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Featured Application: shock isolation, insert structure for non-structural aviation or insert struc-
ture for biomedical applications.

Abstract: Shock attenuation is a significant aspect of shockproof design. The aim of this study is
to explore the use of lattice structures for shock isolation applications. Five lattice structures were
fabricated using photopolymer resin and subjected to quasi-static compression tests under a universal
testing machine and shock response tests under a pneumatic exciter. The quasi-static compression
tests provided preliminary data on the lattice structure’s collapse modes, stress, strain, and energy
absorption. The shock test results revealed that the responses from the lattice structures were complex
convolutions of the frequency. Moreover, the collapsed mode under the compression experiment did
not guarantee the same outcome as in the shock impulse experiment. Amongst the lattice structures,
the face-centred cubic with cubic perimeter (FCC + CP) structure exhibited the poorest shock isolation
properties, with an ability to absorb only approximately one-third of the shock compared to solid
structures. On the other hand, the body-centred cubic with cubic perimeter (BCC + CP) structure
showed the highest impulse response with average shock transmissibility, making it a viable option
for applications requiring shock insulation. However, it should be noted that this data may only be
applicable for high acceleration with low degrees of force, less than 300 N.

Keywords: lattice structure; quasi-static; shock response; pneumatic shock; transmissibility

1. Introduction

Lattice structures hold great appeal in a diverse range of lightweight constructions [1],
particularly those of vehicles and aircraft [2,3]. They are well-suited to their intended
purposes due to their inherently light mass and sufficiently high strength-to-weight ratio [4].
Moreover, they have sparked the curiosity of numerous scientific minds in their bid to
comprehend their structural intricacies and garnered immense attention from various
industries, which regard them as an integral facet of their operations [5]. Given the
exquisitely sophisticated nature of these structures, the lattice arrangement has the potential
to make a significant difference to their original material, resulting in many possibilities
in engineering design. Notably, the solid body has been removed, reducing the ultimate
strength [6]. Whilst it is possible that the structural integrity of this construction may
be compromised to some degree, it has the potential to augment the strength-to-weight
ratio in favourable circumstances [7,8]. Consequently, optimising this structure using
computres by finite element model (FEM) before deploying it for appropriate applications
is crucial [9–11].

It is noteworthy that this process has the potential to enhance the noticeable attributes
of most materials, given that lattice structures are naturally weight-reducing frameworks,
as it contends many air voids [7]. Nonetheless, in spite of this potential drawback, the
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substandard sound transmission characteristics of such air pockets render them a feasible
alternative for employment in architectural designs devised for soundproofing objec-
tives. [12,13]. In medicine, lattice structures possess the potential to function as a scaffold
for a diverse array of implants, bone grafts, and joint replacements [14]. Moreover, in
contrast to their bulky, weighty counterparts found in several earlier iterations, these
frameworks are endowed with reduced stiffness, rendering them far more comfortable
for recipients of transplants [15]. Correspondingly, various efforts have been made in
lightweight applications to incorporate these lattice structures in both structural and non-
structural components of vehicles and aircraft [16], owing to their ability to curtail fuel
consumption by providing a weight-reducing framework.

Current endeavours are introducing lattice structures for shock absorption in pas-
senger cars [17]. In addition, computer-aided design simulations demonstrate that closed
cellular networks exhibit immense potential as a promising technology, as they possess
superior energy-absorbing capabilities [10]. Regarding the FMVSS 208 [18], frontal crash
test, vehicles must be subjected to a collision with a rigid barrier at a velocity of 35 mph or
(60 km·s−1), resulting in an impulse value of roughly 10,000 Nm·s−2. For smaller vehicles,
such as motorcycles, SAE J211 [19] outlines an array of dynamic requisites for various types
of impact assessments. In the case of motorcycle helmets, the standard mandates that the
head form employed in the test weighs 5 kg and must be equipped with an impact velocity
ranging from 4.5 to 7.5 m·s−1. Additionally, the CPSC [20] stipulates that bicycle helmets
should protect a 5 kg object with an acceleration of 300 g.

Under quasi-static compressive loading, the type of deformation observed in materials
is dependent on their characteristics. Stretching-dominated and bending-dominated defor-
mations have been identified in metallic alloys [21–23] and plastics [24–27]. Studies have
indicated conflicting collapsed modes that may have implications for material selection and
manufacturing processes [23]. Two BCC lattices with the exact dimensions were prepared
using traditional casting and SLM techniques. Although both samples are based on the
same material, they had different responses due to the grain of the samples [23]. Research
conducted through quasi-static compression testing on lattice structures has revealed a
sequential layer-by-layer collapse at a similar stress level, as documented in existing liter-
ature [22,28]. However, variations in the preparation techniques of identical architecture
and material using SLM and casting may result in differences in the collapsed mode [23]. A
Gibson-Ashby model [29] and Maxwell’s number [30] are the models that may provide a
rudimentary prediction for the mode of failure of a lattice structure.

Additionally, tensile testing of SLM structures has shown higher ultimate strength
than those produced through casting. Scanning Electron Microscope (SEM) images indicate
that samples from SLM printers have more controllable dimensions but may have coarser
grains than those made through casting. Even well-prepared lattice structure specimens
with identical materials may exhibit different deformation modes. Hence, information on
a lattice’s structure or material cannot be considered an adequate tool for predicting the
collapsed mode since their behaviour is dissimilar [23]. Topological modifications to many
lattice structures, such as the introduction of a “Z” column to each unit cell (e.g., BCC and
BCCZ) [25,27], may increase the rigidity and strength of the structure [31]. For example, a
polymer lattice structure with topological structures like BCCZ, DiamondZ, and PyramidZ
has been observed to exhibit higher strength than its original structure [27].

