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Abstract

Cellular foams are a modern class of materials with unique mechanical properties that have wide
ranging engineering applications, in the areas of biomedical, acoustic and thermal insulation, and
crashworthiness. Recently, foam materials have received increased attention for vehicle
crashworthiness due to their lightweight and excellent energy absorption capabilities that allow
significant weight reduction without compromising structural safety aspects. Accordingly, this
paper reviews the crush and energy absorption behaviour of foam-filled structures that can be
used for crashworthy design in transport engineering. In addition, the mechanical and dynamic
properties of cellular material and their role on the crashworthiness performance of filled
structure are discussed. Particularly, the influences of foam density and interactions, between the
foam and the tubes, on the deformation mode of the filled structures are clarified. The advantages
offered by the innovative foam material, which contains a density gradient, on the
crashworthiness behaviour are also highlighted. Also, a brief summary of optimisation studies
involving the use of foam-filled structures are presented. It was found that the cellular materials
improve the crashworthiness performance when they are used as filler material in thin-walled
energy absorbers due to their capability of altering the deformation mode to a more favourable

one.
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1. Introduction

Thin-walled energy absorbers received wide applications in railway, aerospace and automotive
industries due to their low cost and excellent performance under impact loading [1]. These
components collapse progressively when they are subjected to impact loading, absorbing the
kinetic energy of the moving mass and converting it into plastic strains energy. The thin-walled
tubes showed excellent energy absorption performance under the various types loading including
axial loading [2], [3], lateral loading [4]-[10], oblique loading [11], and bending loading [12],
[13]. However, with the increased demand to develop light-weight vehicles that consume less fuel
and cause reduced air pollution, automotive engineers needed to develop structures that are
lightweight without compromising their crashworthiness performance.

One strategy to achieve this is to use lightweight foam materials as fillers in the protecting
structures such as thin-walled tubes used at front, side, and rear of a vehicle. These fillers can
enhance the energy absorbing behaviour through their favourable crushing response as well as
their interactions with the tube material that results in a better deformation pattern of the filled
tube compared to its in comparison to empty counterparts. The high strength to weight ratio of the
foam-filled structures makes them attractive for mobile engineering applications such as
passenger vehicles.

Foam materials have received widespread applications in the transportation industry for
crashworthiness and thermal and acoustic insulation [14]-[17], [18]. While polymeric foams have
been applied for many years, the focus has been turned towards foam metals in recent years [18].

Metallic and polymeric foam materials have received increased attention as a new generation of



lightweight materials with high potential for enhancing the energy absorption characteristics and
stabilising the crush response of thin-walled structures.

The aim of this paper is to review the crashworthiness performance of foam-filled structures
under different types of loadings considering their importance for the structural frames of
different types of passenger vehicle. The paper starts with an overview of the mechanical and
dynamic features of cellular materials in addition to discussing the main indictors that can be used
to evaluate the crashworthiness of such materials. This is followed by the crush and energy
absorbing behaviour of foam-filled structures. A summary of crashworthiness optimisation
investigations on foam-filled structures is introduced in the latter section. Finally, conclusions

and future prospects of foam-filled structures for crashworthiness applications are reported.

2. Crashworthiness of cellular material

The mechanical and microstructural properties of a cellular material play an important role in its
response to crush forces. Accordingly, this section presents the key properties of cellular

materials in addition to the relevant metrices associated with crashworthiness.

2.1 Mechanical and dynamic characterises of cellular material

Foam materials are generally featured by high strength to weight ratio as well as excellent
acoustic and thermal insulation properties compared with other engineering materials. Foams can
be classified into three main types including two dimensional (2D) honeycombs, three
dimensional (3D) with open cell configuration, and 3D with closed cell configuration, as shown
in Figure 1. The cells in the open-cell foams are connected by struts and the cell walls are broken
as such a fluid may pass through the cells. On the other hand, the cells in the closed-cell foams
are fully enclosed with cell walls so that a fluid flow is obstructed [19]. The closed-cell

configuration is generally stronger than the open cell one.



The mechanical response of foam material depends upon the cell microstructure including cell
size and cell topology, properties of the bulk material, and the relative density of the foam

material [20]. The relative density of the foam material (p*) is given by equation (1):

p =— 1)

Where pg and p are the densities of the bulk material associated with cell wall and foam
respectively. Generally, the foam material with greater relative density shows greater mechanical
strength and this can be attributed to the higher bulk material within the foam [21].

