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Abstract
This research aims at enhancing the performance of scale-model scooter decks by investigating various architected cel-
lular metamaterial and bio-inspired core structure designs, such as honeycomb, tetrachiral, re-entrant, arrowhead, and star-
shaped arrangements. An initial effort is made toward the design and rapid prototyping of small-scale deck with a uniform 
honeycomb core structure. More specifically, polylactic acid is utilized to fabricate complex structures via fused filament 
fabrication technique. Investigation is then focused on its mechanical performance, such as its bending properties obtained 
through a three-point bending test. Simulations are also conducted with different core configurations using a geometrically 
non-linear finite element method which is implemented. Experiments are carried out to verify the numerical results. After 
validation, various patterns are modeled, and eventually, it is observed that the functionally graded arrowhead structure has 
the best bending resistance, compared to other bio-inspired and mechanical metamaterial structures. At a constant force of 
845 N, the functionally graded arrowhead design lowers the deflection in the middle of the scale model of scooter deck by 
up to 14.7%, compared to the uniform arrowhead structure. Furthermore, comparing the tetrachiral and functionally graded 
arrowhead configurations at a constant force, a 30% reduction in central deflection was observed. Due to the lack of similar 
results and designs in the specialized literature, this work could potentially advance the state-of-the-art scooter core designs 
and provide designers with architectures that could enhance the performance and safety of scooters.
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Nomenclature
AM  Additive manufacturing
CAD  Computer-aided design
CFD  Computational fluid dynamic
FEM  Finite element method
FG  Functionally graded
FFF  Fused filament fabrication
NPR  Negative Poisson’s ratio

PLA  Polylactic acid
ZPR  Zero Poisson’s ratio

1 Introduction

In recent years, modeling and optimizing mechanical design 
solutions have become indispensable strategies for address-
ing technical issues in sports equipment. Investigating these 
methods could have a broad range of advantages, such as 
cost-effectiveness, injury control, safety promotion, weight 
reduction, and improved performance. According to these 
methods, Shimoyama et al. improved the design of a sports 
shoe sole by implementing a finite element method (FEM) 
to reduce the sole’s weight [1]. Caravaggi et al. designed 
an innovative device that protects the cervical spine and 
subsequently keeps the athlete’s neck in its safe physiologi-
cal range [2]. Guidimetla et al. studied the hydrodynamic 
performance of three- and four-fin surfboard configurations 
using the computational fluid dynamics (CFD) method [3]. 
Results revealed that the maximum lift coefficient for the 
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three-fin configuration occurs at a smaller angle of incidence 
than for the four-fin design. Meanwhile, the maximum lift 
amount was similar for both designs under the operating 
conditions. Furthermore, by implementing a composite 
foam with a column/matrix composite configuration for 
head protection application based on a FEM, Mosleh et al. 
indicated that rotational acceleration and velocity of the head 
form can remarkably be minimized during indirect impact 
[4]. Sakellariou et al. maximized the lift-per-drag ratio by 
employing genetic algorithms coupled with CFD to opti-
mize a surfboard fin shape [5]. According to their findings, 
the optimized fin design increased the lift-to-drag ratio by 
nearly 62%. In addition, Penta et al. developed a mesh-free 
Element Galerkin method to study the impact behavior of 
ethylene-vinyl acetate protective foam mats [6]. The final 
modeling approach was influential in reducing head injury 
risk as a reliable computational approach.

Scooters have proliferated rapidly as an economical per-
sonal mode of transportation. They have gained massive 
attention due to their low manufacturing cost, eco-friend-
liness, and greater convenience in parking and moving 
compared to other private transportation means. They are 
designed in a variety of shapes, sizes, and types, includ-
ing kick-scooters, motor-scooters, and e-scooters. In such 
a product category, as decks are developed with aspect 
ratios ranging from 5:1 to 3:1. Although there are some dif-
ferences between the different types of scooters, the deck 
is the most critical part since it bears the rider’s weight. 
In addition, even though the speed of kick-scooter barely 
reaches 16 km/h, some e-scooters can travel faster than 40 
km/h. For instance, a rider, weighing 80 kg and riding on 
a flat surface, may apply approximately a force of 785 N to 
a conventional deck. An impact force of 2,354 N would be 
exerted on the deck if an 80 kg rider jumped off a ramp at 
a height of about 1 m [7]. Hence, this can make this part 
vulnerable in some circumstances, resulting in deck frac-
tures and increasing the chance of accidents. To tackle these 
concerns, more bio-friendly and lightweight materials with 
highly rigid structures can be developed. It is worth noting 
that reducing the total weight of the scooter is a vital fac-
tor since; in the long run, this remarkably diminishes fuel 
consumption as well as fuel expenditures [7]. A study con-
ducted by Aizpuru et al. about scooter injuries in the USA 
showed that approximately 32,400 motorized scooter inju-
ries occurred from 2013 to 2017 [8]. Furthermore, not only 
did the estimated incidence not change distinctly over this 
period of time, but also scooter injuries for millennials saw 
an exponential increase of 77%.