The phenomena of shock and impulse show notable similarities, yet distinct specifica-
tions exist between the two. Shock refers to the collision of a force, which is typically excited
through solid or non-solid compactors, such as sound waves, with objects. In contrast,
impulse pertains to the collision between two solid objects. Both shock and impulse are
characterised by sudden excitation between an exciter and a target, and such collisions
may occur at either intermediate or high strain rates [28]. Although shock and impulse
are distinct phenomena, they are often associated with one another. Shock has a unit of
measurement as acceleration in (g) and frequency (f) in (Hz or rad·s−1) while impulse is a
change of momentum that can measure in (N·s or kg m·s−1).
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There are many methods for conducting shock measurements, with the most prevalent
techniques being Charpy impact, pneumatic exciter, and Hopkinson bar tests [32–34].
Shock experiments can be performed using a variety of exciters, such as the conventional
Charpy impact test [35]. However, this method may lack sensitivity as it does not discern
different responses between BCC and BCCZ structures while identifying a higher elastic
modulus in Gyroid structures [35]. One study examining high-strain rate testing focused
on the macroscopic shock response obtained from elastically isotropic metallic structures
with orthogonal plates and a relative density ranging from 0.225 to 0.229. In this research,
both structures were made of 316 L stainless steel using a powder-bed fusion additive
manufacturing approach. Although this investigation employed orthogonal plates, it
provided valuable data for quasi-static and high-dynamic impact testing using a Hopkinson
bar. In comparison to the quasi-static test, the maximum stress observed in high-strain rate
experiments may decrease due to premature fracture [28]. The Hopkinson split bar, another
piece of equipment for both tensile and compressive testing, can generate acceleration
up to an ultra-high shock of 10,000 g [36]. This exciter, increasingly utilised for high
to ultra-high shock acceleration, has become a standard in acceleration calibration and
mechanical testing [37]. The responses of various lattice structures during this test exhibit
signs of viscoelasticity, as different travel wave velocities are observed. Under these testing
conditions, the complex modulus is dependent on the impact frequency [38].

Most of the work done with the high strain rate or “shock” were mostly alloy or metal
structures; the polymer is less well-known in this area6 as it has a less strong impaction
strength and can be used in vehicle bumper applications [39,40]. Moreover. there has not
been much research into the shock area, but one piece of research was similar: some of the
details focused on the polymers BCC and ECC (edge-centered cubic) lattice structures [41].
Despite the metallic shock impulse study, the BCC and ECC polymer lattices, prepared by
an FDM-3D printer, were investigated, using a dynamic shock absorption machine. The
dynamic shock absorption machine is a kind of low shock impulse machine that uses a
drop weight with a variation of the porosity per centage between 65.4 to 83.5. The BCC
and ECC structure had a 12 mm controllable cube cell size, but there were three sizes of the
studs’ diameters (2.4 mm, 2.8 mm and 3.2 mm). The shock impulse can be used as one of
the indicators, and it was concluded that the BCC structure with a stud diameter of 2.8 mm
produced the best shock absorption. Regarding the different structures, they might not
necessarily behave the same. They were also repeatedly tested with an edge-centered cubic
lattice structure, and the smallest stud size showed better shock absorbance [41].

The higher strain rate of a high shock acceleration of several lattice structures has
been studied, using a Hopkinson bar [42], and there was a signal response that changed
tremulously between the medium and high strain rates when the strain rate was in-
creased [43]. Rankine-Hugoniot is interfacial between low and high pressure that happens
under shock [34], which is necessary to be observed by high-speed camera [42]. The study
was done with experiments and numerical techniques, concluding that three lattice struc-
tures were directly impacted by up to approximately 70 m/s. Also, it seems that all lattice
structures suffered a catastrophic failure with the direct impact; the higher the excited
velocity shown, the more sign of the convolution curve. The stress showed a positive effect
with a relative density, but the energy absorption also had a certain extent correlation with
a relative density [42]. In general, transmissibility (T, [-]) refers to the ability of a material to
attenuate shock during impulse testing or isolate vibration in response to force vibration.
It can be defined as the ratio between the resulting force and the input or excited force.
Transmissibility can be viewed as an indicator of efficiency in vibration isolation for all
types of materials, including lattice structures. [44].

Although several researchers have investigated the mechanical properties of lattice
structures, most of them have been quasi-static. From the literature survey, it appears that
no investigations have thus far been conducted concerning the dynamic phenomena of
lattice structures in the context of pneumatic shock exciters. Nonetheless, it is of utmost
importance to perform preliminary examinations under quasi-static conditions in order
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to obtain fundamental knowledge. This particular investigation not only offers crucial
mechanical properties and collapse modalities for quasi-static assessments, but it also aids
in identifying suitable lattice structures for shock impulse utilisation. The findings of this
scholarly pursuit are anticipated to considerably enhance the comprehension of lattice
structures’ shock response behaviour, thereby facilitating more informed decision-making
within engineering applications.

2. Materials and Methods

Most of the numbers presented in this article are reported with an average ± repeatability,
using the Guide to the Expression of Uncertainty in Measurement (GUM) [45]; Neverthe-
less, the numerical value resulting from the quasi-static compressive test is exclusively
reported as an average number as only three specimens were used in the test. The infor-
mation regarding linear shock impulse experiments was collected based on at least four
peaks establishing the multiple impactions. Finally, the terminology used throughout the
manuscript adheres predominantly to ISO/ASTM 52900 [46].

2.1. Specimen

The five lattice types of the sandwich structures, as referenced in the literature [47],
were fabricated by a vat photopolymer printer (Wanho GR-1) with light-sensitive resin.
Based on ASTM D1621 [48], the dimensions of the quasi-static compression test are shown
in Figure 1i. Regarding toe adaption, the dimensions of the lattice structure, which can
work with a shock impulse machine, as BS- ISO 16063:2015 [34] are shown in Figure 1ii.
The sandwich structure of the specimens was 40 × 40 × 60 mm with a lattice control cell
size of 4 × 4 × 4 mm, which was used for the compression in this experiment. As there
was a limitation of spacing of the impact rig, the smaller sandwich structure of the lattice
was printed with a diameter of 12 mm, as shown in Figure 1. This 3D printer can print a
specimen with a minimum stud size of 0.5 mm. Because the mechanical properties could
change upon the difference post-cured time [49]. To attain the highest level of curing, it
is imperative to observe that specimens obtained from light-sensitive resin necessitate
undergoing a post-curing process of approximately five minutes, followed by exposure to
UV light for six hours, before being retained in a dark environment.
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There are five lattice structures, as shown in Table 1, which are the cubic perimeter (CP),
body centre cubic (BCC), face centre cubic (FCC), it can be stated that the face-centered cubic
configuration comprises of the connections located at each of the eight corner positions, as
well as at the center of each of the six faces. On the other hand, the body-centered cubic
configuration consists of the connections situated at each of the eight corner positions, in
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addition to another atom located at the centre of the cube. The combination between these
two basic structures with the cubic perimeter are BCC + CP and FCC + CP. All samples
were fabricated at the identical cell size (4 × 4 × 4 mm) with the same stud diameter of
0.5 mm, as previously mentioned (see Figure 1). These samples were subjected to the
quasi-static test (Section 2.3) and shock impulse test (Section 2.4).