The influence of cell microstructure on the behaviour of foam materials is due to the fact that the
deformation mechanism of foam material at cell level is governed by bending and stretching of
cell wall followed by buckling and tearing in post-yield stage [22]. The cell wall bending strength
is affected by the cell size where the smaller cell size exhibits higher strength due to increasing
strength of cell edges [23]. Since the mechanical behaviour of cellular materials is influenced by
the cell microstructure, the morphological imperfections in cell microstructure such as non-
uniform cell wall thickness, cell-size variations, fractured cell walls, cell-wall misalignments, and
missing cells have a significant effect on the mechanical behaviour of the metallic foams [24].
Foam materials are generally not used for applications where tension and shear loading are
dominant. However, they are usually used where compression loads are expected. The most
attractive feature of foams is the ability to undergo a large strain deformation while maintaining a
low constant stress level before the densification region [22]. A typical compressive stress-strain
response of a foam material, as shown in Figure 3, consists of an elastic region, a plateau region
where the stress increases slowly as the cells deform plastically, and a densification region where
the load increases rapidly as the cell edges progressively touch each other and the material attains
bulk-like properties.

The most common mechanical properties of the foam materials are the plateau stress (op), elastic
modulus (E), yield point, and the densification strain.

The plateau stress (op) is a function of the foam’s relative density and it is given by equation (2):



ap = C(p)™ @
Where coefficients C and m are material parameters.
The elastic modulus (E) can be obtained as the slope of the initial loading portion of the curve
shown in Figure 3. The densification strain (ep) is the strain at which the foam is completely
crushed and there is a sharp increase in the slope of stress-strain curve. The yield stress (gy) of
the foam material can be obtained using the following equation (3) developed by Reyes at al.

[25].
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Where y, a5, €p, B are material parameters and ¢ is the equivalent strain.

©)

Amongst the types of foams, metallic and polymeric foam materials were the subject of numerous
crashworthiness investigations. Metallic foams can be obtained from different basic metals such
as Aluminium (Al), Magnesium (Mg), Copper (Cu), and Titanium (Ti). Compared to other
metallic foams, aluminium was the most studied type due to its superior performance and the low
relative density which could reach as low as 3% of the bulk material.

Low-density polymeric (non-metallic) foams have been widely applied for crashworthiness
applications in automotive industry due to their excellent energy absorbing capability. They are
used as a filler material in bumpers and as reinforcement in roof and door beams to reinforce
weak regions of the car structure and improve their responses to impact loading [26]. The main
advantage of polymeric foam is that the energy absorption performance is independent of loading
direction and thus it is capable of absorbing an oblique impact load very efficiently.

With regards to the dynamic behaviour of foam materials, the dynamic response of cellular
material is different to its quasi-static counterpart due to strain rate effect [27]. The strain rate
sensitivity of cellular material increases with increased relative density of the cellular material
[28]. The macroscopic strain-rate sensitivity of the cellular material may be due to many sources
including the strain rate sensitivity of the base material [29], the inertia effects of the individual
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cell walls [30], the contribution of the pressure of the entrapped air in honeycombs [31], and

shockwave effects that cause a dynamic localisation of the crushing [30], [32], [33].

2.2 Evaluation of crashworthiness performance

There are many indicators or metrics that can be used to evaluate the crashworthiness
performance of an energy absorbing structure such as crush efficiency, energy efficiency, specific
energy absorption capacity, weight effectiveness and so on. The general approach to calculate
these indictors is to conduct a crush test and plot the crush force-displacement response, as shown

in Figure 2, which can then be used to extract most of metrics as detailed below.

2.2.1 Energy absorption capacity (E)
Energy absorption capacity (E) can be measured by calculating the area under the force-
deflection response of an energy absorbing device. It can be defined as the integration of a load-

displacement curve as shown in equation (4):

)
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Where E is the energy absorption capacity, & is the displacement, and F(3) is the load-

displacement response.

2.2.2 Specific energy absorption (SEA)
The specific energy absorption capacity is the most important characteristic of an energy
absorber. SEA is defined by energy absorbed per unit mass, and it is given by equation (5):
E
SEA = — ®)
m

Where m is the mass of the energy absorber. SEA is an important energy absorption indictor,

particularly in structures where weight is of critical importance.



