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Abstract

Cellular structures can be classified into foams, honeycombs, and lattice structures. Each type of structure has its
characteristics. Various applications of cellular structures can be found in aviation, bioengineering, automotive, and
other fields. In the automotive sector, cellular structures have been used for structural applications and impact-
absorbing modules, for example, for protecting the electric vehicle battery pack against impact loading. The
challenges that limit the application of cellular structures today include systematically designing pseudo-random
cellular structures, assessing which cellular patterns are most suitable for a particular application, and mastery of
manufacturing technology for efficient mass production of cellular structures. In this paper, the authors examine the
state-of-the-art technology in geometry, applications, and manufacturing of various cellular structures carried out by
researchers to obtain an overview of the current conditions for further development of these cellular structures.
Limited manufacturing capabilities encourage researchers to design an optimal cellular structure to be applied to a
particular function but have high manufacturability. The development of additive manufacturing technology has
provided opportunities for researchers to produce an optimal cellular structure commercially soon.
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1 Introduction application, and mastery of manufacturing technology

fi llular struct 1].
According to Bhate et al. [1], cellular structures are or cellular structures [1]

defined by a unit cell that is some combination of
material, space, and unit cell repetition to obtain a large
structure or surface. It can be classified into foams,
honeycombs, and lattice structures [2]. Each type of
structure has its characteristics and peculiarities. Nature
has provided researchers with examples of cellular
structure design, so the adoption of cellular structure
from various types of plants and animals that can adapt
to the environment has been widely carried out.
Recently, the development of engineering technology
and product manufacturing has been overgrown.
Currently, the focus of design and manufacturing is on
lightweight products that still have good performance
according to their function. The adoption of structures
from plants and animals has begun to be carried out by
engineers and researchers in recent decades [3], [4].
Various types of structures that have been tested
generally refer to cellular structures. Cellular structures
are defined by a unit cell that combines material, space,
and unit cell repetition to obtain a large structure or
surface [1]. Several challenges limit the application of

Many studies on cellular structure have been carried
out, but there is a gap in the unique structures designed
for specific needs. Thus, the study of cellular structure
is still fascinating and can be developed. The
application of the cellular structure in the automotive
sector has begun to be applied by engineers, as in [5]-
[7]. The application of cellular structures is not only
limited to Internal Combustion Engine (ICE) vehicles.
However, it is also applied to electric vehicles (EVs)
considering the characteristics of this structure, which
are rigid, light, and able to absorb kinetic energy.

This paper reviews the state-of-the-art development,
manufacture, and application of various types of
cellular structures, particularly the prospect of structure,
crashworthiness, battery protection, and thermal
management for electric vehicles. This review is part of
the research on developing a cellular structure applied
to structural crashworthiness for electric vehicles with
good manufacturability.

cellular structures, i'ncluding the lack of understqnd@ng 2 Methodology

of the bulk behavior, a methodology for designing

cellular structures, approach methods for assessing The significant benefit of the cellular structure is to put
which cellular patterns are most suitable for a particular materials only where it is needed, especially for a
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particular application. An essential characteristic of the
cellular structure is its relative density, defined as the
ratio of the density of the cellular structure to the solid
material from which it is made [8]. Examples of cellular
structures can be seen in Figure 1 to Figure 3. The
design of cellular structures can be carried out in three
approaches. The first is analytical, in which the
behavioral principles of the structure are modeled in the
form of a mathematical model. The second approach is
empirical, in which engineers perform experiments or
computations to develop predictive models or compare
one material with another. The third approach involves
the use of computational tools. In practice, a
combination of these approaches may be most helpful,
particularly in more complex multi-objective contexts.

Figure 1 Typical metal foam structures: a) closed cell foam
b) open cell foam by China BeiHai corp. (accessed on
August,10th 2022) [9]

37.3 mm

Figure 3 Typical type of lattice structure [11]

There are four main questions in the design of a cellular
structure, namely: what are the optimum average size of
unit cells, how should the size of the cells vary spatially,
what are the optimum cell parameters, and how best

should the cells be integrated with the larger form [12].
Unit cells can be designed by many different methods,
such as implicit surface-based, primitive-based, and
topology optimization methods.

2.1 Foam-type cellular structures

Metal foam is a cellular structure consisting of a solid
metal primarily porous. The foam-type structure offers
the potential for a lightweight structure. It has a unique
combination of properties, such as impact energy
absorption capacity, ability to flow fluids, unusual
acoustic properties, low thermal conductivity, and good
electrical insulation properties. Their applications
include shock and impact absorbers, dust and fluid
filters, engine exhaust mufflers, porous electrodes,
high-temperature gaskets and seals, heaters and heat
exchangers, flame arresters, catalyst supporters, and
others.

Many researchers have carried out various studies
related to metal foam. Santosa and Wierzbicki
performed the crushing behaviour of a truncated cube
model as a closed-cell aluminium foam structure that
applies [13]. Chin-Jye Yu and John Banhart found a
strong relationship between elasticity and density. It
was also known that the damping ability of the foam
would increase as the density of the metal foam
decreased [14]. The density of the foam will determine
the deformation behaviour that occurs. Researchers
have used metal foam as a beam filler as a solution to
increase rigidity and energy absorption when the beam
is under load. Many researchers studied the effect of
aluminium foam-filled tubes of ellipse, circle, square,
and conical cross-sections in energy absorption and
specific energy absorption, as in [15]-[18]. Metal foams
have also been extensively studied for sandwich
construction cores [19]-{21]. Experimental and
numerical test results show that foam-filled beams have
significantly improved bending or torsional resistance.
Several selected papers related to foam-types cellular,
which the researcher develops, can be seen in Table 1.

There are several recommendations for designing a
sandwich structure with a metal form as a core from
Ashby [22] that need to be considered, including (1)
determining the boundary conditions in the structure
and the required stiffness or strength limits; (2) if the
stiffness limitations are required, determine the
minimum limits using the appropriate equation, set
explicitly where the construction costs and the ratio are
concerning with the construction; (3) when the required
strength is limit (especially when buckling is limited),
the rules governing the sandwich structure are still not
well formulated so that a numerical method is needed to
compare and distinguish the type of construction with



72 Asep Indra Komara, et al.

rigid construction. It is recommended to carry out
detailed simulation and testing to assess the feasibility
of sandwich construction.