Table 1. The Lattice structure for compression testing and impact testing.

Lattice Unit Cell 16 Unit Cell 1500 Unit Cell Relative Density

CP
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cause it can indicate the significant effects of the responses on the desirable factors with 
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2.2. ANOVA Test

Decision-making is one of the other extents in this research; the confidence level or
alpha (α) calculation with Analysis of Variance (ANOVA) is becoming a scientific tool
because it can indicate the significant effects of the responses on the desirable factors with
the null hypothesis (H0) needing to be set before the experiment begins. In the case of
acceptance of the null hypothesis at a 95 per cent of confidence level (p value > 0.05),
there is no different effect between the testing parameter or between the testing groups;
however, if the null hypothesis is rejected with the acceptance of an alternative hypothesis,
the p value is less than 0.05 and to avoid the repeated signal of the alternative hypothesis
acceptation with “the significant difference at the 95 per cent of confidence level” that
may indicate the super subscript symbol of “†” at the end of the sentence but if the null
hypothesis is acceptation, that may show the super subscript symbol of “‡”. The hypothesis
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can be tested by the R Project for Statistical Computing [50], a freeware project originally
from Bell Laboratories. This software has the capability not only to analyse the data in
general statistics but also can be used to analyse in both ANOVA and Post hypotheses
testing [51]. The simple null hypotheses were established for the quantitative response with
the compressive test and shock impulse testing. In null hypotheses, there were insignificant
effects on the responses of many reactions operating with the different lattice structures
under both the quasi-static compression testing and shock impulse testing methods and no
significantly different effects on the responses of mechanical properties at the difference
excited force levels.

2.3. Quasi Static Compressive Test

According to the ASTM D1621 [48]: Standard Test Method for Compressive Properties
of Rigid Cellular Plastics, guidelines, all the specimens were subjected to compressive load
testing. The test was conducted with a preload on a Universal Testing Machine (UTM):
Instron 5969, equipped with a 50 kN load cell for lattice structures and 1000 kN for a
solid plastic block. The strain rate was kept constant at 2.25 mm·min−1, in accordance
with the ASTM D1621. The force-extension curves were analyzed and transformed into
stress (σ, N·m−2) and strain (ε, [-]) using the procedures outlined in Appendix A of
ASTM D695-02 [52], Additionally, stress was estimated from the experimental results by
calculating the ratio between force and the overall cross-sectional area of the specimens.
An elastic modulus (E, Pa) was also calculated by dividing the stress by the strain for all
specimens [48].

To obtain the results for lattice structures, the Gibson-Ashby model (represented by
Equation (1) was used. This method involves plotting the relative density (ρ*/ρs) against
the normalised mechanical properties, with respect to the solid property. The SONY RX100
IV camera was used to capture the impressions during the compressive test. The stress
and strain curve yielded important information about yield stress, stress at break, and
Young’s modulus of the specimens, which could be a function of the normalisation of
density (ρ*/ρs) or relative density. Additionally, a series of deformation impressions was
expected to reveal significant patterns of collapsing, and the collapsed failure mode may
depend on the “n” coefficient, which is a collapsing mode coefficient [53].

ρ*/ρs ∝ (x*/xs)n (1)

Not only were those normalised mechanical properties obtained with a quasi-static
experiment, but energy absorption per volume (W, J·kg−1) was another response that was
estimated by integrating a force of up to 65 per cent of the strain rate in this study.

2.4. Shock Impulse Test

The instruments were considered an essential part of this study; an in-house pneumatic
exciter was the main equipment used for this section; this rig is originally aimed for
shock calibration, as mentioned in the literature [54] (see Figure 2), according to BS-ISO
16063:2015 [34]. The pressure is effectively regulated by a closed-loop control system, which
is accompanied by a fire command on the Human-Machine Interface (HMI) developed
with LabVIEW™ version 2020. The machine fingers were used to mount both of the lattice
specimens, and upon a specific force, the specimen was impacted with an anvil. The impact
data were then measured using an Endevco® accelerometer (2270 M8) with a sensitivity of
(S = 2.06 pC·g−1) [43] with a charge amplifier system (2771 C) with Gain (G = 0.1 mV·pC−1)
then all the data were recorded at high-speed with a maximum speed rate of 1.25 MS·s−1

by DAQ National Instrument NI-PXIe-4480 card, but the record speed rate used in this
experiment was 512 kS·s−1 in order to reduce a redundant data. After that, all of the data
from the accelerometer were converted from the voltage (Vs, V) into acceleration (a) based
on (Equation (2)) [33].

|a| = G × Vs/S (2)
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The prevalent units of an accelerometer (a) utilised are (m/s2) or the force of gravity (g),
estimated at roughly 9.81 m/s2. This experiment was performed by mounting two speci-
mens on the finger of the test rig, as shown in Figure 2. All of the shock impulse specimens
are again referred with an input force (F, N). Reference impulse force is an impulse (P, N·s)
obtained from testing without the mount samples on the finger of an acceleration test rig
(see Equation (3)).

P(t) =
∫

F(t) dt = m
∫

a(t) dt (3)

The linear impulse in this study was generally based on the instability of an accelera-
tion in (g) over an impulse time (τ, ms) being transformed into a force over impulse time.
This linear impulse represents the area under the curve between force over time, while
acceleration is necessary to be estimated, using the following BS-ISO 16063:2015. According
to this standard, an impulse curve would tread with a half-sine pulse, and the impulse time
could be estimated by offsetting 10 per cent of a peak signal from the reference baseline.
Not only did the results improve with a baseline correction, but it was necessary to perform
pass filtering by the order 4 of a Butterworth filter.