2.2.3 Stroke efficiency (Sg)
The stroke efficiency is defined as the stroke length divided by the original length of the tube.

The stroke efficiency can be defined by the equation (6):
Sg =1— (6)

Where L, is the original length of the energy absorber. S is considered as a good indicator for
describing the amount of material that can be used during collapse. This indicator is useful in

applications that have restrictions on energy absorber space.

2.2.4 Mean Crush Force (MCF) and Crush force efficiency (CFE)
Mean Crush Force (MCF) can be calculated as the ratio between the absorbed energy and the

stroke length of the absorbing structure as shown in equation (7):

MCF—E 7
=3 )

Crush Force Efficiency (CFE) is the ratio between the mean crush force and the Peak Crush
Force (PCF), which is the maximum load observed in the force-displacement response. CFE can

be obtained using equation (8):

CFE = ——= (8)

2.2.5 Energy efficiency (eg)
The energy efficiency indictor is given by equation (9):

_E_MCFx$§
" PCFxL, PCFx I,

eg = CFE X Sg 9

It is recommended to maximise the energy efficiency of an energy absorber. Ideally, to achieve
the maximum value of e, the force-displacement response of the energy absorber should be a

rectangle response.



2.2.6  Work effectiveness (Wes)
The work effectiveness is a combination of the specific energy absorption capacity and the crush
efficiency indicator, and it is defined using equation (10):
Wesr = SEA X Sg (10)
This indicator is a useful one, particularly in structures that are restricted in terms of both weight

and space as in small cars.

2.2.7 Dynamic amplification factor (DAF)
The dynamic amplification factor can be defined as the ratio between the energy absorbed under
dynamic loading and the energy absorbed under quasi-static loading up to a given crush distance,

and is given by equation (11):

DAF =
= E, (11)

DAF is used to assess the effect of dynamic loading on the energy absorption behaviour of the

structure.

3. Crush performance of Foam-Filled thin-walled structures

In vehicle applications where a high level of energy needs to be dissipated during a crash
scenario, the foam material is not used on its own instead it is employed as a filler material to
enhance the energy absorption capability. Generally, the loading direction plays an important role
in the crush behaviour of the foam-filled structures. A filled structure can be crushed in one of the

following loading directions: axial, oblique, lateral and bending loading.

3.1 Axial Loading

The early investigations of foam filled thin-walled tubes were performed by Reid et al. [34], [35]
in which polyurethane foam was used as a filler material in square, rectangular and tapered tubes
subjected to dynamic and quasi-static axial loading. Extensive research has been performed to

study the energy absorbing behaviour of axially loaded foam-filled tubes with different shapes, as
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shown in Figure 4, including Square tubes [36], [37], [38], [39], hexagonal and octagonal tubes
[38], circular tubes [40], [41], [42], [43], tapered rectangular tubes [44], conical tubes [45]-[47],
and hat sections [48]; [49], [50].

Thornton [51] used polyurethane foam as a filler material. Many compression tests were
performed in order to investigate the effects of polyurethane foam-filling on the behaviour of
metallic tubes. It was found that polyurethane foam-filled structure is not weight-effective unless
relatively thin tubes made of low-strength high-density material are used. Similar conclusions
were reported by Lampinen and Jeryan [52]. They found that weight effectiveness tends to be
reduced when the wall thickness of a polyurethane foam-filled tube is decreased below a certain
value. So it was reported that greater weight efficiency can be obtained by using thicker columns
rather than using polymer foam fillings. In contrast to the above findings, Reyes et al. [25],
Banhart [53], and Santosa et al. [37] reported that filling a tube with aluminium foam provides
higher weight efficiency and greater energy absorption than increasing the tube thickness.
Furthermore, Hanssen et al. [54] found that using aluminium foam along with a thin-walled tube
reduces the length and volume of the tube by 32% and 68%, respectively; which is important for
the design of energy absorbing systems. Foam-filling is preferred to thickening the tube wall,
since increasing the thickness increases the mass and decreases the weight efficiency of the
energy absorber.