Table 1 Research topics related to foam-type cellular structure

Research Study Methods Author

Mechanical Properties of
Metallic Foams
Crushing response of foam-  Experimental, = Ahmad 2009

Experimental ~ Yu 1998 [14]

filled: thin-walled square Analytical, [16],
columns, conical tubes, Numerical Shojaeifard
different cross-sections, 2012 [15],
graded layer, taper Djamaluddin
structure, 2019 [23],
Investigation of metal Experimental,  Sun 2018 [24]
foam-composite hybrid Numerical

structures

Processing functionally Review Suethao 2020
graded polymer foam [25]

Response of foam or graded  Experimental,  Santosa 2017
sandwich panel Numerical [20], Pratomo
2021 [21]

2.2 Honeycomb-type cellular structures

The term honeycomb is inspired by a bee cage which is then
used to describe each repeating cell which is generally
hexagonal. However, honeycomb shapes are not limited to
hexagonal shapes but can also be triangular, square, or
rhombic [8]. The difficulty of studying the complex form-type
cellular is one of the reasons the use of honeycomb-type
cellular is more popular and has been studied by many
researchers. Honeycombs are much more accessible. Large-
scale models can be made of rubber, plastic, metal, and
ceramic. Due to the regular geometry of honeycombs, the
deformations that occur can be analyzed precisely to obtain
equations that describe their properties. Wierzbicki has
theoretically studied the damage response of metal
honeycombs to predict the mean crushing force of thin-walled
structures [26]. Aminanda et al. have investigated the
honeycomb structure made by Nomex™, aluminum alloy, and
paper through testing to understand the crushing mechanism
[27]. Various bio-inspired engineering of honeycomb
structures has been studied by Zhang et al. [28]. As well as
metal foam, the honeycomb structure is widely studied by
researchers as a sandwich core to determine its response and
characteristics due to impact loads analytically,
experimentally, and numerically [29]-{32]. Exploration of
honeycomb structures is currently developing and is inspired
by origami and auxetic designs such as those developed in
[33]-{35]. Several selected research studies related to
honeycomb cellular types can be seen in Table 2.

Liu proposed the design method for a two-level stochastic
honeycomb structure [36]. Firstly, determine the initial
parameters of the honeycomb structure design, then perform
finite element analysis on the initial structure (determine
boundary conditions, loads, and material properties, complete
meshing, and create a finite element model). Next, calculate
the performance index, stress distribution function, and
centroidal Voronoi Tessellation (CVT) density distribution
function, then perform finite element analysis again on the
structure. Next, calculate the total reduction area, determine

the total removal material and calculate the material area that
must be added to the design. If the results are still not
satisfying, return to the finite element analysis step until the
appropriate results are obtained.

Table 2 Research topics related to honeycomb-type cellular
structure

Research Study Author
The effect of honeycomb Becker1998 [37]
thickness
The effect of honeycomb Balawi 2008 [38]

relative density

Comparison of honeycomb
structure with various cell and or
reinforced

Honeycomb sandwich panels

Yin 2011[39], Wang 2015 [40]

Yahaya 2015 [30], Sun 2018
[41], Roudbeneh 2018 [32]
Hierarchical honeycomb Yin 2018 [42], Zhang 2018
structures [43]

Optimization of two-level Liu 2019 [36]

stochastic honeycomb structure

Characteristics of origami- Dong 2019 [33], Townsend 2020
inspired honeycomb sandwich ~ [34], Jiaqi Qi 2021 [35]
structures

23 Lattice-type cellular structures

The lattice structure is defined as an object in the form of a
unit cell, generally made of a continuous repeating bar
structure that is interconnected in three dimensions [44]. In
general, the lattice structure can be divided into three types:
randomized, uniform, and pseudo-periodic [45]. These types
of lattices can be seen in Figure 4. The shape and size of
randomized lattice cells are randomly distributed in the design
domain. Unlike randomized lattice structures, uniform lattice
structures consist of periodically distributed unit cells with the
same shape, topology, and size. Thus, every cell in this type
of lattice structure has the same topology and size. The
uniform lattice structures can be further divided into
homogeneous uniform and heterogeneous uniform lattice
structures. The homogeneous lattice structure means all the
struts (3D lattice) or walls (2D lattice) have the same
thickness. In contrast, the thickness of the strut or wall inside
a heterogeneous lattice varies over the entire structure. The
third type of lattice structure is called pseudo-periodic lattice
structures, where the size and shape of lattice cells in the
design space vary, though sharing the same topology to
achieve some unique properties.

& -3 B\ R = T ’
o= LAY p e ,
IS <>

a) Randomized lattice b) Uniform lattice  ¢) Pseudo-periodic lattice

Figure 4 Three different of lattice structures [45]

The rapid development of additive manufacturing (AM)
technology allows researchers to produce a complex and
reliable lattice structure. Yan et al [46] researched the
development of manufacturing capability and performance of
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periodic cellular structures fabricated by direct metal laser
sintering (DMLS) using an aluminum alloy, AlSil0Mg, as a
pioneer. The lattice structure is designed by repeating a type
of unit cell called a "diamond". Although many studies have
been carried out using additive manufacturing processes,
many problems are associated with applying lattice structure
manufacturing techniques. The additive manufacturing
process significantly affects the shape and functionality of the
specimens produced. Many researchers have used Additive
Manufacturing technology to investigate the properties and
characteristics of the lattice structure. Several selected papers
related to these can be seen in Table 3.

Dong has proposed a design procedure used to design a hybrid
structure that is divided into two stages [47]. The initial stage
is to determine the design space and non-design space. Then,
perform topology optimization to divide the design space into
solid and lattice spaces. The second stage is designing the
lattice structure by selecting the topology of the lattice,
modifying the wireframe lattice, and optimizing the thickness
of the strut. Furthermore, the lattice structure is generated from
the wireframe design and strut diameter. In the last step, the
lattice structure is connected to the solid space to produce a
hybrid lattice structure.

Table 3 Research topics related to lattice-type cellular
structure

Research Study Author

Design and or investigation ~ Pan 2020 [2], Wang 2020 [48],
of Lattice Structure Nasrullah 2020 [49], Nashar 2021
[50]

Tang 2019 [45], Caprio 2019 [51],

Investigation of Lattices

structure made by AM Zhao 2020[52], Do 2021 [53]
Investigation of Lattices Lozanovski 2019 [54], Sienkiewicz
structure made by AM — 2020 [55], Jiang 2021 [56]

Selective Laser Melting

(SLM)

Egan 2019 [57], Patel 2020 [58],
Dong 2020 [47], Sun 2021 [11]

Investigation of Lattices
structure made by AM—
Fused Deposition Modeling

(FDM)
Investigation of Lattices Laird 2019 [59], Hassanieh 2021
structure made by AM - [60], Silva 2021 [61],

Stereolithography (SLA)
Behavior of lattice structures Choy 2017 [62], KShnen 2018
made by Metal AM [63], Rosa 2018 [64],

3 Manufacturing Process

The manufacturing process of cellular structures is highly
dependent on the type of cellular, the type of material, and the
complexity of the unit cell. Conventional methods of
fabricating metallic porous structures include melt gas
injection [65], investment casting [66], physical vapor
deposition [67], and sheet metal technology [68].