In this case, the variation of an acceleration, (a, g) would be affected by the fluctuating
forces. (F, N). Because the acceleration in a time domain was a half-sine, this could, over
time, result in the response of the force also becoming a half-sine. Hence, the integration of
the area under the curve, between F and t, could yield a linear impulse. The half-sine pulse
may either plot in a function of sine as shown in (Equation (4)).

|a| = |amax| sin (πt/τ) (4)

where as amax represents the maximum amplitude of the acceleration and τ is impulse
time in (milli second, ms). The half-sine pulse may apply under the assumption of critical
damping, which was found only in the single pulse with a single impact. Figure 2. shows
the picture of the experiment rig. This rig is generally designed for a shock calibration and
can generate a shock acceleration that can be converted into a very accurate linear impulse.
There are two specimen mouths on the finger of the rig. After the pressure is provided, the
anvil will move upward and collide with the specimen.

3. Results and Discussion

As mentioned earlier (Section 2), all of the results shown with have repeatability. This
paper is separated into two discrete experiments with similar lattice structures. Section 3.1
explains and discusses the results of the quasi-static compression testing, and Section 3.2
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offers the empirical modelling based on Gibson-Ashby model [29]. Lastly, the shock
responses were tested with the different lattice structures shown in Section 3.3.

3.1. Quasi-Static Compression Testing

The series of collapsing photographs found in the quasi-static compression test are
shown in Figure 3. The five lattice samples are the CP, BCC, FCC, BCC + CP, FCC + CP
and the solid samples were subjected to compressive testing. It can be seen that the CP
sample was collapsing layer-by-layer. This failure mode was reported and recognised as a
“sequential local collapse”. More specifically, the CP structure collapse did not break on
the column, but its column was folding from side to side [14]. This incidence may indicate
the presence of an uncontrolled element on the column, enabling the smooth transition
of the upper layout from either a leftward or rightward direction [55]. The findings from
the Finite Element Method (FEM) analysis of the CP framework in the literature revealed
that the utmost strain occurs predominantly along the vertical edge of the CP. Moreover, it
was observed that the strain is dispersed and mitigated at the bottom of the units. [56] that
could be lead to result in a “sequential local collapse”. The collapse of the BCC structure
was due to bending, while the others were stretching-dominated, and it could be evidenced
that all of the collapsing modes were independent of the Maxwell’s number. This could
be caused by the stress distribution from the FEA of the BCC structure occurring as the
two pyramids joined at the top [21]. The FCC and FCC + CP were likely fractured with a
layer-by-layer collapse, the same as the CP structure, but their fracture was 45 degrees and
shifted to the side of the sample instead (see Figure 4). It seems that by introducing a Z
column, the topological lattice structure could closely introduce the same shear stress level.
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obtained from a vet uv curable photopolymer 3D printer. This complication shows samples with the
CP combination of BCC + CP and FCC + CP had complications.
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Figure 4. The angle views of the failure mode found in the FCC + CP structure show the stretching
collapsed mode. Once, this FCC + CP sample was subjected to uniaxial compression testing.

The stress-strain curves obtained from a uniaxial compression test conducted on the
CP structure are presented in Figure 5i. The CP structure exhibited a layer-by-layer collapse,
which serves as a reference for all of the lattice structures. Its average yield strength was
found to be 181.4 ± 0.1 kN·mm−2, which translates to a 99.5% reduction from its solid
material. While the CP structure had the least strength among the structures tested, but it
remains a good representative of a lattice structure as it retains a layer-collapsing provision.
In contrast, the BCC structure may have a different failure mode (bending-dominated),
resulting in a notable plateau or plastic deformation in elastomer plastic. The compressive
stress did not vary significantly (p = 0.06) between 14.7 and 48.9 per cent of the strain rate‡,
and this plateau region in the BCC structure would exhibit similar results to that of the
CP‡. Although the results show good agreement between the two structures in the plateau
region, more experiments are required to confirm this statistically.
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Figure 5. The cohort of stress-strain curves of (i) Cubic Perimeter (CP), (ii) BCC, (iii) FCC
(iv) BCC + CP and (v) BCC + CP lattice structures from a quasi-static compression test based on
ASTM D1621, The distinct colors indicate different reflections of the same structure. The depicted
images illustrate a high degree of repeatability in various types of lattice structures when subjected to
quasi-static loads.

Many articles have been written regarding BCC lattice structures; however, it should
be noted that the occurrence of the plateau region on this type of structure is not always
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guaranteed. Furthermore, it has been observed that the BCC metal structures described
in the reference [5] do not exhibit a significant plateau region and tend to collapse under
a stretching-dominated structure [5]. On the other hand, polymer lattices fabricated with
polymer-cured resin have been found to collapse under a bending-dominated structure [25].
It is evident from the literature that the fabrication technique, in addition to architecture
and material, plays a crucial role in determining the mode of collapse [29]. Thus, individual
structure architecture might not offer enough data to determine the exact collapsed mode
of individual lattice structures, but the combination of at least three parameters: the
lattice architecture, material in-use and manufacturing technique, could be the essential
information for making a prediction.

In this test matrix, all the lattices, constructed with the same material and technique,
show that stress over strain curves for individual structures could offer the same repeated
result (see Figure 5). The cohort of the stress-strain curves in Figure 5, indicates a sequence
of layer collapse, consistent with what has been previously documented [5]. However, it
would not be rational to represent these findings on a single graph, as the stress-strain
curve of the BCC + CP exhibits a random breakage of collapsing peaks subsequent to the
ultimate strength. Figure 6 presents a graphical representation of stress-strain curves for
various lattice structures, with reference to the CP structure. A strong correspondence
is observed between the maximum stress of the CP and the plateau stress of the BCC.
A considerable concurrence is observed between the peak stress exhibited by the CP
and the stress level maintained at the plateau stage of the BCC (refer to Figure 6i). This
convergence is particularly notable from approximately 10 to 48 per cent of the applied
strain rate‡. The combination of the highest stresses arising from the CP and the BCC
displays a superposition effect that seems to exhibit a similar pattern to the lowest stress
levels in the BCC + CP composite structure, but this is not true for the BCC + CP structure
itself. This conclusion is coincidental since this phenomenon does not occur when the CP is
paired with the FCC, as shown by the results in Figure 6ii.
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Figure 6. Stress-strain curves with the different lattice structures referencing with the CP structure.
(i) superposition between CP and BCC does not equivalent with BCC + CP (ii) superposition be-
tween CP and FCC would not agree with FCC + CP; however, it clearly shows the agreement in
rhythmic failure.