Abedi et al. [55] investigated experimentally axial folding process of simple and grooved tubes
with circular cross—section in two different conditions of empty and polyurethane foam—filled.
They demonstrated that increment of absorbed energy due to the foam-filler in the grooved tubes
is more than the corresponding value in the simple specimens. Also, Niknejad et al. [56] analyzed
folding process of circular grooved tubes of empty and foam—filled conditions, by the theoretical
and experimental methods. In the theory, they considered the interaction factor of the

polyurethane foam and grooved tubes equal to 2. On the other hand, they showed that the



absorbed energy due to the interaction effect is equal to the absorbed energy by the polyurethane
foam.

There are two significant changes that can be observed in the collapse behaviour of foam filled
tubes; firstly, it increases the number of lobes, and secondly it shortens the fold length. Hanssen
et al. [36] noticed that the number of lobes increased with increasing foam density as shown in
Figure 5. The author reported that the presence of foam filler produced more resistance to inward
bending and thus the plastic fold length reduced and the number of folds increased. Similar
observation was reported by Asavavisithchai et al. [57] who founded that the collapse mode of a
foam filled tube is a compact mode. Also, it was found that the diamond deformation mode in an
empty circular tube alter to a concertina mode in a foam-filled tube, regardless of the foam type
and density [36], [57] as shown in Figure 6. These changes in deformation mode of foam filled
tubes are mainly due to the interaction effects between the thin-walled tube and the filler material
[19]. Toksoy and Guden [42] reported that the interaction effects in the foam-filled components
are attributed to two reasons; first, the resistance of the filler material to the outward and inward
folding of the tube during the progressive axial collapse and second, the interfacial friction stress
between the filler material and the tube wall. The interaction effects were further explained by
Zarei and Kroger [39], who investigated the collapse and energy absorption responses of foam-
filled square tubes. The authors reported that due to interaction effects, the crush force of the
foam-filled tube was higher than the sum of the crush forces of empty tube and foam when
crushed separately (Figure 7).

The energy absorption of foam filled tubes is mainly related to the density of the foam, where
structures with higher foam density have higher energy absorption [44], [58]. Mirfendereski et al.
[44] reported that the foam density has an insignificant effect on the initial peak load of tapered
tube but it has an important effect on other energy absorption parameters such as the absorbed
energy, the mean load, and the crush force efficiency which increase as the foam density

increases.

10



The main drawback of using high-density foams as a filler material is that it may lead to global
bending deformation mode [59], [35], [19], [60]. Reid et al. [35] found that using polyurethane
foam with a density higher than 320 kg.m™ may cause global bending in foam-filled square tubes.
Furthermore, increasing the foam density may affect the weight effectiveness of the filled
structure. The results obtained by Onsalung et al. [58], who investigated the energy absorption
behaviour of a square steel tube filled with polyurethane foam, indicated that a filled tube with a
foam density of 200 kg.m? offers higher SEA than a tube with a density of 300 kg.m?.
Seitzberger et al. [59] noticed that using an aluminium foam with a density of 700 kg.m in foam
filled circular tubes can cause global bending, as shown in Figure 8. In order to avoid this
undesirable feature, the authors suggested that using foam density of lower than 600 kg.m™ may

prevent global bending characteristics in foam-filled circular tubes.

3.2 Oblique loading

The performance of foam-filled tubes was evaluated under oblique loading in many studies [45],
[61], [62]. Borvik et al. [40] and Reyes et al. [63] have examined aluminium foam-filled square
and circular tubes under oblique loads. Both authors have reported that both PCF and MCF of
foam-filled tubes decrease with increasing the load angle. The effects of impactor inclination and
foam density on the crashworthiness of metal foam-filled tubes were investigated by Shahbeyk et
al. [64]. It was reported that high and medium-density foam-filled tubes undergo a global bending
mode under a slightly inclined impactor.

The tapered tubes can be considered as a solution for an unstable crush mode in the case of foam-
filled sections loaded obliquely [45]. Experimental investigations on the dynamic and quasi-static
responses of tapered rectangular tubes filled with polyurethane foam have been carried out by
Reid et al. [35]. It was noticed that the presence of foam prevents global bending and reduces the
magnitude of the load amplitude. The author also found that mean load increased as the crush
progressed under impact loading. Mirfendereski et al. [44] examined the collapse and energy

absorbing response of empty and polyurethane foam-filled tapered rectangular tubes under static
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and dynamic loading. It was found that the foam-filled tapered tubes had enhanced energy
absorption performance where a tapered tube with four tapered sides (frusta) had the smallest
PCF in both dynamic and static loadings. The results showed that with increasing the number of
tapered sides, the crush efficiency was increased but the specific absorbed energy was decreased.
Ahmad et al. [45] examined the energy absorbing responses of empty and polyurethane foam-
filled conical tubes under oblique impact loading. The authors found that foam-filled conical
tubes were effective energy absorbers because they can absorb both oblique and axial impact

loads and they have a less tendency to undergo a global bending deformation mode.