However, the shape of the lattice structure is still challenging
to manufacture by these conventional methods. Technological
developments led to Additive Manufacturing (AM)
technology, such as selective laser melting (SLM) [69] and
electron beam melting (EBM) [70], Metal lattice structures
with complex geometries can now be manufactured.

The Additive Manufacturing techniques allow the creation of
objects with complex shapes based on the process of joining
materials, layer upon layer, differently from subtractive
manufacturing methods. Hence, complex geometries can be
directly manufactured in a single setup, rather than the tedious
multiple setups of conventional subtractive machining. More
importantly, the manufacturability-related complexity
restrictions in designing the geometry have been mainly
eliminated because of the additive approach. Therefore, AM
leads to revolutionary changes in manufacturing and
unleashes great opportunities for design-for-manufacturing.
So far, AM has been applied to various areas, including health
care, aerospace, architecture, and industrial heat transfer
applications. On the other hand, the paradigm of design-for-
manufacturing has not been timely examined, and most of the
existing methods are still exclusively tailored for conventional
manufacturing techniques.

A review of the characterization and impact of the lattice
structure made through additive manufacturing has been
carried out by Nagesha ef al. [71]. A review of the Additive
Manufacturing process used in the biomedical field has also
been carried out by Martorelli et al. in [72]. However,
concerning this biomedical field, it is reported that there are
still obstacles, especially in the compatibility of some
materials and mechanical properties that are not yet suitable.
The identified cellular structure manufacturing processes for
foam, honeycomb, and lattice structures can be seen in Table
4.

The Additive Manufacturing process most widely used by
researchers is selective laser melting [73]. Dong et al.
developed the concept of modelling the lattice structure using
additive manufacturing technology [74], as shown in Figure 5.

Table 4 Manufacturing process of cellular structures

Foams Honeycomb Lattice

= Melt gas injection (air = Sheet metal = Additive
bubbling); forming/folding Manufacturing

= Gas-releasing particle ; : SLM, FDM,
decomposition in the = Additive SLA, LBM,
melt; Manufacturing  etc.

= Gas-releasing particle ; = Sheet metal

decomposition in semi-  ® Expansion forming/foldin
solids; method; g;

= Investment casting = Corrugation = Investment
method used to method; casting;
manufacture open cell = Adhesive = Rapid-
foams; bonding; Investment

= Powder Metallurgy = Resistance Casting.
(slurry foaming, loose welding;

powder sintering, fibre = Brazing

metallurgy, sintering = Diffusion

slurry saturated sponge); bonding;
= Metallic deposition; = Thermal
= Sputter deposition; fusion;
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Figure 5 The concept of modeling of lattice structure for AM
process [74]

AM technology capabilities provide new opportunities for
highly significant improvements in product performance,
multi-function, and lower overall manufacturing costs. These
capabilities include Complexity of shape, Complexity of
material, and Complexity of hierarchies [75]. Rosen proposed
a concept called Design for Additive Manufacturing (DFAM)
that can support part modelling, process planning, and
manufacturing simulations. This method includes the solution
of algorithms, analysis codes, libraries of materials and
mesostructures, process planning, and analysis of the
manufactured model. The concept of mesostructured materials
is motivated by the desire to put material only where it is
needed for a specific application. So for the development of
the cellular structure, an important aspect to consider is how
to make the cellular structure, especially related to the
commercialization process in the future.

4 Applications

Researchers have found wide adoption in various applications
such as sandwich panels, packaging, cooling layers, catalytic,
and heat exchange [1]. On the other hand, cellular structures
have also begun to be widely applied to vehicle structure
construction, collision feasibility technology, and even
cooling systems for batteries, power electronics, and electric
motors.

Sandwich construction generally consists of a lightweight core
of foam, honeycomb, or lattice sandwiched between two rigid
surfaces. Sandwich structures are widely applied in many
areas due to their superior energy absorption capacity, high
specific stiffness, low density, high strength, and favourable
mechanical properties. Sandwich structures using honeycomb
have been investigated for many years, and currently, the
focus of sandwich structure development is on using origami
models as sandwich cores as in [33]-[35]. The sandwich
structure has also been developed to protect armoured vehicles
against bomb blasts [21]. The sandwich structure consists of
three layers: the occupant side plate, aluminium foam core,
and the struck side plate, as shown in Figure 6. Passenger side
plates require high-strength materials such as 1100T, 1300T,
and 1500T. At the same time, the side plate of the explosion
source is used to absorb the energy of the explosion so that it
uses medium-strength steel with high ductilities such as
CR420 and HRS550.

Using experiments and numerical simulations, Kim et al. [76]
and Zhang et al. [77] thoroughly investigated some sandwich
structures as shown in Figure .

Occupant side plate
Aluminum foam core
Struck side plate

L w2

Struck side plate

Vo Explosion source

Figure 6 Sandwich structure construction [21]

Waw. LS. TR

Pyramidal lattice from Tetrahedral lattice from
investment casting metal sheet folding

Tutrah«.dml lattice from
investment casting

Figure 7 Multifunctional sandwich panels with metallic
lattice cores [77]

This type of sandwich construction is widely used in
engineering products or components. Other potential
applications for cellular structures as reviewed in [22], [65],
[78] can be seen in Table .

Table 6 Potential applications for cellular structures

Foams Honeycomb Lattice

= Automotive industry: = Decoration = Automotive:
structural light- material: Heat
weight panel, crash aluminum exchanger;
energy absorption, honeycomb = Aerospace:
noise control, curtain wall Heat
mechanical damping, = composite exchanger,
etc. board; Aircraft

= Aerospace industry: = Household sections,
turbine blade, seals appliances: air Fan blades;

= Ship building: purifier grille = Space
elevator platforms, = Lighting telescope;
structural bulkheads, industry: all = Submarine
antenna platforms, kinds of bodies;
pyrotechnic locker. lighting, traffic = Biomedical:

= Railway industry: light barriers Implant,
crash energy = Audio industry: Hip implant,
absorption headphones, Orthopedic

= Building industry speakers, etc. implant,

= Machine = Transportation Bone
construction: axles, industry: scaffold,
rolls, platforms, decorative femoral
structural body, etc. materials such stem, Bone

= Sporting equipment: as carriages, implant;

shinbone protectors
Biomedical industry:

= Functional = Furniture
applications: industry: office
filtration, heat furniture,
exchangers, cooling display furniture
machine, silencers, = Architecture
spargers, water = Chemical
purification, acoustic engineering

control, filter for oil,

= Nanofabrication

train doors,
partitions, etc.

gasoline, refrigerants, ® Biomedicine

polymer melts,
aqueous suspensions,
etc.
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4.1 Application for vehicle structure

The importance of the safety aspect and the need for a
lightweight construction on the vehicle is something that
cannot be avoided. Various efforts were made by researchers
and engineers, ranging from determining vehicle dimensions
to the application of cellular structures as vehicle structures.
The structure of the vehicle is designed in such a way that it
can absorb energy during a collision and must be able to
protect passengers.

