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Abstract

There have been strong interests in achieving unconventional mechanical properties of materials utilized for various applications in
recent years. Apart from the well known composite material approach, an innovative approach of employing cellular structure or
repeated geometric pattern has been of great interest. The simple example that has been proved useful and promising is the monoholar
pattern. Experimental investigations of monoholar rubber flat slab have demonstrated a number of unusual mechanical behaviors under
compression loading unable to achieve before. It is thus enticing to find out if the same is possible under tension loading. This research
therefore embarks on applying tension load on a thin monoholar rubber flat slab, 1/10 as thick as the flat slab tested under compression
loading. Results of the experiments clearly demonstrate similar behaviors as observed in the case of compression loading. However
stress plateau is not observable in the stress-strain curve obtained under tension loading. This is because the test specimen reaches
rupture point after undergoing a certain level of stress. Ligament thickness has been observed to effect noticeable drop in stress level
before gradually increasing towards stress level that causes full blown rupture. This may lead to some promising applications related

to tension loading.
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1. Introduction

Over the past three decades, there have been developments
that lead to extraordinary mechanical behavior of a novel type of
materials [1-3]. This novel type of materials could unleash
tremendous potential in various areas of applications. Recent
advancements of manufacturing technique have sparked great
interest in this type of materials. The trick that makes possible a
number of extraordinary mechanical behaviors is the so called
cellular structure or the repeated geometric pattern. An example
of such an idea is the monoholar rubber flat slab. The studies of
the cellular structure offer new insights into the fabrication of
novel materials and devices with tailored properties. The cellular
structures of materials with their special mechanical and physical
properties play an important role in determining their properties
[4-9]. The benefits that arise from cellular structure are various
unpredictable properties with multifunctionalities that could not
be achieved in conventional materials [8, 10-13].

It is well known that the physical characteristics of the
material affect its mechanical properties of the material, even
when using the same chemical composition [6, 13-16]. The
changes in structural patterns at macroscale can be triggered by
elastic instability at the macroscale [6-7]. Thus cellular structure
materials’ functionality relies on elastic instabilities, such as the
quasi-2D slabs perforated with a square array of holes [6, 8, 17-
20]. These materials have since been widely applied in the
development of novel products, useful in the automotive,
defense, sport, aerospace, energy industries [14, 20-23], shape
memory foams, and bioprostheses [20, 24-25]. Certain
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applications related to compression loading and tension loading
are running shoes, helmets, auto parts [20-21], aerospace [22-24]
etc.

This paper focuses on some notable mechanical behaviors of
thin monoholar rubber flat slab under tension loading. This is
because the monoholar pattern is simple and exhibiting the
highest stiffness [19]. There have been a number of published
reports on the behavior of much thicker monoholar rubber flat
slab under compression loading, but little or none on tension
loading has been reported. In compression loading experiments
emphasis is on mechanical behavior during the early stage of
loading. [6, 8, 26-29], Increasing the ligament thickness, the loop
size is larger and the stress increased. [8] Only hysteretic
characteristics and stress-strain curves are of concern herein.
Therefore two loading actions are to be performed, the cyclical
tension applications and beyond rupture tension loading.
Ligament thickness is a parameter of interest in this work.

2. Experimentation

This section describes both the specimen preparation and
experimental setup. The experiments to be performed are those
of tension loading actions on both the solid flat slab (SFS) (the
referenced specimen) and the monoholar flat slab (MFS) (the
investigated specimen). Both types of specimens are made of
compounded rubber. Specimen preparation is to be described
first then detail of the experimental setup is given succinctly.

2.1 Specimen preparation
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Figure 1 Specimen geometries model 1 (a) M1-SFS (b) M1-MFS
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Figure 2 Specimen geometries model 2 (a) M2-SFS (b) M2-MFS

This research has opted for a compounded rubber made of
Standard Thai Rubber (STR20) 40 phr, Butadiene Rubber 60 phr,
silica 50 phr and other compounds used in the shoe industry. The
cellular structure of interest herein is the monoholar array. This
is because of its construction simplicity [26]. Figures 1-3 depict
geometries of both the solid and monoholar flat slabs employed
in the experiment. Both specimens are different in physical
structure at the macro level. They are labelled as Model 1(M1)
Model 2 (M2) and model 3(M3) as shown in Figues 1-3
respectively. All dimensions are in millimeter. It is evident from
all 3 figures that ligament thickness, a parameter of interest in
this work, has been varied from 2-4 mm. Both types of flat slabs
are 1 mm thick. They are hence thin flat slabs. This is very
interesting under tension loading. Specimens preparation has
been carried out as illustrated in Figure 4.

2.2 Experimental setup

Tensile properties are to be tested uniaxially using a universal
testing machine (UTM), Narin Universal Testing Machine Model

NRI-T500-20B. The uniaxial tensile test is a standard procedure
for gauging hyperelastic properties [30]. Hysteretic
characteristics are to be observed by pulling the specimens to 100
percent elongation, then the specimen is allowed to shrink back
to its initial state (cyclic loading and unloading) [31]. Stress-
strain curve can be drawn by observing stress-strain
characteristics when pulling the specimen to rupture point at the
rate of 500 mm / min at room temperature (25 £ 2 ° C) according
to ASTM D412. 5 specimens are to be tested and results are
averaged to yield a reported value.

