-speed experiments. It has a top speed of 20 m/s equipped
with a 0-5000 N force sensor. The frame rate ranges from 5000 fps to 10000 fps.
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Fig. 3. Stress-strain curves of uniaxial tensile tests at 0.1/s under different
temperatures with the inset depicting the strain controlling paths on the normal axis..

For example, at £ = 2.0, the stress at —20 °C is nearly 3.5 times greater
than that at 60 °C. It should also be noted that the stresses show
differences in the increasing trends with strain on either side of T, (8.8
° C). Table 1 lists the tangent moduli (slope of stress—strain curve from
e = 0 to £ = 0.02) variation with temperature. The modulus decreases
more noticeably from —20 °C to 0 °C than that from 20 °C to 60 °C,
indicating the rapid change in the viscosity (or relaxation time) across
the glass transition [63].
To quantitatively investigate how the stress is sensitive to the tem-
perature variation, we define a concept of “Thermal Sensitivity (St)”:
do
where O represents the absolute temperature. It provides insights into
how stress changes with temperature and how these changes vary in

, (€Y

Nominal Strain (mm/mm)

20
Temperature (°C)

Fig. 4. The contour map of S; as a function of nominal strain and temperature
reflecting the thermal-sensitivity at the strain range from 0 to 2.0.

different regions, such as glassy state and rubbery state. The corre-
sponding contour map as a coupled function of strain and temperature
is plotted in Fig. 4. The contour displays a pronounced negative
correlation trend, whereby the values of St increase as strain increases
and temperature decreases. This suggests that the increase in the strain
and the decrease in the temperature may have synergistic effects on S,
suggesting a possible strain dependence of the thermal sensitivity [36].

The thermal sensitivity may be reasonably explained from a mi-
croscopic perspective. At a temperature lower than T,, the energy of
thermal molecular motion is low, and the chain segments are frozen in
the system in a random form. That is to say, the polymer owns a solid-
like shape but a liquid-like microstructure. At this state, chain segments
are hard to unravel, preventing deformation propagation and resulting
in a strong local stress response, i.e., becoming glassy. Therefore, the
polymer in this situation has a much higher tangent modulus (see in
Table 1). After temperature rises above T,, the chain segment move-
ment is activated and the polymer viscosity decreases dramatically
resulting in flexibility of chain behaviour [63]. In this case, the polymer
becomes rubbery, resulting in a lower modulus response. Moreover, the
influence of strain level on the thermal sensitivity may be reasonably
explained by continuous disentanglement of chain segments during
stretching [64-67], resulting in an increasingly dominant influence on
the kinematics of the soft polymer from temperature variations.

3.2. Effects of strain rate

The stress—strain results of tensile tests under different strain rates
at 20 °C are presented in Fig. 5 to present the effects of strain-
rate variation on the stress of EPU. It is important to note that, to
the best of the authors’ knowledge, capturing unloading behaviour
within dynamic scenarios presents a challenge, and currently available
equipment is limited in this regard. The stress—strain curves in Fig. 5
exhibit significant differences between the tests conducted at 0.001/s
and 500/s, presenting the glass transition phenomenon of this soft
polymer resulting from the increase in the strain rate. Based on Fig. 5,
we find that the stresses under each strain level are positively related
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Table 2

Tangent moduli under 20 °C at different strain rates.
Strain rate [/s] 0.001 0.01
Tangent modulus [MPa] 7.72 + 0.80 10.22 + 0.45

0.1 10 100
13.26 + 1.52 27.69 + 10.88 36.63 + 12.80
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Fig. 5. Stress—strain curves of tensile tests at 20 °C under different rates. The inset
depicts the strain-controlling paths with time on the logarithmic axis.
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Fig. 6. The contour map of Sy as a function of nominal strain and strain rate reflecting
the rate sensitivity extent at the strain range from 0 to 2.0.

to the strain rate. Tangent moduli at different strain rates are listed in
Table 2, with the exception of the modulus at 500/s. This is because
of the dramatic stress fluctuation at high strain rate conditions that
makes it extremely difficult to accurately determine the corresponding
modulus. Overall, the increase in the strain rate promotes stress in a
manner similar to the temperature decrease effect.

Similar to St, a concept of “Rate Sensitivity (Sg)”:

do
Sp = ||, 2
R~ | 9loge 2
is defined, where ¢ denotes the strain rate and Sy gives an evaluation
to see how the stress changes with the strain rate. The contour map of
Sg as a coupled function of strain and strain rate is plotted in Fig. 6 in

which Sy appears to exhibit a positive correlation with the strain and

its rate. This contour suggests that the increases in the strain and the
strain rate may have synergistic effects on Sg.

To facilitate discussion of subsequent microscale mechanisms, a rate
transition point at the reference temperature (20 °C), ¢,, is defined for
convenience. At a strain rate lower than ¢,, EPU behaves in a rubbery
manner, while at a higher rate, it exhibits glassy behaviour. At high
strain rates, within an extremely short period, chain segments must
overcome higher intermolecular forces and energy barriers [68-71],
which leads to an increase in the strain rate-sensitivity. As a result,
chain mobility becomes restricted, leading to increased rigidity and vis-
cosity, and hindering the deformation propagation. The entanglement
network is likely to directly contribute to a greater stress, resulting
in the increasing trend of tangent modulus with the increase in the
strain rate. In contrast, the deformation propagation would be easier
at low-rate cases since the entanglements have more time to unwind,
rationalising the corresponding rubbery behaviours. Furthermore, the
result of Fig. 6 indicates that the strain rate-sensitivity of the soft
material may also be strain-dependent. Under large deformations, chain
segments undergo extensive movement, and molecular slip may even
occur (e.g., plastic deformation). Such significant changes in molecular
internal structures and intermolecular forces compared with the initial
state of the system may rationalise the influence of strain level on strain
rate-sensitivity.