Zhang et al. [79] have developed a Negative Poisson's Ratio
(NPR) vehicle body structure consisting of various materials
and structures. Comparison with traditional materials and
structures shows that vehicle bodies made of NPR structures
have significantly higher shear strengths.

4.2  Application for vehicle crashworthiness

A vehicle's crashworthiness is the vehicle's ability to absorb
energy at the time of a collision, according to the Motor
Vehicle Safety Standards. The crashworthiness evaluation can
be ascertained by a combination of tests and analytical
methods based on numerical simulations. Passenger safety is
the most important and challenging requirement in vehicle
design.

Research on the investigation and development of crash boxes
filled with gradient lattice structures has been carried out by
Wu, Zhang, and Shao [80]. The force and energy absorption
efficiency trend showed a better result. Li et al. have also
developed the bumper, the crash box, and the front rail by
applying the foam structure as a filler [81]. This study shows
an increase in performance from the initial design. The foam-
filled crash box can absorb impact energy better.

Researchers have widely published the ability of vehicle
structures to protect passengers, cargo, or batteries in electric
vehicles during collisions in recent decades [82]-[87].
Crashworthiness design for urban electric vehicles due to side
impact with impact absorbers placed inside the door in the
form of a structure filled with aluminium and complementing
the battery storage compartment with canal structure impact
absorbers was carried out by Setiawan and Salim in [88].

One of the critical components of EVs is the battery system.
Electric vehicle batteries have more functions and require
protection from mechanical loading and thermal runaway
[89]. Research and development are needed to protect electric
car battery systems because this system has new and unique
challenges, as in [90]-[93]. Facts show that some lithium-ion
batteries can catch fire while others can catch fire in accidents
leading to death. Battery packs are designed for safety-related
challenges such as mechanical, electrical, and thermal abuse
[901,[91], [94]-[97]. According to the author's knowledge, the
application of the cellular structure to the design of battery
packs has not been carried out by many researchers. The
nature-inspired design of the cellular structure for the battery
compartment of an electric vehicle has been developed by
Mudassir et al. [98]. A multi-layer casing protects the electric
car battery module. Typically, there is an aluminium
underbody guard, an aluminium extrusion ring for impact
absorption, a steel body with flanges and inner walls for the
battery module, and a steel housing cover, as shown in Figure
7.

The shape of the battery pack is very diverse, depending on
the vehicle's condition. It can be square or irregular according
to the battery cells' shape. Hao et al. optimized the battery
pack's structure to improve electric vehicles' feasibility
through frontal simulation as in [84]. Xia ef al. investigated
cell and battery pack damage due to ground impact [99].
Based on the simulation results of a frontal collision, it turns
out that vehicle acceleration can be reduced by designing a
flexible battery compartment structure. Two critical factors
that can increase the feasibility of impact absorption are the
structure of the battery compartment and the working
pressure. The position of the battery pack is also an important
issue because the battery pack is quite heavy and requires a
large amount of space. The safety requirement aspect of this
system is very important as in [87].

Aluminum Crash
Structure

Housing Tray

Battery Frame

Cooling System

Cell Module/
Battery Pack

Lower Protection
Cover

Figure 7 Illustration of a multi layered housing for battery
casing [98]

4.3 Application for cooling system

Development of optimization methods to optimize the lattice
structure as an effective refrigerant channel through the liquid
has been carried out by Takezawa et al. [100]. The Brinkman-
Forchheimer equation approximates fluid flow through a
lattice structure. A review of the thermal runaway mechanism
of lithium-ion battery for electric vehicles has been carried out
by Feng et al. [94]. Various possible battery failures due to
accidents include mechanical abuse, electrical abuse, thermal
abuse, and internal short circuits. Mechanical abuse can
trigger electrical abuse, whereas electrical abuse releases heat
and induces thermal abuse.

5 Conclusion

In summary, the research and development of cellular
structures in foam, honeycomb, and lattice-type structures
have grown significantly over the past few decades. Generally,
they have good characteristics of having high specific
stiffness, low density, high strength, and favourable
mechanical properties, including superior energy absorption
capacity. The advancement of various manufacturing
techniques, including additive manufacturing, makes it
possible to create cellular structures in a relatively-controlled
manner. However, to apply it to a specific task in engineering,
the consistency of bulk behaviour must be ensured. Moreover,
the application of such structures accurately, incorporating
their pseudo-random nature, requires a robust material
characterization and design methodology. Numerous
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researchers have proposed a design methodology to apply
such structures to various applications but less systematically.
Due to increasing manufacturing technology, it becomes a
challenge in the ongoing research to apply cellular structures,
particularly in electric vehicle crashworthiness.

Acknowledgment

ITB partially funds the ongoing research on the impact-
absorbing structures for electric vehicles through P2MI
scheme in 2022, for which the authors express their gratitude.

References

(1]

(11]

[12]

[13]

[14]

[15]

D. Bhate, C. A. Penick, L. A. Ferry, and C. Lee,
“Classification and selection of cellular materials in
mechanical design:  Engineering and  biomimetic
approaches,” Designs, vol. 3, no. 1, pp. 1-31, 2019, doi:
10.3390/designs3010019.

C. Pan, Y. Han, and J. Lu, “Design and optimization of
lattice structures: A review,” Appl. Sci., vol. 10, no. 18, pp.
1-36, 2020, doi: 10.3390/APP10186374.

P. Pearce, Structure in Nature is a Strategy for Design,
Second. Murray Printing Company, 1978.

L. J. Gibson, “Biomechanics of cellular solids,” J. Biomech.,
vol. 38, mno. 3, pp. 377-399, 2005, doi:
10.1016/j.jbiomech.2004.09.027.

A. Baroutaji, A. Arjunan, A. Niknejad, T. Tran, and A.-G.
Olabi, Application of Cellular Material in Crashworthiness
Applications: An Overview, no. May 2020. Elsevier Ltd.,
2019. doi: 10.1016/b978-0-12-803581-8.09268-7.

L. Tripathy and W. F. Lu, “Evaluation of axially-crushed
cellular truss structures for crashworthiness,” Int. J.
Crashworthiness, vol. 23, no. 6, pp. 680—-696, 2018, doi:
10.1080/13588265.2017.1389630.

K. Liu, Z. Xu, D. Detwiler, and A. Tovar, “Optimal Design
of Cellular Material Systems for Crashworthiness,” SAE
Tech. Pap., 2016, doi: 10.4271/2016-01-1396.

L. J. Gibson and M. F. Ashby, Cellular solids, structure and
properties, 2nd Ed. Cambridge, United Kingdom:
Cambridge University Press, 1997.