Among the lightweight structures developed to increase 
mechanical performance, sandwich structures are multilay-
ered composite structures comprising three layers, i.e., two 
thin skin-layer facings on each side and a low-density core 
between them. Employing low-density cores in panels and 

boards has several benefits, such as minimizing the chance 
of breakage, maintaining a high strength-to-weight ratio, 
improving stability, bending stiffness, and other mechani-
cal properties [9, 10]. Platek et al. compared graded 3D 
printed structures fabricated by two different printing meth-
ods, including fused filament fabrication (FFF) and selective 
laser sintering (SLS) [11]. They concluded that there is a 
negative correlation between a structure’s topology and its 
relative density versus energy absorption capacity. Compton 
et al. designed and fabricated different cellular composite 
structures and conducted compression tests to determine the 
cellular composite designs’ behavior under crushing loads 
[12]. Among the geometric designs proposed in the litera-
ture, the bio-inspired honeycomb core structure has attracted 
tremendous attention compared to other core structures since 
it exhibited higher stiffness per weight [13].

Beyond layered structures, mechanical metamaterials 
refer to cellular artificial materials demonstrating eccentric 
properties which are not available in natural matter [14, 15]. 
Negative Poisson’s ratio (NPR) [16, 17], tunable load-bear-
ing capacity [18], and negative stiffness [19] are a few of 
these distinctive mechanical properties. Their extraordinary 
characteristics are derived from their structural geometries, 
not their chemical compositions [20]. The characteristics of 
mechanical metamaterials at larger sizes are determined by 
their small-scale geometry [21].

3D printing technology has been widely used for rapid 
prototyping, and its interest as a fabrication method has 
increased substantially across numerous disciplines [22]. 
This method enables the manufacturing of physical objects 
under computer control, generally through accumulating 
successive layers of materials laid down on each other. 
Despite being a new approach, this cutting-edge technology 
has demonstrated promising potential due to its advantages 
over traditional methods, such as cost and time reduction, 
as this procedure reduces machine, material, and labor 
expenses [23]. The current 3D printing industry is domi-
nated by small-scale 3D printers (also known as desktop 3D 
printers) with an average estimated workspace of 200*200 
mm. Due to print capacity constraints, small-scale 3D print-
ers are not always advantageous for industrial manufactur-
ing. Increasing the scale of 3D printers provides significant 
benefits for manufacturing-focused businesses such as those 
in the automotive, aerospace, construction, marine, and agri-
cultural sectors. In addition, sectors focusing on prototypes 
can still profit from large-scale 3D printers. Large-scale 3D 
printers have the potential to improve the industrial industry 
by enabling inexpensive, full-scale prototyping. They can 
decrease or eliminate the time and expense of building big 
molds and machining equipment. They can also possibly 
solve production difficulties caused by size scaling [22, 24, 
25]. Industry and the manufacturing line can be revolu-
tionized by 3D printing technology. Utilizing 3D printing 
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will accelerate production while cutting costs. The demand 
from consumers will also have more of an impact on manu-
facturing [26]. However, unlike more traditional methods 
like injection molding, where producing large volumes 
may be more cost-effective, 3D printing has a static cost. 
While 3D printing may have a lower initial investment than 
other manufacturing processes, once it is scaled up to mass-
produce large volumes, the cost per unit does not decline 
as it would with injection molding. Rapid manufacturing 
is currently taking the place of rapid prototyping in FDM. 
New products, technology, and production processes must 
therefore be further developed [27]. Despite the fact that 
these disadvantage exist, generating complicated shapes and 
geometries and reducing waste to almost minimum during 
manufacturing process are the most significant advantages 
of this novel approach [28]. Recent years have witnessed 
studies regarding additive manufacturing (AM) in the area 
of sports markedly [] (see Fig. 1). Gately et al. fabricated 
surfboard fins from various composite materials using AM 
and employed CFD to calculate drag and turning forces [36]. 
Results indicated that surfboards’ performance when con-
taining 3D printed fins was akin to those with commercial 
fins. Park et al. designed and manufactured special rifle sup-
port for the sport of biathlon by combining 3D scanning, 
finite element analysis, topology optimization, and AM 
[37]. A 12.7% and 23–43% enhancement in the specific 
stiffness and structural safety in the printing direction were 
observed throughout the analyses performed on these struc-
tures. As compression tests were conducted to determine 
structural safety, the relative critical force showed a 40% 