3.3 Lateral flattening

The crashworthiness of various foam-filled thin-walled structures under lateral loading, as shown
in Figure 9, was reported in literature [7], [10], [65]-[67].

Niknejad et al. [66] performed an experimental study on the lateral crushing of brazen circular
tubes filled with polyurethane foam under quasi-static loading. The effects of geometrical factors
and foam-filling on the energy absorbing responses were reported. The experimental results
revealed that using the polyurethane foam enhances energy absorption properties of the circular
tubes under lateral loading; where the foam filled tubes exhibit higher energy absorption than the
empty ones.

Niknejad and Rahmani [67] studied the lateral compression of hexagonal columns. Empty and
polyurethane foam-filled tubes manufactured from a brass alloy, steel, and galvanized iron
materials were tested under quasi-static lateral loading. Theoretical relations that describe the
lateral collapse load as a function of geometrical and material parameters were developed. It was
found that the lateral load of the tube is proportional to the plateau stress of the foam material and
the length of the tube.

Fan et al. [68] conducted experimental and numerical investigations on the lateral compression of
sandwich tubes made of aluminium alloy and ALPORAS® aluminium foam core. A set of

sandwich tubes with different diameter to thickness ratios were crushed in this study. Three types
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of deformation mechanisms were observed in the lateral collapse of sandwich tubes including
sequential collapse pattern, simultaneous collapse pattern, and simultaneous collapse pattern with
facture of the foam core. The numerical and experimental results showed that using sandwich
tubes as energy absorbers enhanced the energy absorption and the crush strength. In their second
paper, Fan et al. [69] numerically and experimentally investigated the behaviour of sandwich
structures under dynamic lateral loading. The sandwich structures under dynamic loading
exhibited the same deformation modes as those observed in the case of quasi-static loading. The
authors found that there is a critical impact velocity under which a sandwich tube absorbs the
same amount of energy as in quasi-static loading. When an impact velocity higher than the
critical is used, the sandwich tube absorbs a greater amount of energy than that absorbed in the
quasi-static case.

Niknejad and Orojloo [70] examined the crashworthiness behavior of empty and foam-filled
nested tubes energy absorber. Experimental investigations were performed to explore effects of
loading angle, polyurethane foam-filler, material type and thickness of the inner tube and
nesting arrangement on the response of this energy absorber. The obtained results indicated that a

design with foam filling, as shown in Figure 9 (d), is the one which has the highest SEA.

3.4 Lateral bending

Automobile structural frame contains many structural elements that could be subjected to bending
during different crash scenarios. Accordingly, enhancing the bending performance of such
structures using foam-filling method was the subject of many investigations. The bending
collapse of foam-filled thin-walled structures were studied for both square [71], [72] and circular
[13], [73] cross sections. Figure 10 illustrate a typical deformation mode of foam-filled tubes
under bending loading. Santosa and Wierzbicki [72] studied the effect of using a foam-filler on
enhancing the bending collapse behaviour of thin-walled tubes. They have found that filling a

square tube with low-density aluminium foam or honeycomb resulted in significantly improved
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bending behaviour. Consequently, it was reported that adopting foam filling as a strengthening
method is preferable to increasing the thickness of the tube. Similar findings were reported by
Zarei and Kroger [71] who stated that the use of aluminium foam as a filler material increases the
bending resistance of the aluminium tubes. Chen [48], who studied the bending collapse of empty
and foam filled tubes with hat profiles, also reported that foam filled tube provide an increase of
up to 40% in the SEA compared to empty tubes. Li et al. [73] evaluated the crashworthiness
behaviour of foam-filled and empty thin-walled single and double tubes under dynamic bending
loading. The authors reported that among the different configurations considered, the foam filled
double tube presents the best bending resistance and energy absorption capacity.