“BeiHai Composite.” https://www.beihaicomposite.com/
(accessed Aug. 10, 2022).

P. Baranowski et al., “Deformation of honeycomb cellular
structures manufactured with Laser Engineered Net Shaping
(LENS)  technology under quasi-static  loading:
Experimental testing and simulation,” Addit. Manuf., vol.
25, no. October 2018, pp. 307-316, 2019, doi:
10.1016/j.addma.2018.11.018.

Z.P.Sun, Y. B. Guo, and V. P. W. Shim, “Characterisation
and modeling of additively-manufactured polymeric hybrid
lattice structures for energy absorption,” Int. J. Mech. Sci.,
vol. 191, 2021, doi: 10.1016/j.ijmecsci.2020.106101.

D. Bhate, “Four questions in cellular material design,”
Materials  (Basel)., vol. 12, no. 7, 2019, doi:
10.3390/mal12071060.

S. Santosa and T. Wierzbicki, “On the modeling of crush
behavior of a closed-cell aluminum foam structure,” J.
Mech. Phys. Solids, vol. 46, no. 4, pp. 645-669, 1998, doi:
10.1016/S0022-5096(97)00082-3.

C.-J. Yu and J. Banhart, “Mechanical Properties of Metallic
Foams,” Bremen, pp. 3748, 1998.

M. H. Shojaeifard, H. R. Zarei, R. Talebitooti, and M.
Mehdikhanlo, “Bending Behavior of Empty and Foam-
Filled Aluminum Tubes With Different Cross-Sections,”
Acta Mech. Solida Sin., vol. 25, no. 6, pp. 616626, 2012,
[Online].  Available:  http://dx.doi.org/10.1016/S0894-

(16]

[17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(23]

(26]

(27]

(28]

[29]

(30]

(31]

9166(12)60057-3

Z. Ahmad and D. P. Thambiratnam, “Crushing response of
foam-filled conical tubes under quasi-static axial loading,”
Mater. Des., vol. 30, no. 7, pp. 2393-2403, 2009, doi:
10.1016/j.matdes.2008.10.017.

A. G. Hanssen, O. S. Hopperstad, and M. Langseth, “Design
of aluminium foam-filled crash boxes of square and circular
cross-sections,” Int. J. Crashworthiness, vol. 6, no. 2, pp.
177-188, 2001, doi: 10.1533/cras.2001.0171.

A. Praveen Kumar, M. N. Mohamed, A. Jusuf, T.
Dirgantara, and L. Gunawan, “Axial crash performance of
press-formed open and end-capped cylindrical tubes — A
comparative analysis,” Thin-Walled Struct., vol. 124, no.
December 2017, pp.  468-488, 2018, doi:
10.1016/j.tws.2017.12.037.

J. Zhou, Z. W. Guan, and W. J. Cantwell, “The impact
response of graded foam sandwich structures,” Compos.
Struct.,, vol. 97, pp. 370-377, 2013, doi:
10.1016/j.compstruct.2012.10.037.

S. P. Santosa, F. Arifurrahman, M. H. Izzudin, D. Widagdo,
and L. Gunawan, “Response Analysis of Blast Impact
Loading of Metal-foam Sandwich Panels,” Procedia Eng.,
vol. 173, pp- 495-502, 2017, doi:
10.1016/j.proeng.2016.12.073.

A. N. Pratomo, S. P. Santosa, L. Gunawan, D. Widagdo, and
I. S. Putra, “Design optimization and structural integrity
simulation of aluminum foam sandwich construction for
armored vehicle protection,” Compos. Struct., vol. 276, no.
November 2020, p. 114461, 2021, doi:
10.1016/j.compstruct.2021.114461.

M. F. Ashby, A. G. Evans, N. A. Fleck, L. J. Gibson, J. W.
Hutchinson, and H. N. G. Wadley, Metal Foams : A Design
Guide. Butterworth-Heinemann, 2000.

F. Djamaluddin, S. Abdullah, A. K. Ariffin, and Z. M.
Nopiah, “Optimization of foam-filled double circular tubes
under axial and oblique impact loading conditions,” Int. J.
Crashworthiness, vol. 24, no. 4, pp. 1-10, 2019, doi:
10.1016/j.tws.2014.10.015.

G. Sun, Z. Wang, H. Yu, Z. Gong, and Q. Li, “Experimental
and numerical investigation into the crashworthiness of
metal-foam-composite hybrid structures,” Compos. Struct.,
vol. 209, no. 1 February 2019, pp. 535-547, 2018, doi:
10.1016/j.compstruct.2018.10.051.

S. Suethao, D. U. Shah, and W. Smitthipong, “Recent
progress in processing functionally graded polymer foams,”
Materials (Basel)., vol. 13, no. 4060, pp. 1-16, 2020, doi:
10.3390/ma13184060.

T. Wierzbicki, “Crushing Analysis of Metal Honeycombs,”
Int. J. Impact Eng., vol. 1, no. 2, pp. 157-174, 1983.

Y. Aminanda, B. Castanié, J. J. Barrau, and P. Thevenet,
“Experimental analysis and modeling of the crushing of
honeycomb cores,” Appl. Compos. Mater., vol. 12, pp. 213—
227, 2005, doi: 10.1007/s10443-005-1125-3.

Q. Zhang et al., “Bioinspired engineering of honeycomb
structure - Using nature to inspire human innovation,” Prog.
Mater. Sci., vol. 74, no. October 2015, pp. 332400, 2015,
doi: 10.1016/j.pmatsci.2015.05.001.

L. Guj and A. Sestieri, “Dynamic modeling of honeycomb
sandwich panel,” Arch. Appl. Mech., vol. 77, pp. 779-793,
2007, doi: 10.1007/s00419-007-0121-5.

M. A. Yahaya, D. Ruan, G. Lu, and M. S. Dargusch,
“Response of aluminium honeycomb sandwich panels
subjected to foam projectile impact - An experimental
study,” Int. J. Impact Eng., vol. 75, pp. 100-109, 2015, doi:
10.1016/j.1jimpeng.2014.07.019.

D. Zhang, D. Jiang, Q. Fei, and S. Wu, “Experimental and
numerical investigation on indentation and energy
absorption of a honeycomb sandwich panel under low-
velocity impact,” Finite Elem. Anal. Des., vol. 117-118, pp.



(32]

[33]

[34]

[35]

(36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Cellular Structure Design and Manufacturability for Electric Vehicle: A Review 77

21-30, 2016, doi: 10.1016/j.finel.2016.04.003.

F. Hassanpour Roudbeneh, G. Liaghat, H. Sabouri, and H.
Hadavinia, “Experimental investigation of impact loading
on honeycomb sandwich panels filled with foam,” Int. J.
Crashworthiness, vol. 24, no. 2, pp. 199-210, 2019, doi:
10.1080/13588265.2018.1426233.