improvement over the original design. Soltani et al. analyzed 
additively manufactured on-water sports boards via different 
bio-inspired core structure designs [35]. They claimed that 
at 500 N, the functionally graded (FG) honeycomb design 
demonstrated 31% better bending resistance than the uni-
form honeycomb structure. Besides, a 97% decrease in the 
central deflection of the board was obtained at a fixed force 
of 400 N for FG honeycomb compared with the solid core 
board. Cazón-Martin et al. designed and fabricated shin pads 
for football players using AM [38]. A comparison of novel 
shin pads with traditional shin pads revealed a significant 
reduction in impact acceleration of between 42 and 68%. 
Furthermore, additively manufactured shin pads enhanced 
penetration from 13 to 32% while maintaining the same 
attenuation and contact times.

Although the literature review reveals that most of the 
previous studies [39, 40] have been directed to designing and 
modeling of scooter frames, no relevant literature has out-
lined a rule of thumb for fabricating scooter decks by apply-
ing various cellular cores via AM methods. In this work, we 
address the issue of fabricating a lightweight scale model of 
scooter deck with enhanced bending properties for the com-
mon scooters, by utilizing various metamaterial structural 
designs for the deck.

2  Materials and methods

2.1  Deck design with a uniform honeycomb 
sandwich structure

Mass reduction of all parts of the two-wheeled vehicle 
has become urgent to keep the overall vehicle mass within 
acceptable levels. The study by Koontz et al. suggested that 
lighter and less rigid vehicle designs could increase user 
maneuverability, convenience, and increase sustainability 
[41]. As a result, one of the most critical factors in the fabri-
cation of scooters is identifying potential strategies that may 
cause a reduction of the weight. Among the materials used 
to fabricate scooterdecks, aluminum is the most selected. On 
the other hand, polylactic acid (PLA) is a high-strength, light-
weight, and high-modulus thermoplastic polymer that is more 
environmentally friendly than traditional materials used to 
fabricate scooter decks [42]. Utilizing scaling methodologies, 
a number of researchers [] have investigated scale effects in 
metals, composite materials, and sandwich structures. Prior 
research has offered an understanding of the scalability of 
load-bearing engineering structures, but 3D-printed struc-
tures have received insufficient investigation into their scal-
ing implications. Predicting the mechanical performance of 
scaled 3D-printed structures, particularly for energy-absorb-
ing purposes, requires additional research [4748]. Aziz et al. 
investigated the size implications on the flexural behavior Fig. 1  Applications of 3D printing in sports equipment



 The International Journal of Advanced Manufacturing Technology

1 3

of additively manufactured lattice structures using PLA in 
the sense of Buckingham’s Pi theorem [49]. When com-
paring the quarter-size sample to its full-scale equivalent, 
the flexural strength improved by around 18%, which is not 
highly significant. However, after performing compression 
tests on scaled lattice structures, significant size effects were 
identified. Investigating the size effects on the mechanical 
response of the structures is somewhat outside the scope of 
this study and is suggested to be pursued in future research. 
Despite the PLA’s low strength, this paper’s primary goal is 
to compare flexural strength of various metamaterial struc-
tures. Thus with the aid of PLA as the parent material for 
the FFF method, sample scale models of scooter decks are 
fabricated, and compression tests are conducted. Other eco-
friendly materials with a higher strength as the parent mate-
rial and different additive manufacturing methods would be 
considered for further studies.

Herein, PLA, as one of the most commonly used materi-
als in FFF, is used to manufacture the scale model of deck 
of a scooter. The intended scale model of scooter deck is 
divided into two sections. The first part is an upper shell, 
while the second is made up of a bottom cover merged with 
a lightweight core. The entire deck can be created using 
3D printing in various shapes and patterns. Initially, a bio-
inspired structure is designed for the deck’s core. A beehive 
is comprised of a repeating pattern of hexagonal honeycomb 
patterns (see Fig. 2a), which inspires the geometric defini-
tion of the deck’s core by a computer-aided design (CAD) 
software  (CATIA® V5). The designed lattice structure and 
the 3D CAD scale model of deck components are shown in 
Figs. 2b and c, respectively.