3.3. Coupled effects of temperature and strain rate

The aforementioned results fully state the thermal sensitivity and
strain rate-sensitivity of this 3D-printed soft material, respectively. The
coupled effect is then investigated by displaying the results under a
wide domain of temperature-rate field in Fig. 7. At high temperatures,
e.g., 60 °C (see Fig. 7(a)), EPU tends to undergo a transformation
from the rubbery state to the glassy state with an increase in the
strain rate. However, the curve corresponding to 500/s in the graph
does not exhibit typical glass features, notably the presence of the
apparent change of slope in the stress-strain curve. Note that such
change is more discernible in the case of glassy materials, including
but not limited to glass and ceramics. To investigate the effect of a
further rate increase on the transition process, a loading condition
with a strain rate of 1000/s (i.e., twice the previous highest value of
500/s) is carried out at this temperature. However, the corresponding
curve does not significantly expedite the transformation, despite the
higher strain rate. The situation is not the same for the low-temperature
cases. For example, at —20 °C (see Fig. 7(d)), even for the low rate
situation (0.1/s), the stress-strain starts to show strain softening near
e = 0.15. Upon the rate increase, this phenomenon becomes more
obvious, which shows the differences compared to Fig. 7(a). From
Figs. 7(a) to 7(d), it becomes evident that an increase in the applied
strain rate leads to higher stress levels at each temperature. Notably, at
lower temperatures, the magnitude of this stress increase demonstrates
a more pronounced sensitivity to strain rate variations. This discernible
trend highlights the interplay between temperature and strain rate on
the mechanical behaviours of the EPU material.

Fig. 7 indicates comparable dependency between the temperature
decrease and the rate increase to the mechanical properties of EPU.
According to polymer physics, the molecular thermal motion has a sim-
ilar relaxation process either over a short duration at high temperature
or over a long period at low temperature [72]. This may be because
of the changes in viscosity or relaxation time [63]. Therefore, at low
temperatures, the reduction in thermal motion of molecules/atoms may
hinder the chain segments from overcoming intermolecular forces and
deforming, while at high strain rates, entanglements possibly have less
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Fig. 7. Stress—strain curves of uniaxial tension under (a) 60 °C, (b) 20 °C, (c) 0 °C, and (d) —20 °C at different strain rates.

time to unwind resulting in a more challenging deformation propa-
gation. These considerations rationalise the observed increase in the
stiffness due to the decrease in temperature and/or the increase in the
strain rate.

Furthermore, our experimental results adhere well to the classical
Time-Temperature-Superposition (TTS) principle, which can be used in
many aspects of viscoelasticity in polymer, including creep, stress relax-
ation, and dynamic mechanical analysis [32,72-75]. Ferry et al. [72]
came up with the famous Williams-Landel-Ferry (WLF) equation as

Cl [T - Tref]

- 3
C,+T-T, 3

log (ar) =

ref

where T,; is the reference temperature, and C,, C, are WLF parame-
ters. In this contribution, T, = 20 °C, C; = 20.62, C, = 224.20 °C.
Tangent moduli at different temperatures and strain rates after the TTS
modification are displayed in Fig. 8. All points essentially lie along
an exponential growth line, which further indicates the synergistic
effects of temperature decrease and strain-rate increase on mechanical
behaviour (see Fig. 9).

Combined with Sections 3.1 and 3.2, we may probably assume
that the strain level influences both thermal-sensitivity and strain rate-
sensitivity. Upon deformation, segmental movements or even molecular
slips occur within the system, and the entanglement is unravelled all
the time. Alterations in the internal conformations of the molecules
and intermolecular forces during deformation may rationalise the evo-
lutions of St and Sy with strain shown in Figs. 4 and 6.
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Fig. 8. The master curve of tangent modulus.

4. Conclusion

This study explores the thermo-mechanical properties of DLS-based
EPU under strain rate and temperature conditions. A wide range of
tensile tests is conducted spanning from —20 °C to 60 °C and 0.001/s
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Fig. 9. The fitting result for a;.

to 500/s. The results demonstrate that decreasing temperature and
increasing strain rate elicit the elevation in the stress levels of EPU, and
under specific conditions, such as —20 °C and 500/s, the occurrence of
glass transition is observed. Furthermore, contour plots are presented
to depict thermal and rate-sensitivities, i.e., the effects of temperature
and strain rate variations on the stress response of the material. It is
observed that as temperature decreases or strain rate increases, the
stress becomes more susceptible with respect to changes in temperature
or strain rate. The influences of strain level on these sensitivities are
also discussed from the aspect of the variation in micro-conformation
during deformation. Additionally, the TTS principle is used to further
analyse the synergistic effects of temperature increase and strain rate
increase. Overall, the present study offers significant insights into the
performance alterations of 3D-printed EPU under varying temperature
and strain rate conditions, enhancing the comprehension of material
selection and structural optimisation for impact protective devices.
Further research, such as fracture experiments and molecular dynamics
simulations, is necessary to comprehensively examine the relationship
between strength and strain rate, as well as the interrelationships
between microstructures during deformation. This additional research
may provide further insights into the glass transition phenomenon of
3D-printed soft polymers.
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