Z. Dong, Y. Li, T. Zhao, W. Wu, D. Xiao, and J. Liang,
“Experimental and numerical studies on the compressive
mechanical properties of the metallic auxetic reentrant
honeycomb,” Mater. Des., vol. 182, pp. 1-12, 2019, doi:
10.1016/j.matdes.2019.108036.

S. Townsend, R. Adams, M. Robinson, B. Hanna, and P.
Theobald, “3D printed origami honeycombs with tailored
out-of-plane energy absorption behavior,” Mater. Des., vol.
( ), no. 108930, 2020, doi:
https://doi.org/10.1016/j.matdes.2020.108930.

J. Qi, C. Li, Y. Tie, Y. Zheng, and Y. Duan, “Energy
absorption characteristics of origami-inspired honeycomb
sandwich structures under low-velocity impact loading,”
Mater. Des., vol. 207, no., pp. 1-13, 2021, doi:
10.1016/j.matdes.2021.109837.

Y. Liu, M. Zhou, K. Fu, M. Yu, and G. Zheng, “Optimal
design, analysis and additive manufacturing for two-level
stochastic honeycomb structure,” Int. J. Comput. Integr.
Manuf., vol. 32, no. 7, pp. 682-694, 2019, doi:
10.1080/0951192X.2019.1605202.

W. Becker, “The in-plane stiffnesses of a honeycomb core
including the thickness eftect,” Arch. Appl. Mech., vol. 68,
pp. 334-341, 1998, doi: 10.1007/s004190050169.

S. Balawi and J. L. Abot, “The effect of honeycomb relative
density on its effective in-plane elastic moduli: An
experimental study,” Compos. Struct., vol. 84, no. 4, pp.
293-299, 2008, doi: 10.1016/j.compstruct.2007.08.009.

H. Yin and G. Wen, “Theoretical prediction and numerical
simulation of honeycomb structures with various cell
specifications under axial loading,” Int. J. Mech. Mater.
Des., vol. 7,no. 4, pp. 253-263, 2011, doi: 10.1007/s10999-
011-9163-5.

Z. Wang, Y. Zhang, and J. Liu, “Comparison between five
typical reinforced honeycomb structures,” in Sth
International Conference on Advanced Engineering
Materials and Technology, 2015, no. January, pp. 704-707.
doi: 10.2991/icaemt-15.2015.134.

M. Sun, D. Wowk, C. Mechefske, and 1. Y. Kim, “An
analytical study of the plasticity of sandwich honeycomb
panels subjected to low-velocity impact,” Compos. Part B
Eng., vol. 168, pp. 121-128, 2018, doi:
10.1016/j.compositesb.2018.12.071.

H. Yin, X. Huang, F. Scarpa, G. Wen, Y. Chen, and C.
Zhang, “In-plane crashworthiness of bio-inspired
hierarchical honeycombs,” Compos. Struct., vol. 192, pp.
516-527, 2018, doi:
https://doi.org/10.1016/j.compstruct.2018.03.050.

Y. Zhang, T. Liu, H. Ren, I. Maskery, and 1. Ashcroft,
“Dynamic compressive response of additively manufactured
AlSi10Mg alloy hierarchical honeycomb structures,”
Compos. Struct., vol. 195, pp. 45-59, 2018, doi:
10.1016/j.compstruct.2018.04.021.

M. Helou and S. Kara, “Design, analysis and manufacturing
of lattice structures: An overview,” Int. J. Comput. Integr.
Manuf., vol. 31, no. 3, pp. 243-261, 2018, doi:
10.1080/0951192X.2017.1407456.

Y. Tang, G. Dong, and Y. F. Zhao, “A hybrid geometric
modeling method for lattice structures fabricated by additive
manufacturing,” Int. J. Adv. Manuf. Technol., 2019, doi:
10.1007/s00170-019-03308-x.

C. Yan, L. Hao, A. Hussein, S. L. Bubb, P. Young, and D.
Raymont, “Evaluation of light-weight AlISil0Mg periodic
cellular lattice structures fabricated via direct metal laser

[47]

(48]

[49]

[50]

(51]

[52]

(53]

[54]

(53]

[56]

[57]

(58]

[59]

[60]

(61]

[62]

sintering,” J. Mater. Process. Technol., vol. 214, no. 4, pp.
856-864, 2014, doi: 10.1016/j.jmatprotec.2013.12.004.

G. Dong, Y. Tang, D. Li, and Y. F. Zhao, “Design and
optimization of solid lattice hybrid structures fabricated by
additive manufacturing,” Addit. Manuf., vol. 33,no. 101316,
2020, doi: 10.1016/j.addma.2020.101116.

X. Wang et al., “Evaluating Lattice Mechanical Properties
for Lightweight Heat-Resistant Load-Bearing Structure
Design,” Materials (Basel)., vol. 13, no. 21, pp. 1-19, 2020,
doi: doi:10.3390/ma13214786.

A. L. H. Nasrullah, S. P. Santosa, and T. Dirgantara, “Design
and optimization of crashworthy components based on
lattice structure configuration,” Structures, vol. 26, no.
December 2019,  pp. 969981, 2020, doi:
10.1016/j.istruc.2020.05.001.

M. Al Nashar and A. Sutradhar, “Design of hierarchical
architected lattices for enhanced energy absorption,”
Materials (Basel)., vol. 14, no. 18, p. 5384, 2021, doi:
10.3390/mal4185384.

F. Di Caprio, V. Acanfora, S. Franchitti, A. Sellitto, and A.
Riccio, “Hybrid Metal/Composite lattice structures: Design
for Additive Manufacturing,” Aerospace, vol. 6, no. 71,
2019, doi: 10.3390/aerospace6060071.

M. Zhao, D. Z. Zhang, F. Liu, Z. Li, Z. Ma, and Z. Ren,
“Mechanical and energy absorption characteristics of
additively manufactured functionally graded sheet lattice
structures with minimal surfaces,” Int. J. Mech. Sci., vol.
167, 2020, doi: 10.1016/j.ijmecsci.2019.105262.

Q. T. Do, C. H. P. Nguyen, and Y. Choi, “Homogenization-
based optimum design of additively manufactured Voronoi
cellular structures,” Addit. Manuf., vol. 45, no. 102057,
2021, doi: 10.1016/j.addma.2021.102057.