Scooter decks with aspect ratios ranging from 5:1 to 3:1 
are available on the market. One of the acceptable types of 
scooters are those with wide decks, 7" width, and as a com-
monly used example, they have a 3:1 aspect ratio. Here, a 
model of a scooter deck of a smaller size is developed on 
a scale of 3:1 compared to a real scooter deck. Moreover it 
is worth noticing that the dimensions shown in Fig. 3 are 
considered due to the bed size limitation of printer. The pro-
posed honeycomb core deck and merged bottom shell are 
depicted in 2D with their respective dimensions in Fig. 3. 
The proposed scale model of deck has a 144 mm length and 
a 48 mm width. The hexagonal honeycomb design constitutes 
the deck’s core and is replicated throughout the specimen. It 
is apparent from the detailed perspective that the hexagonals 
are prepared with walls that are 1 mm thick and 3 mm wide.

2.2  Materials and 3D printing

In order to characterize the mechanical properties of the 
printed PLA material, three dog-bone tensile samples are 
created using an FFF 3D printer (Ultimaker S3, the Nether-
lands) in accordance with the ASTM standard D638 (TYPE 

IV) [50]. Specimens are tested under similar conditions to 
ensure the reliability of test results. The tensile test speci-
mens are illustrated in Fig. 4a.

Generally, during the FFF process, raw filament materi-
als enter in a liquefier chamber and turn into semi-molten 
plastic filament, which are selectively deposited through a 
nozzle on the heated platform in a layer-by-layer manner 
from bottom to top. In this study, PLA filaments (Recreus 
Inc., Elda, Spain) with a diameter of 2.85 mm are used. The 
nozzle and bed temperatures are set at 195°C and 60°C, 
respectively. The raster angle is fixed to be 0°, meaning that 
all the designs are filled in such a way that the printing raster 
is along the length direction. Eventually, a printing speed of 
20 mm/s, an internal fill density of 100%, and a layer height 
of 0.2 mm are adjusted.

A uniaxial tensile test is carried out on tensile dog-
bone samples using a Shimadzu AGS-X 50 kN (Kyoto, 
Kyoto Prefecture, Japan) testing machine. A constant 
crosshead speed of 1 mm/min and a load cell of 1 kN are 
considered, while the test is performed at room tempera-
ture. The strain rate is set at 0.050%  s−1 to guarantee that 
the test circumstances are quasi-static loading and that 
there is no viscosity dependency [51]. Figures 4a and b 
illustrate the tested specimen and the tensile experiment 
device, respectively.

The stress-strain curve of the tensile specimen is shown 
in Fig. 4c. All four dog-bone samples demonstrate identi-
cal diagrams with Young’s modulus of 1.4 GPa. Poisson’s 
ratio’s value is also obtained 0.32. In addition, plasticity 
begins at 2.1% strain, and prior to breakdown, the PLA sam-
ples reach a maximum stress of 46.94 MPa. The material 
behavior may be classified as elasto-plastic due to the change 
in the slope of the stress-strain curve and residual deforma-
tion after unloading just before the breakdown.

2.3  3D printing of the scale model of deck 
with a honeycomb core

In this step, using PLA filament, two parts of the scale model 
of deck are 3D printed individually. All process parameters 
are maintained as before, with the bed and nozzle tempera-
tures, internal fill density, and print speed adjusted at 60°C, 
195°C, 100%, and 20 mm/s, respectively. Figure 5a depicts 
the sections of the 3D-printed small-scaledeck, whereas 
Fig. 5b illustrates the 3D-printed small-scale deck sec-
tions assembled with strong glue, Araldite 106 (AW106/
HV953U). The specification of the adhesive is shown in 
Table 1. Since the main aim of the paper is to to investigate 
the effect of various metamaterial structures on the bending 
resistance of scale model of scooter decks, examining the 
adhesive effects is beyond the aim of the paper and could be 
considered in future development efforts.
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2.4  Experimental test of the small‑scale deck 
with the uniform honeycomb core

While cruising on a scooter, two main forces exert stress 
on the vehicle’s deck. A force is induced into the middle of 
the deck due to the weight of the rider’s body. The second 
occurs when the rider pitches relative to the vehicle frame. 

Since the rider stands in the center of the deck, as illustrated 
in Fig. 6a, the forces are primarily directed toward the mid-
dle, as similar as in the three-point bending test (see Fig. 6b). 
Over time, these stresses can damage the deck and cause it 
to fracture in the center.