3. Results and discussion

The experiments performed as stated in section 2 yield a
number of notable results for both the hysteretic characteristics
and the stress-strain curves. What have been observed for the
MFS can be markedly distinguished from those of the SFS.
Certain details and discussion of both aspects of the experiments
are as follows.
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Figure 3 Specimen geometries model 3 (a) M3-SFS (b) M3-MFS
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Figure 4 Specimens preparation process

3.1 Hysteretic characteristics due to cyclic Loading and
unloading

Hysteretic characteristics of both the MFS and SFS of all
models are shown in Figures 5-7. It can be seen that the MFS is
capable of withstanding greater stress compared with the SFS
under the same strain level. The hysteresis loops of the
monoholar cases also appear significantly larger than the solid
cases, a phenomenon also seen in compression loading
experiment [32]. This is likely due to elastic instability caused by
the presence of the circular hole array in the MFS [6]. This elastic
instability makes the difference between the pulling stress and the
retracting stress become larger, thus resulting in a larger
hysteresis loop. The hysteresis loops of MFS are large, showing
a significant loss of energy resulting in better energy absorption
than SFS. In addition ligament thickness does alter the tolerable
stress level and also the loop size. Greater ligament thickness
reduces tolerable stress level and hence smaller hysteresis loop
(Figures 5-7). The effect of increasing the ligament thickness
tends to decrease the size of the loop, showing the ability to see

the lower energy lining as well. As opposed to under compression
loading when increasing the ligament thickness, resulting in the
loop size is larger. [8]. Also the MFS in this research is thin which
is likely to undergo greater elastic instability. The larger
hysteresis loop of the MFS does not make it unable to get back
to the same state as that of the SFS when completely unloaded
from the same level of tensile strain. However both types of flat
slabs do not return to their initial state before applying tension
loading [33]. The energy loss arising from the difference of the
absorbing and releasing heat is a result of the viscoelastic
properties of rubber. [34]

3.2 Stress-strain curve under tension loading to the rupture point

Figures 8-10 show that all 3 models of the MFS can be
elongated to approximately 200% of their initial lengths, but the
thin SFS can be pulled to be stretched to more than 400% of their
initial lengths, more than double that of the MFS. At the same
strain level the MFS withstand greater stress compared with the
SFS. This means greater stiffness to tension loading for moderate
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Figure 5 Hysteretic characteristics under tension loading and unloading of M1-MFS and M1-SFS
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Figure 6 Hysteretic characteristics under tension loading and unloading of M2-MFS and M2-SFS
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Figure 7 Hysteretic characteristics under tension loading and unloading of M3-MFS and M3-SFS

level of loading, a phenomenon also observed under compression
loading [35-36]. This is also likely due to elastic instabilities and
therefore they are reversible and repeatable of the MFS [6, 8]. At
rupture points of both specimens for model 1, the MFS specimen
undergoes slightly higher stress than the SFS specimen. When
ligament thickness increases, models 2 and 3, rupture point stress

levels drop noticeably, as shown in Figures 9 and 10. When
considering elastic behavior all models of MFS specimens appear
superior. Ligament thickness also plays a role in increasing strain
level that linear elasticity can sustain. All SFS specimens appear
linearly elastic up to a strain level of about 9.0%, whereas the
three MFS specimens appear linearly elastic upto about 11%
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Figure 8 Stress-strain curves of the M1-MFS and M1-SFS under tension loading to the rupture point.
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Figure 9 Stress-strain curves of the M2-MFS and M2-SFS under tension loading to the rupture point.
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Figure 10 Stress-strain curves of the M3-MFS and M3-SFS under tension loading to the rupture point.

strain level, as shown in Figures 8-10. All models of SFS have
similar stress-strain behaviors regardless of their sizes. As for
MFS, when ligament thickness increases stress is reduced
noticeably. All models of MFS specimens have greater values of
Young's Modulus compared with the SFS specimens, as shown

in Table 1.

A notable feature due to ligament thickness is that the
increase of ligament thickness make the MFS undergoes certain
stress drop before reaching full blown rupture at lower stress
level. This is illustrated in Figures 8-10, where model 1
undergoes no stress drop. This is the opposite of the compression

loading case, which increasing ligament thickness causes higher



6

Table 1 Young's Modulus of both the MFS and SFS specimens

Engineering and Applied Science Research 2021;48(1)

Young's Modulus (MPa)

Model MFS SFS
M1 0.13780.0001 0.093320.0071
M2 0.1361£0.0096 0.09760.0053
M3 0.1326:£0.0048 0.09830.0045

stress [8]. However models 2 and 3 undergo some stress drop.
Eventually all models reach full blown rupture at different stress
levels. Stress plateau have not been observed in all cases due to
the fact that stress rises along with greater tension and stops when
full blown rupture takes place. It is also worth noting that
increasing ligament thickness reduces tolerable stress level under
tension loading whereas under compression loading the opposite
has been reported [8].

4. Conclusion

Experimental investigation of mechanical behavior of the
MFS under uniaxial tension loading has been performed. Both
hysteretic characteristics and stress-strain curves under tension
loading are in the same manner as results from compression
loading experiments. That is the MFS, a cellular structure
material, exhibits larger hysteresis loop than the SFS. When
undergoing tension loading to the rupture point the MFS appears
with greater stiffness to tension at moderate level of loading
compared with the SFS. Both phenomena are likely due to elastic
instability present in the MFS but not discernable in the SFS.
Finally, it is worth noting that ligament thickness affects the
specimens tolerable stress level under tension loading in an
opposite direction compared with the compression loading case.
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