The main reason for the energy absorption enhancement in the foam-filled tubes under
bending loading is because of the foam core delay the local indentation of the tube by introducing
additional support from inside [73]. Also, the interaction effects between the foam core and tube

wall make the crushing loads of foam-filled greater than the empty ones [13].

As it can be seen from the studies discussed so far, using foam as filler in a thin-walled tube
enhances both the bending strength and the energy absorbing performance. However, the bending
deformation mode of the tube may be associated with a tensile failure, as shown in Figure 11,
which significantly decrease the energy absorption capability of the structure [13]. The tensile
failure depends mainly on the density of the foam core and can be increased by increasing the

foam density [13].

3.5 Advanced Foam-Filled Components

The recent trends of foam-filled tubes are all about using a new class of foam material that
contains a density gradient which is called Functionally Graded Foam (FGF) material.
Functionally Graded Foam (FGF) material was used to enhance the energy absorption behaviour
of tubes with different shapes including circular tubes [74], multi-cell square columns [75],

square tubes [76], tapered circular tubes [77] under both axial and bending loading conditions.
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Sun et al. [76] investigated the axial crushing behaviour of FGF-filled structures and they
reported that FGF material is superior to its uniform counterparts in overall crashworthiness
responses. The authors also stated that the gradient parameter plays an important role in the
crushing behaviour of such structures. Attia et al. [78] studied the crashworthiness performance
of structures filled with FGF with axial and lateral grading patterns as shown in Figure 12. The
authors observed that ascending grading pattern yields better energy absorption characteristics
than the descending one for both grading configurations. Similar findings were also observed by
Zhang el at. [79] who used FGF to fill a circular tube with functionally graded thickness. It was
reported that ascending gradient of foam density is recommended for effective energy absorption
behaviour.

The FGF material was also used as a filler material for structural components subjected to
bending loading. The bending behaviour of FGF-filled tubes was investigated by Fang et al. [80]
who found that the FGF tubes exhibit better specific energy absorption (SEA) and crash force
efficiency (CFE), but worse maximum impact force (PCF) than uniform foam filled tubes. Sun et
al. [81] investigated the impact response of sandwich panels with homogeneous and graded foam
cores under bending loading. The authors found that the descending density gradient from the
front plate towards the back outperforms other gradient configurations in terms of energy
absorption behaviour.

Overall, all the findings reported from investigations on FGF-foam filled structures indicated that
FGF material have better crashworthiness behaviour than the ones that feature uniform foam.

In addition to FGF, auxetic foam, which is an advanced type of foam with a negative Poisson's
ratio, has been used as a filler material [82]. Mohsenizadeh et al. [82] investigated axial
crashworthiness behaviour of auxetic foam-filled aluminium square structures. The tubes filled
with auxetic foam were observed to have higher specific energy absorption capacity and better

progressive collapse than the empty and polyurethane foam-filled tubes.
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4. Crashworthiness optimal design of foam-filled structures

The density of the foam material was reported in many studies to have significant impact on the
energy absorption behaviour of the foam-filled structure. Generally, the greater the foam density,
the greater the energy absorbed by a foam-filled tube. However, higher foam density means
higher mass of the filling material and hence this might compromise the lightweight feature of the
foam-filled structure resulting in lower SEA [25]. Additionally, the high foam density may also
lead to global bending deformation mode for those foam-filled tubes under axial loading, as
discussed in section 3.1. Also, the higher foam density in foam-filled structures under bending
tends to fail at lower deflection than those structures filled with lower density [13], as clarified in
section 3.4. Thus, selecting a filler material with appropriate density is crucial for successful
energy absorption process and this can only be achieved through optimising foam-fillers for the
different structures. For this reason, the single and multi-objective design optimisation methods
have attracted a lot of studies in recent years to enhance the crashworthiness of foam-filled
structures. For example, Zarei and Kroger [83] adopted multi-objective optimisation approach to
find the best design of foam-filled aluminium thin-walled tubes that has maximum energy
absorption capacity and minimum weight. Yin et al. [77] conducted crashworthiness optimisation
design of tapered tubes filled with functionally graded foam using dynamic ensemble metamodel.
It was pointed out that employing the dynamic ensemble metamodels in the optimisation
algorithm is more feasible than using traditional static ones. Sun et al. [84] used robust
optimisation method that considers uncertainties in the design variables to find the optimal design
of foam-filled hexagonal tubes. The authors indicated that robust optimisation method can
minimise the effects of uncertainties on the design criteria resulting in effective solution for
crashworthiness optimisation design problem. Zhang et al. [85] adopted kriging metamodeling
technique with the genetic and non-dominated sorting genetic optimisation algorithms to find the
optimal design of foam-filled bitubal square tubes. An et al. [86] employed multi-objective