In contrast to CP, BCC, and BCC + CP, the concepts of superposition do not apply to
FCC and FCC + CP. When introducing CP structure with FCC, a considerable enhancement
in yield stress along the strain is possible. The maximum yield stress for FCC and FCC + CP
are 357.4 ± 0.3 kPa and 1244.0 ± 1.6 kPa, respectively. Additionally, it appears that FCC
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may experience a somewhat quicker collapse in each layer than CP, although FCC and
FCC + CP share the same collapsing strain precisely. Both FCC and FCC + CP exhibit
higher initial stress compared to BCC and BCC + CP.

Another aspect that necessitates examination is the elastic modulus (E, Pa). The results
of this study indicate a notable tendency for collapse that warrants attention, particularly
with regards to the alterations observed in the elastic modulus of CP structures. Specifically,
CP layers exhibited a remarkably similar elastic modulus, resulting in an insignificant
variation of approximately 10.7 ± 0.2 MPa.‡. Although the outcomes did not exhibit a
substantial response, they experienced a decrease of 63 per cent relative to the peak value
of 16.07 ± 2.7 MPa. The elastic modulus of the BCC structure differed from that of the CP
structure and other structures in the examined matrix. This is because the BCC structure
was characterised by a bending-dominated structure that collapsed solely, rendering it
unfeasible to observe the modulus series. Conversely, the other structure was stretching-
dominated, meaning that the combination of BCC and CP might exhibit an indeterminate
fluctuation in collapsing due to the arbitrary breaking of the studs.

Table 2 shows a response for the lattice structure with a solid sample. It is clearly seen
that the lattice structures yield strength was not linearly reduced with the weight. The CP
structure had maximum yield stress with no mean difference with the BCC structures‡ and
these CP and BCC structures had the lowest yield stress in the test matrix. Compared to the
reduction of yield stress with the weight saving, the CP was the lightest lattice structure, at
approximately 94 per cent lighter than the solid, but it could withstand less than 1 per cent
of the yield stress of solid. The BCC + CP and FCC + CP could benefit from their weight
reduction as this reduction would increase yield stress more than twice. The most robust
lattice structure was the FCC + CP sample, which had a weight saving of close to 15.8 per
cent of the solid weight, but it performed better in terms of the relative stress at roughly
30 per cent.

Table 2. The mechanical properties of the different lattice structures.

Structure ρ* †

[kg/m3]
ρ*/ρS

†

[-]×10−2
σ* †

[kN/m3]
σ*/σS

†, ***

[-]×10−2
E* †

[kN/m2]
E*/ES

†

[-]×10−2

CP 78.8 ± 0.6 a 6.60 ± 0.05 a 181.4 ± 0.1 a 4.6 ± 0.3 a 15.5 ± 4.3 b 2.56 ± 0.73 b

BCC 139.1 ± 2.8 b 12.10 ± 0.24 b 167.5 ± 0.1 a 4.1 ± 0.8 a 1.8 ± 0.5 a 0.29 ± 0.08 a

FCC 139.2 ± 9.1 b 12.12 ± 0.79 b 357.4 ± 0.3 b 8.8 ± 2.7 b 16.3 ± 3.0 b 2.71 ± 0.50 b

BCC + CP 155.8 ± 6.7 c 13.6 ± 0.58 c 938.8 ± 0.6 c 23.2 ± 4.1 c 40.5 ± 5.6 c 6.72 ± 1.33 c

FCC + CP 182.9 ± 8.2 d 15.8 ± 0.71 d 1244.0 ± 1.6 d 30.7 ± 6.3 d 53.8 ± 8.9 d 8.92 ± 1.81 d

Solid 1153.9 1 40,601.2 ± 5.2 1 600.8 1

Remark: † There is a significant reference difference at the 95 per cent confidence level; *** This parameter offers a
repeatability of less than 0.1 per cent; a–d show the subset order based on the post-hypothesis test.

As the stress property dramatically decreases, most lattices are carefully selected for
suitable applications. From this test, it can be seen that the mechanical properties of the
lattice structures were not able to compete with their original solid state except for the
weight. Because all of the mechanical properties of the solid state were highly different
from the lattice, those properties could be located in the outliner and had a discontinuous
response; it would be better to track the data by normalising those solid properties.

All lattice structures can perform much better than a solid in an elastic modulus. For
example, although the BCC is the weakest in stress, in this matrix, it can achieve excellence
in an elastic modulus with a relative elastic modulus at 0.29 a per cent. Figure 7 represents
an energy absorption per unit mass. Most of the force may transmitted to substrate in
solid, thus its energy absorption was closely with FCC. Among these lattice structures, the
highest energy absorption was the BCC + CP, then the FCC + CP. On the other hand, the
lowest energy absorption was in the CP structure. The summation between the CP’s energy
absorption and either the BCC or FCC did not agree with the BCC + CP and FCC + CP. This
is evidence to deny the concept of superposition within a lattice structure.
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3.2. Empirical Modelling

The classical model of Gibson-Ashby [8,29] may be used to analyse these results. The
outcomes of this investigation highlight a markedly pronounced contrast in properties
between a solid and lattice. Specifically, this disparity is mainly exhibited in a normalised
fashion about their solid properties (x*/xs). The empirical findings demonstrate that relative
stress (σ*/σs) and relative elastic modulus (E*/Es) were equally consistent. It is worth
noting that the BCC + CP and FCC + CP topological configurations yielded a superior
performance in both properties when compared to their respective primary structures
(BCC and FCC) [27]. It can be seen that even though the relative density of the FCC + CP
was twice that of the FCC relative density, and the elastic modulus of the FCC + CP was
significantly increased by a factor of three.

After that, the plot between relative stress and the relative density provides analysis
for all of the experimental data; this data reviled that there was a relative density between
0.10 and 0.15, and the stress of the lattice varied between about 0.005 and 0.039 times of the
solid. As previously stated, the Gibson-Ashby model has the capability to prognosticate
the fracture mode of the lacttice structures, which is apparent in references, particularly in
the metallic lattice structures. However, this model may not be optimally suitable for the
current outcome, as the associated density approaches the minimum limit of 0.003 Figure 8
shows the experimental results along with the Gibson-Ashby model [29], which The data
indicates a weak correlation between the model and the experiment, with a correlation
coefficient of 0.6 and a model correlation of 0.15. However, it is worth noting that the
linear model appears to align with the experimental data. Although the model produced
a satisfactory plot, the comparative stress of the CP differed from the other samples. To
enhance the correlation coefficient, it is recommended to exclude the results of the CP
sample. In relation to the relative elastic modulus, the Gibson-Ashby model for stretch
dominance yielded a suboptimal correlation coefficient of 0.3. Nevertheless, it surprisingly
presented the same connection between relative elastic modulus and relative density, also
at 0.3 [22].

