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Due to the increasing number of internal combustion engine vehicles, fossil fuel sources have
decreased drastically in the last century. In addition, the concerns about global warming caused
by vehicle emissions have led automotive manufacturers to search for new alternatives to
transport. Quadricycles have started to be seen as future transport vehicles due to their smaller

design and lower energy consumption when compared to conventional vehicles. Furthermore, =~ Received  19.06.2023
] : : ] 2 . : Revised 14.11.2023
they are also considered to prevent increasing traffic jams in metropolitan areas. The light- Accepted  28.11.2023

weight design of a quadricycle is crucial since its weight would affect energy consumption. On
the other hand, because of their minimalistic design, crashworthiness is another factor that must
be considered in the structural design of quadricycles for the safety of occupants in case of a
collision. Composites are one of the most promising materials for manufacturing lightweight
structures due to having a high strength-to-weight ratio compared to conventional metals. In
this study, different body designs and optimizations of quadricycles are introduced. Compari-
sons are made between conventional metals and composite materials used in quadricycles in
terms of weight and stiffness. Studies showed that a 15% increase in specific energy absorption
capability and a 50% weight reduction at the same time is possible by using composite materials
rather than metals in the design of structural parts.
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1. Introduction which causing global warming. According to Intergovernmental
Panel on Climate Change (IPCC), the temperature of the earth

In the last century, the transport need of people has increased 41 increase up to 5°C by 2070 because of CO- emissions unless

substantially owing to a major increase in the world population,
and this situation led to global vehicle ownership increasing. As a
consequence of the growth in the population, personal vehicles
with internal combustion engines (ICEs) have led to some issues
such as increasing traffic jams, scarcity of parking lots, health
problems because of air pollution, and noise pollution, especially
in metropolitan areas. [1]. In 1950, 30% of the world’s population
was living in urban areas. As of 2014, the world population living
in urban areas reached 54%, and by 2050, it is expected to be 66%
according to UN predictions. Since people continue migrating
from rural areas to urban areas because of the various opportunities
for education and employment that cities provide, it can be ex-
pected that these mentioned problems in metropolitans to expand
day by day [2]. The increment of conventional personal vehicles
providing at least four passenger seats, comfort, and quality has
created a problem of increasing CO: (carbon dioxide) emissions

some precautions are taken to reduce emissions. Because of the
growing environmental concerns and awareness, the production of
electric vehicles (EVs) has been ramped up since they do not have
any exhaust emissions. However, the driving range of EVs without
a recharge is unsatisfactory due to the limited battery capacity [3].
Rising fuel prices, strict regulations for reducing CO- emissions,
and short travel distances of electric vehicles have pushed manu-
facturers to design small and lightweight vehicles to achieve emis-
sion targets and less energy consumption [4]. Recently, quadricy-
cles (also called microcars), which are four-wheeled motorized ve-
hicles, have emerged as a novel solution for personal transporta-
tion. These compact vehicles are derived from motorcycles and
have a frame structure that protects occupants against collisions [5].
A quadricycle generally carries at most two people, unlike tradi-
tional vehicles which are five. Moreover, quadricycles have signif-
icantly different characteristics than conventional vehicles in terms
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of dimension, acceleration, and maximum speed [6]. There is a
comparatively narrow space between the occupant compartment
and the exterior of quadricycles owing to their small size and this
leads to a significant risk for occupants in case of a collision with
larger vehicles [7,8]. In order to achieve an adequate level of safety
for the occupants in collisions, and a lightweight vehicle, material
selection has a key role in the design of quadricycles.

2. History of Quadricycles

Despite quadricycles have become popular in recent years,
the history of these compact vehicles goes back to 1980s. The
first quadricycle was developed by Henry Ford in 1986, and it
was a simple frame car which four bicycle wheels mounted on
it. Ford’s quadricycle is shown in Figure 1.

v -—

Fig. 1. Henry Ford sits in his first automobile, the Ford Quadricycle in
1986 [9]

After Ford’s first quadricycle, the cyclecars that are smaller,
lightweight, and inexpensive versions of conventional four-
wheeled cars were produced between 1910 and the early 1920s.
The goal of cyclecars was to fill the position in the market between
cars and motorcycles. Cyclecars were generally propelled with
two-cylinder air-cooled engines and the cyclecar makers some-
times used motorcycle engines. These vehicles became highly
popular, and the number of cyclecar makers increased quickly in
many countries such as the UK, France, Germany, and other Eu-
ropean countries. However, these vehicles were neither safe nor
comfortable as conventional vehicles since many of them had nar-
row spaces that only accommodate two passengers. Cyclecars
started losing their popularity after larger cars such as Austin 7,
Citroén 5CV, or Morris Cowley became more affordable, and
most of the manufacturers producing cyclecars shut down [10]. In
the 1950s and 1960s, quadricycles were also called bubble cars by
the general public. Messerschmitt KR175 was one of the first ex-
amples of bubble cars built with a single-cylinder engine by Mes-
serschmitt in 1953. BMW lsetta was developed in 1955 and is one
of the best-selling bubble cars of all time. In 1956, Heinkel Kabine
153 (three-wheeler) was developed by Ernst Heinkel, with a four-
stroke motor. The three-wheeled Peel P50 was made in 1962 by

Peel Engineering Company. On the other hand, Recent quadricy-
cle examples are Tazzari Zero, Renault Twizy, and Citroen Ami
which are all electric-powered vehicles [11]. Figure 2 illustrates
Citroen Ami and Renault Twizy.