Bending stresses generally induce breakage, so a mechan-
ical three-point bending test could be suitable to assess the 

Fig. 2  a Beehive, a common 
honeycomb structure in nature; 
b a small-scale deck designed 
with a honeycomb core pattern; 
c deck components: the upper 
shell and the assembled bottom 
shell with honeycomb core
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(c)

Top shell
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deck's strength when subjected to such loads. The tests are 
run under worst-case scenario boundary conditions, which 
means that the force is applied at the center of the deck 
to ensure that the maximum deflection is determined. The 
work presented here focuses on characterizing the bending 
resistance behavior of different core structures under quasi-
static loading condition. Systematic study of the fatigue 
mechanisms and dynamic loading would, however, require 

extensive fatigue and loading-rate effect tests that are sug-
gested to be pursued in future research. The three-point 
bending test is conducted on the 3D-printed scale model 
of deck with a uniform honeycomb core pattern. In order 
to perform the experiment, the gripper of the tensile test 
machine has to be replaced. Rather than using the upper 
grip, a loading nose is used to apply force to the middle of 
the sample. Furthermore, the lower grips of the machine 

Fig. 3  2D definition of the 
bio-inspired honeycomb lattice 
structure (dimensions are in 
mm)

Fig. 4  a Tensile test specimens; 
b Shimadzu AGS-X tensile 
testing machine; c stress-strain 
diagram of the 3D-printed PLA
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are replaced by two supports to ensure the specimen is held 
tight. As seen in Fig. 7, the scale model deck is placed under 
the three-point bending test machine. The test is conducted 
at room temperature, with a constant crosshead speed of 
1 mm/min and an 80 mm distance between two supports. 
Also, an experiment with controlled displacement was car-
ried out to achieve a maximum deflection of 4 mm within 
the elastic range.

2.5  FEM and experimental validation

This section is dedicated to utilizing the FEM software 
package ANSYS, as a digital tool to numerically repli-
cate mechanical behaviors of the scale model of scooter 

deck with various designed core structures under three-
point bending tests. Initially, the developed parts of the 
scale model deck, containing the top shell and merged 
bottom shell with the core, are transferred to ANSYS. It 
is noteworthy to mention that the linear elastic behavior 
and Young’s modulus of the PLA material are inputted 
into ANSYS according to the tensile test results, shown in 
Fig. 4c. A proper mesh generation as a critical part of the 
work is taken into consideration since the meshing ele-
ments must successfully cover the geometry thoroughly 
with good precision. In this regard, tetragonal elements 
are selected. In order to ensure that the simulation results 
are not mesh-dependent, a mesh sensitivity analysis is 
first conducted. For both the top and bottom shell, the 
total number of elements after convergence are 4061 and 
34,123, respectively.

Each piece must be meshed separately to simulate ideal 
bonding between segments in the model. Thus, using the 
bonded contact at the interfaces of the top and merged bot-
tom shell is essential. Since numerical results are supposed 
to be validated experimentally, the boundary conditions 
are the same as in the actual three-point bending experi-
ment. Since decks are only functional when they are in the 
elastic regime, elastic phase properties of these structures 
are determined in this work. Rational design of mechanical 
metamaterials are utilized to explore and determine the 
structures that will not be plastically deformed subjected 
to the same load, which means they have higher strength in 
the elastic regime and simulations are maintained accord-
ingly. Using the fixed boundary condition, two supports 
with a radius of 5 mm are fixed by 80 mm distance beneath 
the specimen, as shown in Fig. 8. Besides, a z-displace-
ment of −4 mm is exerted on the loading nose. Afterward, 
a simulated three-point bending test is carried out on the 
designed scale model deck with a uniform honeycomb core 
structure to replicate the experiment.

Eventually, by means of three-point bending, a maxi-
mum deflection of 4 mm is obtained for the scale model 
of deck with a honeycomb core structure. Figure 9 dem-
onstrates the von Mises stress contour, which, as expected, 
indicates that the maximum stress occurs in the middle 
of the deck. The highest stress is observed 28.919 MPa, 
which is sufficiently low to keep the scale model of deck 
in the ideal elastic region since the previously examined 
PLA material has a yield stress of 44 MPa.