One thing that should be mentioned is that although the Gibson-Ashby [29] model
is very famous and is accepted in the study of foam and lattice structures [8], as it was
theoretically proven based on Euler’s bulking [53]. However, if there are one or more
structures, which have no significant difference in relative density (see Figure 8), it could
lead to two or more response points at the same dependence variable, which would reduce
an accurate model. For example, the relative density of the BCC and FCC samples are were
insignificantly different with about 0.1; in this case, they show two different responses in
the relative stress at approximately 0.005 and 0.010. Not only had CP a special collapse
function, it did not agree with the other responses included relative stress and relative
elastic modulus. That could be cause by the critical length of bucking column as mention
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on the literature [55,57]. This critical of any bucking column is limited by the boundary
conditions: both ends fixed, both ends pinned, fixed and pinned, and fixed and free [55,57].
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Figure 8. The plots of the empirical model are curve-fitting according to the Gibson-Ashby model
and linear model (i) relative stress and (ii) relative elastic modulus.

3.3. Shock Impact Testing

The lattice structures responded significantly with well-controlled pressure between
1 bar and 4 bars, equivalent to the force between 200 N and 320 N. According to Equation (1),
the shock data in volts (Vs, V) were converted into acceleration (a, g) and then treated
by a bandpass filter from MATLAB© 2019b with a manually adjusted baseline correction.
The results from the impact testing adjusted the baseline, using a band-pass Butterworth
filter with a fourth-order filter at 500 Hz. To avoid signal aliasing, the sampling rate was
512 kS·s−1, and the results of an impact in acceleration (a, g) obtained from Equation1 were
converted to force and impulse by Equation (3).

The reference force is an experiment that can be performed by using the impact without
installing any sample on the fingers of the test rig. It can be seen that the acceleration and
force were narrow-based and had an extreme shape, with a shock at high frequency. The
shock (force) was not only used as the reference input force but can also be used as the
representative of a non-isolation system.

The first lattice structure is cubic perimeter (see Figure 9); under the impact force in
cases (a)–(c). The acceleration results in “g” were 29.1 ± 0.9 g, 37.5 ± 0.1 g and 43.5 ± 0.1 g,
respectively. This series of responses showed the convolution of the response signal or
dispersion of the unmatching frequency, caused by two or more transverse waves travelling
at different speeds. This dispersion effect of the force would be a benefit for using as in
impact isolation with a low transmutability (T, [-]). However, it has a limitation as it can
only take a compressive force of less than or equal to 289 ± 24 N.
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Figure 9. Shock acceleration response of a Cubic perimeter (CP) at the different input force levels
(Finput) that are at (a) 186 ± 19 N (b) 245 ± 11 N (c) 289 ± 24 N. There is no experiment in case d at
the Finput 308 ± 11 N as the CP structure could not stand a force higher than level (c).

As mentioned earlier, the suggestion of using a cubic perimeter (CP) as the reference
may rise in a quasi-static compression because this structure collapsed sequentially at the
low strain rate, but under the shock acceleration, it could perform differently. The test
results from this CP structure showed a sign of bending-dominated under all impulse input
forces, especially at the higher impulse force. Under the quasi-static test, this structure
did collapsed sequentially layer-by-layer but under a shock load, it was broken with a
bending-dominated specimen. The series of impressions shown in Figure 10, from the
beginning (i) to the end (iv); show the specimen was bending after impact (Figure 10iii). This
phenomenon may be negative compared with a collapsing mode during the quasi-static
part of the experiment.
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Figure 10. A series of impressions on the Cubic Perimeter (CP) under the shock excited force of
245 ± 11 N: (i) initial (ii) begin collision (iii) exhibited significant bending deformation (iv) end.

Therefore the series of specimens: CP, BCC, FCC, BCC + CP, FCC + CP and solid,
was subjected to the four levels of shock impulse forces. The primary responses were the
plots of unsteady acceleration (a, g) and impulse time (τ, ms). This impulse time can be
estimated by an (Equation 4). Despite a sine function, the half-sine plot has another form
in a cosine function that would be more convenient to use than a function of sine. The
inversion of a response impulse multiplied by two is a response frequency (f, Hz).

Figure 11 shows the half-sine model plots against the experiment data under the
excited force between 186 ± 19 N and 308 ± 11 N. It can be seen that the response impulse
time was at a little lower level of excited force; hence, the higher the excited force is applied
on the lattice structure, the higher response frequency would be, because of its impulse
time reducing by 25 per cent between 186 ± 19 N and 308 ± 11 N.



Appl. Sci. 2023, 13, 6087 15 of 21

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 22 
 

estimated by an (Equation 4). Despite a sine function, the half-sine plot has another form 
in a cosine function that would be more convenient to use than a function of sine. The 
inversion of a response impulse multiplied by two is a response frequency (f, Hz). 

Figure 11 shows the half-sine model plots against the experiment data under the ex-
cited force between 186 ± 19 N and 308 ± 11 N. It can be seen that the response impulse 
time was at a little lower level of excited force; hence, the higher the excited force is applied 
on the lattice structure, the higher response frequency would be, because of its impulse 
time reducing by 25 per cent between 186 ± 19 N and 308 ± 11 N. 

The excited impact force varied between 186 ± 19 N and 308 ± 11 N with five lattice 
structures and a solid. The test of responses suggested that the excited force was expected 
to influence these four responses†, and when the excited force increased, the response 
force, impulse and transmissibility were also increased†, while its impulse time obviously 
decreased† (see Table 3), Unlike an excited force, the type of structure or relative density 
may not offer the expected results. An increase in relative density positively affeced the 
force and transmissibility but could be negative for the impulse time†. The impulse re-
sponse was surprisingly maximised at the 0.14 relative density in the BCC + CP structure 

 
Figure 11. Half-sine pulse (solid line) over the shock (upto 1000 g) data at the different excited force 
between (a) 186 ± 19 N (b) 245 ± 11 N (c) 289 ± 24 N (d) 308 ± 11 N on the selected FCC + CP sample. 