B. Lozanovski et al., “Computational modelling of strut
defects in SLM manufactured lattice structures,” Mater.
Des., vol. 171, 2019, doi: 10.1016/j.matdes.2019.107671.
J. Sienkiewicz, P. Platek, F. Jiang, X. Sun, and A. Rusinek,
“Investigations on the mechanical response of gradient
lattice structures manufactured via SLM,” Metals (Basel).,
vol. 10, no. 213, pp. 1-19, 2020, doi: 10.3390/met10020213.
C. P. Jiang, A. T. Wibisono, and T. Pasang, “Selective laser
melting of stainless steel 316L with face-centered-cubic-
based lattice structures to produce rib implants,” Materials
(Basel)., vol. 14, no. 5962, pp. 1-20, 2021, doi:
10.3390/mal14205962.

P. F. Egan, I. Bauer, K. Shea, and S. J. Ferguson,
“Mechanics of Three-Dimensional Printed Lattices for
Biomedical Devices,” J. Mech. Des., vol. 141, no. 3, pp. 1-
12, 2019, doi: 10.1115/1.4042213.

P. S. Patel, A. Bhoi, V. Maurya, A. Wankhede, and R.
Bakshi, “Design and Test 3D Printed Lattice Structure for
UAV,” Int. Res. J. Eng. Technol., vol. 07, no. 05, pp. 7169—
7174, 2020.

G. Laird and P. DuBois, “Impact Analysis of Polymeric
Additive Manufactured Lattice Structures,” 2019. [Online].
Available:  https://www.dynalook.com/conferences/12th-
european-ls-dyna-conference-2019/Is-dyna-on-
demand/laird_predictive _engineering.pdf

S. Al Hassanich, A. Alhantoobi, K. A. Khan, and M. A.
Khan, “Mechanical properties and energy absorption
characteristics of additively manufactured lightweight novel
re-entrant plate-based lattice structures,” Polymers (Basel).,
vol. 13, no. 3882, pp. 1-18, 2021, doi:
10.3390/polym13223882.

R. Guerra Silva, M. J. Torres, and J. Zahr Vifuela, “A
comparison of miniature lattice structures produced by
material extrusion and vat photopolymerization additive
manufacturing,” Polymers (Basel)., vol. 13, no. 2163, 2021,
doi: 10.3390/polym13132163.

S. Y. Choy, C. N. Sun, K. F. Leong, and J. Wei,



78

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

(72]

(73]

[74]

(73]

[76]

[77]

Asep Indra Komara, et al.

“Compressive properties of Ti-6Al-4V lattice structures
fabricated by selective laser melting: Design, orientation and
density,” Addit. Manuf., vol. 16, no. 2010, 2017, doi:
10.1016/j.addma.2017.06.012.

P. Kohnen, C. Haase, J. Biiltmann, S. Ziegler, J. H.
Schleifenbaum, and W. Bleck, “Mechanical properties and
deformation behavior of additively manufactured lattice
structures of stainless steel,” Mater. Des., vol. 145, pp. 205—
217, 2018, doi: 10.1016/j.matdes.2018.02.062.

F. Rosa, S. Manzoni, and R. Casati, “Damping behavior of
316L lattice structures produced by Selective Laser
Melting,” Mater. Des., vol. 160, pp. 1010-1018, 2018, doi:
10.1016/j.matdes.2018.10.035.

J. Banhart, “Manufacture, characterisation and application
of cellular metals and metal foams,” Prog. Mater. Sci., vol.
46, no. 6, pp. 559-632, 2001, doi: 10.1016/S0079-
6425(00)00002-5.

J. Wang, A. G. Evans, K. Dharmasena, and H. N. G. Wadley,
“On the performance of truss panels with Kagomé cores,”
Int. J. Solids Struct., vol. 40, no. 25, pp. 6981-6988, 2003,
doi: 10.1016/S0020-7683(03)00349-4.

D. T. Queheillalt, D. D. Hass, D. J. Sypeck, and H. N. G.
Wadley, “Synthesis of open-cell metal foams by templated
directed vapor deposition,” J. Mater. Res., vol. 16, no. 4, pp.
1028-1036, 2001, doi: 10.1557/JMR.2001.0143.

F. W. Zok, S. A. Waltner, Z. Wei, H. J. Rathbun, R. M.
McMeeking, and A. G. Evans, “A protocol for
characterizing the structural performance of metallic
sandwich panels: Application to pyramidal truss cores,” Int.
J. Solids Struct., vol. 41, no. 22-23, pp. 6249-6271, 2004,
doi: 10.1016/j.1jsolstr.2004.05.045.

C. Yan, L. Hao, A. Hussein, and D. Raymont, “Evaluations
of cellular lattice structures manufactured using selective
laser melting,” Int. J. Mach. Tools Manuf., vol. 62, pp. 32—
38,2012, doi: 10.1016/j.ijmachtools.2012.06.002.

A. Ataee, Y. Li, D. Fraser, G. Song, and C. Wen,
“Anisotropic Ti-6Al-4V gyroid scaffolds manufactured by
electron beam melting (EBM) for bone implant
applications,” Mater. Des., vol. 137, pp. 345-354, 2018, doi:
10.1016/j.matdes.2017.10.040.

B. K. Nagesha, V. Dhinakaran, M. Varsha Shree, K. P.
Manoj Kumar, D. Chalawadi, and T. Sathish, “Review on
characterization and impacts of the lattice structure in
additive manufacturing,” in Materials Today: Proceedings,
2020, wvol. 21, no. =xxxx, pp. 916-919. doi:
10.1016/j.matpr.2019.08.158.

M. Martorelli, A. Gloria, C. Bignardi, M. Cali, and S.
Maietta, “Design of Additively Manufactured Lattice
Structures for Biomedical Applications,” J. Healthc. Eng.,
vol. 2020, 2020, doi: 10.1155/2020/2707560.

A. Nazir, K. M. Abate, A. Kumar, and J. Y. Jeng, “A state-
of-the-art review on types, design, optimization, and
additive manufacturing of cellular structures,” Int. J. Adv.
Manuf. Technol., vol. 104, no. 9-12, pp. 3489-3510, 2019,
doi: 10.1007/s00170-019-04085-3.

G. Dong, Y. Tang, and Y. F. Zhao, “A survey of modeling
of lattice structures fabricated by additive manufacturing,”
J. Mech. Des., 2017, doi: 10.1115/1.4037305.

D. W. Rosen, “Computer-Aided Design for Additive
Manufacturing of Cellular Structures,” Comput. Aided. Des.
Appl, vol. 4, no. 5, pp. 585-594, 2007, doi:
10.1080/16864360.2007.10738493.

T.Kim, C. Y. Zhao, T. J. Lu, and H. P. Hodson, “Convective
heat dissipation with lattice-frame materials,” Mech. Mater.,
vol. 36, pp- 767-780, 2004, doi:
10.1016/j.mechmat.2003.07.001.