Fig. 5  a Two 3D-printed parts of the small-scale deck; b two parts 
assembled with adhesive

Table 1.  Specification of the 
adhesive and the hardener

Property Araldite AW 106 Hardener HV 953 U Mix

Color (Visual) Neutral Pale yellow Pale yellow
Specific gravity ca. 1.15 ca. 0.95 ca. 1.05
Viscosity at 25°C (Pa·s) 30-50 20-35 30–45
Pot life (100 gm at 25°C) - - ca. 100 min
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Figure 10 provides an illustration of force-deflection curves 
plotted for the experimental as well as the geometrically non-
linear numerical results. It is found from the information sup-
plied that the PLA scale model of deck manifests a linear elastic 
deformation of up to 700 N. Nevertheless, beyond which the 
material yields, plastic deformation occurs as a peak, approxi-
mately after 800 N. The non-linearity observed in the experi-
ment between 700 and 800 N could be associated with the geo-
metrical non-linearity in the linear elastic regime. It is evident 
that, from a design standpoint, slight elastic deformations up to 
stress values of around 800 N are acceptable. As can be seen, 
at the start of the deflection (less than 0.5 mm), the numerical 
results are in excellent agreement with the experimental results. 
However, the contrast between the numerical and experimental 
results is a bit boosted as the deflection grows. Figure 10 reveals 
that the FEM can accurately replicate the elastic behavior of 
the scale model of scooter deck up to a 4 mm deflection. It is 
seen that the FEM is able to replicate the switch in the elastic 
behavior from geometrical linearity to geometrical non-linear-
ity that happens in the range of 700–800 N or 3–4 mm. Finally, 
it is observed that beyond 4 mm of deflection, the material 
experiences a plastic deformation that is not desired and could 

Fig. 6  a The most common 
situations of the rider’s feet: 
when the rider’s foot is placed 
in the middle of the deck, the 
maximum force is exerted, b 
three-point bending schematic.

Fig. 7  The scale model deck with a honeycomb structure core under 
the three-point bending test.

Fig. 8  Boundary conditions of the FEM simulation
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significantly affect the scooter integrity. In order to statistically 
elevate the data dispersion between the experimental results 
and FEM results, the error is calculated. The obtained error 
percentage is almost 5%, which is relatively low.

3  New design with results and discussion

3.1  Design of core patterns

After validating the geometrically non-linear FEM model 
of the 3D-printed scale model of deck with the honey-
comb core structure, several additional bio-inspired and 
metamaterial patterns are proposed for the core of the 
merged bottom shell. This section aims to determine 
which cellular lattice structure would reveal the highest 
value of bending resistance. Although all the designed 
scale model of decks have identical external frames, 

the cores are represented by distinct patterns. In addi-
tion, the whole volume of the scale model of deck and 
upper frame geometry are kept constant. To accurately 
assess the mechanical properties of all configurations, 
it is vital to study them under similar circumstances; 
hence, all samples are designed with the same mass. All 
the cores weight 31 g, besides, the upper shells used in 
this paper for all the samples have equal mass. Various 
architected metamaterial and bio-inspired configurations 
like re-entrant, tetrachiral, star-shaped, arrowhead, and 
FG arrowhead cellular lattice structures are developed. 
All models have undergone a mesh convergence analysis 
to eliminate mesh sensitivity and establish the optimal 
element size and number for the FEM models. Likewise, 
calculating the maximum stresses of all decks with dif-
ferent core designs has shown that the highest stress is 
notably lower than the yield stress of the PLA material.

3.1.1  Re‑entrant structure

Among many auxetic architected metamaterial structures, 
re-entrant, presented by Almgren, has achieved much 
attraction and has been investigated broadly due to its great 
potential of energy absorption, adaptability, and capability 
to develop a high NPR [52]. These privileges have made 
this design a favored alternative for numerous applications 
[53]. Materials manufactured by 2D re-entrant pattern 
with high ductility demonstrate acceptable auxetic behav-
iors and load-carrying capability under static loading. In 
addition, they exhibit high stability and ductility under 
dynamic tensile or compressive loading [54]. According to 
the research conducted by Namvar et al., re-entrant auxetic 
structures exhibited a higher energy absorption capacity 
due to the unique deformation mechanics of unit cells [55]. 

Fig. 9  von Mises stress 
contour (in MPa) of the scale 
model of scooter deck with the 
honeycomb lattice structure
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As a result, this paper studies the bending performance of 
this metamaterial structure. The bottom shell of the scale 
model of deck designed with the re-entrant structure and 
the dimensions of the re-entrant unit cell are presented in 
Fig. 11a and b.