Table 3. Mechanical responses of the different lattice structures. 

Structure 
ρ*/ρS † 
[-]×10−2 

Fmax † 

[N] 
τ †  

[ms] 
P †  

[N.ms] 
T †  
[-] 

CP 6.60 ± 0.05 a 33.6 ± 0.3 a 3.08 ± 0.03 e 57.9 ± 0.9 a 0.136 ± 0.001 a 
BCC 12.10 ± 0.24 b 53.8 ± 0.9 b 2.95 ± 0.03 e 88.3 ± 0.7 c 0.211 ± 0.002 b 
FCC 12.12 ± 0.79 b 55.7 ± 0.9 b 2.66 ± 0.01 d 77.8 ± 1.0 b 0.216 ± 0.001 b 

BCC + CP 13.6 ± 0.58 c 62.8 ± 0.8 c 2.41 ± 0.01 c 91.2 ± 1.0 c 0.238 ± 0.001 c 
FCC + CP 15.8 ± 0.71 d 89.5 ± 1.0 d 1.55 ± 0.01 b 80.1 ± 0.8 b 0.341 ± 0.002 d 

Solid 1 102.2 e 1.05 a 53.6 a 0.38 e 
Remark: † There is a significant reference difference at the 95% confidence level. a–e show the subset 
order based on the post-hypothesis test. 

Moreover, the interaction between these fixed factors also had a large effect on all of 
the responses. The peaks of the response forces were accurately varied with a narrow band 
of measurement uncertainty at less than 2 per cent. Table 3 shows the depended variables 
that are on one fixed factor that is relative density. The other fix factor was the excited 

Figure 11. Half-sine pulse (solid line) over the shock (upto 1000 g) data at the different excited force
between (a) 186 ± 19 N (b) 245 ± 11 N (c) 289 ± 24 N (d) 308 ± 11 N on the selected FCC + CP sample.

The excited impact force varied between 186 ± 19 N and 308 ± 11 N with five lattice
structures and a solid. The test of responses suggested that the excited force was expected
to influence these four responses†, and when the excited force increased, the response
force, impulse and transmissibility were also increased†, while its impulse time obviously
decreased† (see Table 3), Unlike an excited force, the type of structure or relative density
may not offer the expected results. An increase in relative density positively affeced
the force and transmissibility but could be negative for the impulse time†. The impulse
response was surprisingly maximised at the 0.14 relative density in the BCC + CP structure.

Table 3. Mechanical responses of the different lattice structures.

Structure ρ*/ρS
†

[-]×10−2
Fmax †

[N]
τ †

[ms]
P †

[N.ms]
T †

[-]

CP 6.60 ± 0.05 a 33.6 ± 0.3 a 3.08 ± 0.03 e 57.9 ± 0.9 a 0.136 ± 0.001 a

BCC 12.10 ± 0.24 b 53.8 ± 0.9 b 2.95 ± 0.03 e 88.3 ± 0.7 c 0.211 ± 0.002 b

FCC 12.12 ± 0.79 b 55.7 ± 0.9 b 2.66 ± 0.01 d 77.8 ± 1.0 b 0.216 ± 0.001 b

BCC + CP 13.6 ± 0.58 c 62.8 ± 0.8 c 2.41 ± 0.01 c 91.2 ± 1.0 c 0.238 ± 0.001 c

FCC + CP 15.8 ± 0.71 d 89.5 ± 1.0 d 1.55 ± 0.01 b 80.1 ± 0.8 b 0.341 ± 0.002 d

Solid 1 102.2 e 1.05 a 53.6 a 0.38 e

Remark: † There is a significant reference difference at the 95% confidence level. a–e show the subset order based
on the post-hypothesis test.

Moreover, the interaction between these fixed factors also had a large effect on all of
the responses. The peaks of the response forces were accurately varied with a narrow band
of measurement uncertainty at less than 2 per cent. Table 3 shows the depended variables
that are on one fixed factor that is relative density. The other fix factor was the excited
force. Amongst these responses, the most accurate responses was an impulse time that is
measurable with a repeatability of less than 1 per cent. It was observed that the FCC + CP
was withstanding at the higher shock pulse level among all of the lattice structures (see
Table 3). That would be great for a structural application because this structure was stiffer
and more than the other structures. The impulse (P, N·s) can be estimated by integrating
the total area under the response curves, which would not be the product between F and
τ. In theory, this impulse could be roughly the same with a similar structure at the same
level of an excited force; thus, the repeatability of the impulse response would be less than
2 per cent.
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The result from Table 3 (Fmax) shows no significant difference between the BCC and
FCC at the 95% confidence level. However, the interactions between the relative density
and excited force also significantly differed on impulse and maximised at 0.14 the relative
density (or BCC + CP). From the force’s evolution, it can be seen that the area under
the curve of the BCC + CP was the biggest. From this experiment, the possible shock
responses in lattice structure were from the FCC + CP a, BCC + CP b, BCC c, FCC c and
CP d, respectively. There was no mean difference between the BCCc and FCCc at the same
confidence level denoted by “C”. Thus, this could lead to the impulse difference from the
maximum force graph. Even though the maximum force of these two samples would not
have any mean difference between the group, as the data from the FCC were only between
186 ± 19 N and 289 ± 24 N.

Even if responses of BCC and BCC + CP have a significant different in maximum
transmitting force, it found that the impulse responses were sparingly the same at the
homogenous scale “c”. Thus, impulse responses of these structures may independent on
their relative density but it would depend on the architecture of their structures. When
an input force increases, the maximum force will nonlinearly increase (see Figure 12).
Moreover, the maximised energy absorption structure was the BCC + CP (see Figure 7) with
not to fluctuate of stress over the changing of strain that could highlighted the BCC + CP
as a good candidate for use in isolation application.
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Figure 12. The evolution of the shock response at the four levels of excited forces: (a) 186 ± 19 N,
(b) 245 ± 11 N, (c) 289 ± 24 N and (d) 308 ± 11 N).