X. Zhang, X. Jin, G. Xie, and H. Yan, “Thermo-fluidic
comparison between sandwich panels with tetrahedral
lattice cores fabricated by casting and metal sheet folding,”

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

1]

[92]

(93]

[94]

Energies, vol. 10, no. 906, 2017, doi: 10.3390/en10070906.
G. J. Davies and S. Zhen, “Review Metallic foams: their
production, properties and applications,” J. Mater. Sci., vol.
18,  no. 7,  pp- 1899-1911, 1983, doi:
doi:10.1007/bf00554981.

W. Zhang, Z. Ma, and P. Hu, “Mechanical properties of a
cellular vehicle body structure with negative Poisson’s ratio
and enhanced strength,” J. Reinf. Plast. Compos., vol. 33,
no. 4, pp. 342-349, 2014, doi: 10.1177/0731684413510752.
X. Wu, S. Zhang, and J. Shao, “Studies on Impact
Performance of Gradient Lattice Structure Applied to Crash
Box,” SAE Tech. Pap., vol. 2018-April, pp. 1-9, 2018, doi:
10.4271/2018-01-0119.

Z. Li, Q. Yu, X. Zhao, M. Yu, P. Shi, and C. Yan,
“Crashworthiness and lightweight optimization to applied
multiple materials and foam-filled front end structure of
auto-body,” Adv. Mech. Eng., vol. 9, no. 8, pp. 1-21, 2017,
doi: 10.1177/1687814017702806.

T. Sakurai and T. Suzuki, “Crashworthiness of the electric
vehicles,” EVS 2010 - Sustain. Mobil. Revolut. 25th World
Batter. Hybrid Fuel Cell Electr. Veh. Symp. Exhib., vol. 4,
pp. 4148, 2010.

H. Uwai, A. Isoda, H. Ichikawa, and N. Takahashi,
“Development of Body Structrure for Crash Safety of the
Newly Developed Electric Vehicle,” in Ist International
Electric Vehicle Technology Conference, 2011, p. 4.

F. Hao, X. Lu, Y. Qiao, and X. Chen, “Crashworthiness
Analysis of Electric Vehicle with Energy-Absorbing Battery
Modules,” J. Eng. Mater. Technol. Trans. ASME, vol. 139,
no. 2, 2017, doi: 10.1115/1.4035498.

H. Safari, H. Nahvi, and M. Esfahanian, “Improving
automotive crashworthiness using advanced high strength
steels,” Int. J. Crashworthiness, vol. 23, no. 6, pp. 645—659,
2018, doi: 10.1080/13588265.2017.1389624.

A. B. Navale, S. P. Chippa, D. A. Chougule, and P. M. Raut,
“Crashworthiness aspects of electric vehicle design,” Int. J.
Crashworthiness, vol. 26, no. 4, pp. 368-387, 2021, doi:
10.1080/13588265.2020.1718462.

P. V. Chombo, Y. Laoonual, and S. Wongwises, “Lessons
from the electric vehicle crashworthiness leading to battery
fire,” Energies, vol. 14, no. 16, pp. 1-21, 2021, doi:
10.3390/en14164802.

R. Setiawan and M. R. Salim, “Crashworthiness design for
an electric city car against side pole impact,” J. Eng.
Technol. Sci., vol. 49, no. 5, pp. 587-603, 2017, doi:
10.5614/j.eng.technol.sci.2017.49.5.3.

J. Zhu, T. Wierzbicki, and W. Li, “A review of safety-
focused mechanical modeling of commercial lithium-ion
batteries,” J. Power Sources, vol. 378, no. November 2017,
pp. 153-168, 2018, doi: 10.1016/j.jpowsour.2017.12.034.
L. Shui, F. Chen, A. Garg, X. Peng, N. Bao, and J. Zhang,
“Design optimization of battery pack enclosure for electric
vehicle,” Struct. Multidiscip. Optim., pp. 79-84, 2018, doi:
https://doi.org/10.1007/s00158-018-1901-y.

S. Arora and A. Kapoor, Mechanical Design and Packaging
of Battery Packs for Electric Vehicles, vol. 0, no.
9783319699493. 2018. doi: 10.1007/978-3-319-69950-9 8.
S. Arora, “Selection of thermal management system for
modular battery packs of electric vehicles: A review of
existing and emerging technologies,” J. Power Sources, vol.
400, mno. August, pp. 621-640, 2018, doi:
10.1016/j.jpowsour.2018.08.020.

S. Arora, W. Shen, and A. Kapoor, “Review of mechanical
design and strategic placement technique of a robust battery
pack for electric vehicles,” Renew. Sustain. Energy Rev.,
vol. 60, pp- 1319-1331, 2016, doi:
10.1016/j.rser.2016.03.013.

X. Feng, M. Ouyang, X. Liu, L. Lu, Y. Xia, and X. He,
“Thermal runaway mechanism of lithium ion battery for



(93]

[96]

[97]

Cellular Structure Design and Manufacturability for Electric Vehicle: A Review 79

electric vehicles: A review,” Energy Storage Mater., vol. 10,
pp. 246-267, 2018, doi: 10.1016/j.ensm.2017.05.013.

S. K. Pal, S. Singh, H. Singh, M. L. Le Phung, S. Yooyen,
and S. Sleesongsom, “Intelligent design optimization of
battery pack enclosure for electric vehicle by considering
cold-spraying as an additive manufacturing technology,”
Energy Storage, vol. 2, no. 3, pp. 1-11, 2020, doi:
10.1002/est2.148.

Y. Pan, Y. Xiong, W. Dai, K. Diao, L. Wu, and J. Wang,
“Crush and crash analysis of an automotive battery-pack
enclosure for lightweight design,” Int. J. Crashworthiness,
vol. 0, no. 0, pp- 1-10, 2020, doi:
10.1080/13588265.2020.1812253.

R. Uerlich, K. Ambikakumari Sanalkumar, T. Bokelmann,
and T. Vietor, “Finite element analysis considering
packaging efficiency of innovative battery pack designs,”

(98]

[99]

[100]

Int. J. Crashworthiness, vol. 25, no. 6, pp. 664—-679, 2020,
doi: 10.1080/13588265.2019.1632545.

M. Mudassir, F. Tarlochan, and M. A. Mansour, “Nature-
inspired cellular structure design for electric vehicle battery
compartment: Application to crashworthiness,” Appl. Sci.,
vol. 10, no. 13, pp. 1-23, 2020, doi: 10.3390/app10134532.
Y. Xia, T. Wierzbicki, E. Sahraei, and X. Zhang, “Damage
of cells and battery packs due to ground impact,” J. Power
Sources, vol. 267, pp. 7897, 2014, doi:
10.1016/j.jpowsour.2014.05.078.

A. Takezawa, X. Zhang, M. Kato, and M. Kitamura,
“Method to optimize an additively-manufactured
functionally-graded lattice structure for effective liquid
cooling,” Addit. Manuf., vol. 28, no. December 2018, pp.
285-298, 2019, doi: 10.1016/j.addma.2019.04.004.