3.1.2  Tetrachiral structure

Chiral patterns pervade all around nature, commonly in natu-
ral plants and animals, such as right-handed and left-handed 
sea shells and helical goat horns, as depicted in Fig. 12a and 

b. Prall and Lakes conducted a theoretical and experimental 
study about properties of chiral lattice structure [56]. It is 
called chiral when an object cannot be superposed to its mir-
ror image by rotations and translations alone [57]. The design 
incorporates an in-plane NPR and a deformation mechanism 
that allows for high strains in the component material’s elas-
tic range [58]. Depending on the number of ligaments con-
nected to the node ring, tetrachiral structure is one of the 
forms of chiral structure [59]. Qi et al. investigated the effects 
of geometric parameters on the crushing response of the tet-
rachiral lattice pattern [60]. An effective Poisson’s ratio of the 

Fig. 11  a Re-entrant lattice core 
structure; b 2D definition with 
dimensions of the re-entrant 
unit cell

Fig. 12  Chiral patterns in 
nature: a right-handed and 
left-handed sea shells; b helical 
goat horns
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tetrachiral lattice structure was observed to vary with strain 
during quasi-static and dynamic in-plane crushing. There-
fore, this functional bio-inspired design is applied to the scale 
model of scooter deck in this paper to investigate its bending 
capabilities. Figures 13a and b depict a comprehensive view 
of geometry and the dimensions of the tetrachiral pattern 
applied to the scale model of deck.

3.1.3  Star‑shaped structure

The star-shaped structure can be formed by connecting 
3, 4, and 6 arrows so that the arms of the arrows create 
stars [61]. Gong et al. investigated Young’s in-plane shear 
modulus, Poisson’s ratio, and transverse shear modulus of 
this novel design experimentally, analytically, and numeri-
cally [62]. In addition, Wenzhi et al. designed a novel 3D 
star-shaped zero Poisson’s ratio (ZPR) with cubic symme-
try based on a 2D star-shaped [63]. They investigated the 

Young’s modulus of the suggested novel pattern and pre-
sented an analytical model validated by FEM and experi-
mental data. Their findings suggest that the ZPR effect is 
unaffected by the increase in the width-to-height ratio, 
which increases the material’s rigidity. Consequently, this 
innovative metamaterial pattern has promising application 
prospects in several domains. In keeping with the wide-
spread use of star-shaped patterns in nature (Fig. 14a and 
b), a 4-pointed star-shaped design is applied to the scale 
model of deck’s core to investigate its bending properties. 
The stars are joined at the margins of this structure, as 
demonstrated in Fig. 15a. Besides, the dimensions of the 
lattice unit cell are depicted in Fig. 15b.

3.1.4  Arrowhead structure

An auxetic arrowhead design has been discovered by a 
numerical topology optimization method. Despite the 

Fig. 13  a Tetrachiral lattice core 
structure; b dimensions of the 
tetrachiral unit cell

Fig. 14  Star shapes in nature: a 
starfish; b white correa (a native 
Australian flower)
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structure being designed to have a Poisson’s ratio of −0.8, 
an NPR of −0.92 was ultimately measured for minor strains 
[64]. The mechanical properties of the unit cell and lattice 
made with the arrowhead arrangement have been studied 
rigorously [65]. Due to the diverse advantages of the arrow-
head structures [66, 67], they are employed here to assess the 
bending resistance of the scale model of scooter deck with 
a similar core design. Figures 16a and b depict the proposed 
bottom shell of the scale model of deck, with the arrow-
head structure at its core and the dimension of the designed 
arrowhead unit cell, respectively.

3.1.5  FG arrowhead structure

Materials with FG designs are one of the most optimal 
options for fabricating lightweight structures due to their 
gradual variations in their arrangements and locally tai-
lored properties [68, 69]. Despite their low density, they 
can tolerate destructive stress. Mahmoud et al. used poros-
ity-graded lattice structures in bone implants to mimic 
natural bone properties [70]. Generally, in these structures, 
the dimension of the unit cells changes with a constant 
slope across the object. Magalhaes et al. observed the 
auxetic and tensile behaviors of braided composites [71]. 

Their findings reveal that compared to the material proper-
ties, structural parameters have more impact on both ten-
sile and auxetic properties. In recent years, utilizing bam-
boo (see Fig. 17a) as an eco-friendly material in a broad 
range of engineering applications has gained increasing 
attention. Bamboos can be used in applications such as 
civil construction [73] and bridges [74] since they have 
an efficient combination of strength and stiffness to weight 
ratio, tensile strength, and fracture resistance, which are 
crucial for the structural design of high-strength structures 
under bending [73]. Bamboos consist of parenchyma cells 
that are located near the vascular bundles. As shown in the 
cross-section view in Fig. 17b, from the outside surface to 
the interior, the ratio of vascular bundles to parenchyma 
matrices decreases [75].