The impulse frequency (f, Hz) can be estimated from the inversion of twice the impulse
time (1/(2·τ)). This frequency was a linear function of excited force and mainly had the
same trend with the maximum force; hence, all the impulse responses increased linearly
with excited force, and depended on the rigidity of the lattice structure, and as the more
rigid structures, it could lead to a higher frequency. The impulse frequency of most of the
lattices varied roughly between 140–350 Hz (see Figure 13iii). Although, these frequencies
may two time changing, the convolution curve may happen roughly at 5 ms.

The parameter that denotes the ability to propagate a force, known as transmissibil-
ity (T), is calculated by dividing the maximum force (Fmax) by the input force (Finput).
Under low levels of excited force, the FCC + CP lattice structure exhibited similarity to a
solid material, but its performance was inferior to that of the solid structure, particularly
when subjected to high input forces exceeding 300 N. At this magnitude of force, the
transmissibility of the FCC + CP lattice structure was reduced by 60% compared to the
solid material, but enhanced by 50% when compared to the BCC + CP lattice structure.
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All lattice structures demonstrated potential for use in compression isolation and their
frequency responses were dependent on their respective structures. (see Figure 13iv).
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Based on the collected experimental data, it was observed that there existed a correla-
tion between the rate of deformation and the difference in momentum or impulse resulting
from the applied force, which in turn generated potential energy and incurred losses due to
the viscous-elastic effect. The magnitude of the input force was directly proportional to the
kinetic energy imparted by the impactor. Following the impact with the central point (CP),
a portion of the force was transferred to the underlying substrate and the lattice structure,
causing an initial elongation of the curtain length, and subsequently leading to a relaxation
mode of the viscous-elastic material.

The lattice structure has the potential to reduce the shock force. The findings not only
encompassed the outcome of the quasi-static examination but also contributed to the results
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of an experiment stimulated by pneumatic shock, capable of generating high acceleration
with minimal impulse force. The entirety of the experimental outcomes indicate that the
lattice structure may have the potential to alleviate the impact of shock. Table 3 indicates
that the homogenous characteristic of relative density was similar to the response forces.
However, it is important to note that the main impulse time may depend on the architecture
of the lattice structure, as indicated by the 10 per cent offset of the haft-sine plot from its
baseline (see Figures 11 and 12). Although the convolution curve of all lattice structures
demonstrated very similar responses in time, at roughly 5 ms, the main impulse time
may vary depending on the architecture of the lattice structure. Figure 13iii showed the
separated effect between excited force and architecture and suggested that the impulse
time (inversion of frequency) may be significantly reduced with an excited force above
290 N in solid, but it slightly decreased with excited force, particularly with high relative
density, such as the FCC + CP structure. Using a lattice structure may benefit in reducing
transmissibility, as demonstrated in Figure 13iv. This effect was found to be particularly
strong at high levels of excited force. The impulse shows in Table 3 with Figure 13ii is a
product of impulse time with the force that is independent of relative density but it depends
on the architect of those lattice structures.

4. Conclusions

The use of lattice structures has gained considerable popularity in various applications
due to their advantageous weight-to-stress ratio. However, the choice of lattice struc-
ture must be carefully considered in accordance with the specific requirements of each
application. This study focuses on the examination of three fundamental lattice struc-
tures cubic perimeter (CP), body face centered cubic (BCC), and face centered cubic (FCC)
and the reinforcement structures created by combining these basic structures with a CP
structure: BCC + CP and FCC + CP. These five structures and solid were fabricated by a
photopolymer printer.

In this investigation, the collapsing mode and stress-strain relationships were analysed
using quasi-static testing with a cohort of experimental data. The results indicated that
most of the lattice structures failed in a stretching-dominated mode, but the BCC failure
mode was bending-dominated. The bending mode failure in the BCC was a result of stress
distribution patterns as the two opposite pyramids joined at the peaks. The failure mode
of the close-packed structure was also classified as stretching-dominated; however, it was
assigned the particular category of sequential layer-by-layer collapse mode due to the
high incidence of stress along the vertical columns and a more diluted stress distribution
along the horizontal connections of each cell. The other structures were collapsed with
stretching dominated.

Under the quasi-static test, the null hypotheses were established as there were not any
differences between the mechanical responses (relative density, relative stress and relative
elastic modulus) with different lattice structures at a 95 per cent confidence level. Not
only were all of the null hypotheses rejected with highly significant difference levels, but
most of the responses mainly depended on the lattice structures; however, homogeneous
results established that there was no significant difference in the relative density of the BCC
and FCC. Therefore, the estimated weight of the BCC and FCC might not be statistically
different, but they did not offer the same stress and strain because their architecture did
not show identical responses at the specific compressive force, and one of the obvious
results was different failure modes happening between these two structures, which resulted
in the difference in relative stress and relative elastic modulus. Thus, this can result in
inaccurate of the empirical model. It seems that most of the relative stress and relative
elastic increased linearly with an increase of relative density, but there were exceptions with
the CP and BCC. Under a quasi-stress test, the highest stress response was the FCC + CP,
the strongest structure, with the smallest being the elastic modulus of the BCC, which was
bending-dominated.
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A shock impulse test of closely 300 N (upto 1000 g) offered a clear picture of the
differences between the lattice structures. The solid structure was obviously the strongest
structure as it had a high rigidity; hence, it would be great to use in structural applications,
but the lattice structure was lighter, with the highest shock absorption. In the case of
the FCC + CP structure, there was an average shock force deduction of approximately
20 per cent, however this structure could save weight by roughly 85 per cent compared
with the solid structure. Moreover, the average lighter weight of a lattice structure would
be better operated if there was any significant difference in the shock impulse time in the
same lattice structures, which can yield less difference in operating frequency. The other
advantages of lattice structures were their shock compression insolation properties. It
can be seen that solid structures had the poorest shock insolation properties as it had the
highest transmissibility compared to the lattice structures. The impulse of the BCC + CP
was the highest and this showed that the momentum change of the collision in this sample
was the maximum. Also, this BCC + CP has nearly identical shock impulse with BCC. In
summary, our results tentatively suggest that the body-centered cubic with cubic perimeter
(BCC + CP) structure may be a suitable option for shock isolation applications, such as
safety gear as mentioned earlier. However, further optimization of the BCC + CP structure
through simulation and other testing methods may be necessary to fully realize its potential
for practical applications. In addition, the other lattice structures may or may not be suitable
for individual use, but could potentially be used as complementary structures to enhance
the mechanical properties of individual parts in order to achieve their specific objectives.
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