particle swarm optimization (MOPSO) algorithm to determine the optimal crashworthiness
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configuration of foam-filled thin-walled tubes with functionally lateral graded thickness.
Jianguang et al. [87] sought an optimal crashworthiness design for axially loaded functionally
graded foam-filled functionally graded thickness structures using Multiobjective Particle Swarm
Optimization (MOPSO) algorithm. In a similar investigation, Jianguang et al. [80] performed
multi-objective crashworthiness design of functionally graded foam-filled squared tubes
subjected to bending impact loading. In this study, MOPSO algorithm and Kriging modelling

technique were used to determine the configurations that improve SEA and reduce PCF.

5. Conclusion and Future Directions

Designing a crashworthy structure with excellent energy absorption performance continues to
remain hot topic for many industries that are producing passenger vehicles such as railway,
aviation and automotive sectors. Over the last forty years, metallic thin-walled structures
dominated the crashworthiness studies due to their excellent plastic deformation behaviour.
However, with the advancements made in the area of cellular materials, many researchers have
started improving the crashworthiness behaviour of the traditional shell structures by filling them
with foam material. The current paper reviewed the energy absorption behaviour of such foam-
filled structures under different types of loading including axial, oblique, lateral, and bending.
The foam-filled structures proved to be a weight-effective solution for achieving a better
crashworthiness performance. For all loading directions, the foam-filled structures exhibited
higher energy absorption capacity than their empty counterparts. This was due to the interaction
effects between the foam material and the thin-walled tubes resulting in better deformation
patterns. The crashworthiness performance of such structures can be further improved by using
functionally graded foam which is capable for absorbing greater energy without increasing the
initial peak crush force.

Generally, aluminium foam was the most used metallic foam material for crashworthiness

applications. Consequently, other types of metallic foam such magnesium and nickel have
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received less attention and for this they could be subject of future studies in the area. Also, the

majority of researchers working on polymeric foam were focused on polyurethane foam while the

other lightweight polymeric foams, such as Expanded Polypropylene (EPP), have only received

limited attention despite its superior properties. Therefore, more investigations need to be

conducted to understand the full potential of such materials. Other types of foam such as auxetic

foam were reported to have better crashworthiness behaviour than the traditional foam. However,

the numbers of studies on such foam have been limited making it worthwhile to be considered for

further investigations.
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Figure 1: Cell structure of foam material (a) closed cell- (b) open cell- (c) honeycomb [88]
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Figure 2: Crashworthiness metrics (a) schematic of crushing test of a foam-filled structure (b) typical crush force
displacement response
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Figure 3: A typical compressive stress-strain curve for foam materials
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Figure 4: Typical foam-filled tubes a) Polyurethane foam-filled square tube [89]- b) Polyurethane
foam-filled frusta [45]- ¢) Al foam-filled rectangle tube [36]- d) Al foam-filled circular tubes[90]-e) Al
foam-filled bi-tubular circular tubes[90].
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Figure 5: Deformation modes of (a) empty- (b) foam-filled (0 = 0.35 g/cm3) circular tubes [36]
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Figure 6: Diamond and concertina deformation modes of (a) empty- (b) foam-filled long tubes [57]
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Figure 7:1llustration of interaction effects in foam-filled structures [91]
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Figure 8: Global bending in axially crushed foam filled circular tubes [59]
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C

Figure 9: Laterally crushed foam filled tubes; (a) polyurethane foam-filled Circular tube [66] - (b) polyurethane

Foam-filled hexagonal tube [67]- (c) Sandwich tube with ALPORAS [65]- (d) nested foam-filled tube [70]
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Figure 10: Deformation mode of foam-filled tubes under bending loading [71]
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Figure 11: Tensile failure in foam-filled tube under bending loading [13]
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Figure 12: Density grading patterns, (a) Axial, and (b) lateral [78]
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