For this purpose, due to the fact that the maximum 
force acts in the middle of the scale model of deck, an 
FG arrowhead design inspired by a bamboo structure is 
devised and applied to the deck’s core. The dimension 
of the arrowhead unit cells (Fig. 16b) expands from the 
center of the small-scale deck across the x-direction, 
as can be seen in Fig. 17c, with a constant coefficient 
of 1.05. In contrast, the unit-cell measurement stays 
unchanged along the y-axis.

Fig. 15  a Star-shaped lattice 
core structure; b dimensions of 
the star-shaped unit cell.
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Fig. 16  a Arrowhead lattice 
core structure; b dimensions of 
the arrowhead unit cell

Fig. 17  a Bamboos; b a pho-
tograph of a cross-section of a 
bamboo stem, the light areas are 
the parenchyma matrices and 
the dark areas are fibers [72]; 
c FG arrowhead lattice core 
structure

(a) (b)

(c)
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3.2  Mechanical behavior of the scale model 
of scooter deck with different core patterns

As mentioned earlier, the scale model of scooter decks 
designed with the core structures are subjected to a three-point 
bending test and simulated via the geometrically non-linear 
FEM software package ANSYS. Based on the loading nose, 
a constant displacement of 4 mm in the z-direction is applied, 
and the reaction force for each designed scale model of deck 
is determined. Figure 18 depicts a comparison of reaction 
force-displacement curves from the developed core designs.

From the information provided in the figure, it is seen that 
all core designs result in a similar force-deflection response 
in the small deformation range (less than 0.1 mm). How-
ever, as the force/displacement increases, the difference in 
response of different designs becomes obvious. It is evident 
that the FG arrowhead structure can withstand the maximum 
forces in all deformation ranges. However, when compared to 
other designs, the chiral core is by far the weakest structure 
in terms of tolerating forces. For instance, the FG arrow-
head structure withstands around 18% larger force at the final 
deflection value (4 mm) than the tetrachiral sample deck core, 
that is a substantial improvement. Considering that the high-
est stress occurs in the center of the small-scale deck, just 
underneath the load application region, the FG arrowhead 
design demonstrates the best bending resistance when com-
pared to the other applied patterns. The scale model of deck 
with the FG arrowhead core experiences the highest force 
of 930 N at 4 mm. The highest force value for the remaining 
patterns is 854 N that is related to the uniform arrowhead 
design. Compared to the uniform arrowhead design, the FG 

arrowhead pattern lowers the deflection in the middle of the 
scale model of deck by up to 14.7% for a final force of 854 
N. In the real application, the weight of the rider applies a 
load to the center of the scale model of deck, and this load 
could be different depending on the riders’ weight. When the 
mechanical behaviors of different designs are investigated in 
a constant force condition, the results become very interest-
ing. Once the force reaches 785 N, the deflection in the center 
of the FG arrowhead deck is reduced by 30% compared to the 
tetrachiral design. Also, at a constant deflection of 4 mm, the 
FG arrowhead demonstrated an 18% improvement in force 
over the tetrachiral lattice structure.

4  Conclusion

In this paper, different bio-inspired and architected metama-
terial core structures were introduced and applied to a scale 
model of scooter deck under a three-point bending test. A 
scale sample of deck with a honeycomb core was initially 
developed and fabricated from PLA via the FFF 3D printing 
technique. Its bending behavior was then investigated experi-
mentally under the three-point bending condition. Following 
that, the experiment was simulated by implementing a geo-
metrically non-linear FEM. A comparison study showed that 
the results of the FEM model agree well with the experimen-
tal data in small and large deformation regimes. After this 
validation, the bending resistance was numerically evaluated 
by applying various designs inspired by natural patterns and 
shapes to the deck’s core, such as re-entrant, tetrachiral, star-
shaped, arrowhead, and graded arrowhead structures. Based 

Fig. 18  Force-deflection 
responses for all the designed 
sample decks
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on experimental and numerical analyses, it was found that 
the FG arrowhead structure enhances the bending resistance 
by 14.7% compared to the uniform arrowhead structure at 
a fixed force of 854 N. Eventually, in comparison with the 
tetrachiral cellular structure, at the constant force of 785 N, 
the FG arrowhead reduces the central deflection by 30%. 
Additional effort could be also considered toward lattice 
structures inspired from plants and tree using L-systems as 
recently addressed in the research work of Al Khalil et al. 
[76]. The presented conceptual designs and results are 
expected to be instrumental towards an efficient and reliable 
design of scooter decks with high performance and safety.
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