Fig. 2. Citroen Ami (on the top) and Renault Twizy (at the bottom)
3. Classifications and Definitions of Quadricycles

A global vehicle classification does not exist for quadricycles.
However, there are different approaches in different regions to cat-
egorize quadricycles according to the limitations of the design of
these vehicles such as weight, dimension, and power. In Europe,
the classifications for vehicles category are based on United Na-
tions (UN) Regulations, also known as United Nations Economic
Commission for Europe (UNECE) standards. Quadricycles are in-
cluded in Category L: light motor vehicles, according to the EU
classification of motor vehicles. In addition, the framework Di-
rective 2002/24/EEC improved the definition of quadricycles by
separating them into two sub-categories, known as: light quadricy-
cles (L6e) and heavy quadricycles (L7e). The technical specifica-
tions of L6e and L7e category vehicles are defined by Framework
Directive 2002/24/EC as follows [5];

Light quadricycles (L6e) are:

o four-wheeled motor vehicles
e whose unladen mass is a maximum of 350 kg, the
mass of the batteries is excluded in the case of EVs
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e whose engine cylinder capacity does not exceed 50
cm? for spark ignition engines
e maximum net power output does not exceed 4 kW in
the case of an ICE
e maximum continuous rated power does not exceed 4
kW in the case of an electric motor
e whose maximum speed is not more than 45 km/h
Heavy quadricycles (L7e) are:
o four-wheeled motor vehicles other than those referred
to as light quadricycles
e whose unladen mass is a maximum of 400 kg (or 550
kg for vehicles carrying goods), the mass of the batter-
ies is excluded in the case of EVs
e maximum net power output does not exceed 15 kW in
the case of an ICE
e maximum continuous rated power does not exceed 15
KW in the case of an electric motor
e whose maximum speed is not more than 90 km/h

Table 1. EU Classification of Quadricycles [5]

Category Subcategory
L6e L6e-A Light quad
(Light Quadricycle) | L6e-B Light mini car
L7e-Al On road quad
L7e L7e-B1 Heavy all-terrain quad
(Heavy Quadricycl L7e.p2 | Heavy all-terrain quad
e) side-by-side buggy
L7e-C Heavy Quadri-mobile

In the United States of America, quadricycles are categorized as
Low-Speed Vehicles (LSV) according to the regulations of the
safety standard FMVSS 500. These vehicles are limited to 40 km/h
maximum speed and 1361 kilograms maximum weight. Another
category of small vehicles is Japanese minicars which were intro-
duced in 1949. Several revisions have been made to the specifica-
tions of minicars, and manufacturers are obligated to follow limi-
tations on the dimensions and power of the vehicle in Japan [12,
13].

4. Design

The chassis can be defined as a frame like a skeleton where
all other parts of a vehicle such as the steering system, engine,
and power train are assembled on it. The fundamental task of a
chassis is to ensure rigidity and strength to a vehicle [14,15].
Generally, there are two main types of structures preferred in the
production of vehicles based on the relation between the frame
and the body. Nowadays, integrated frame and body structures
which are called monocoque or unibody, are mostly used in ve-
hicle production. Body on frame is another type of structure in
which the body and chassis are included separately and used for
the production of vehicles. Space frames and ladder frames are
among the body-on-frame structures which some electric vehi-
cles use these types of chassis. [16]. A typical ladder frame and
monocoque chassis are demonstrated in Figure 3.

Fig. 3. Chassis types used in vehicles; a) ladder frame, b) monocoque
chassis

Electric vehicle chassis generally consist of an electric motor,
a motor controller, and a battery pack. In general, the chassis of
EVs resists various loads including torsional loads, bending
loads, longitudinal loads, and lateral loads that occur in case of
acceleration and braking [17]. There are prominent differences
between the design of EVs and ICE vehicles. For instance, a
slightly heavier chassis is not important in ICE vehicles since
extra weight can be compensated by adding a bit more power
[18]. However, a lighter design is required in electric vehicles
since an increase in the weight of an EV leads to a decrease in
the travel range without a recharge owing to battery limitations.
In addition to being lightweight, the chassis of an EV must also
be rigid because it is the most important part of providing safety
[14]. The use of innovative materials for the chassis, combined
with the robust design, can meet the desired safety, weight, and
production cost [15]. There are also similar requirements for de-
signing quadricycles which are small vehicles mainly designed
to commute in urban areas. According to ECE R 618 standards,
overall dimensions of L6e category passenger quadricycles must
not exceed a length of 3000 mm, a width of 1500 mm, and a
height of 2500 mm [19]. Nowadays, most of the manufactured
quadricycles are electrically powered in order to overcome the
global warming problem by reducing oil dependency and harm-
ful vehicle emissions. Battery technology has a significant effect
on the development of an electric vehicle. Because electric
quadricycles do not possess areas as large as conventional EVSs,
they usually have small battery packs. Therefore, electric quad-
ricycles have limited driving ranges and are not proper vehicles
for very long distances. Since energy requirement will decrease
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when the vehicle is lighter, the lightweight design of the quadri-
cycle becomes one of the key parameters that determine the en-
ergy consumption, particularly in city conditions during accel-
eration and deceleration of the vehicle [20,21]. Although electric
motors are generally preferred in these vehicles, different kinds
of engines are also used very often [22]. Three different versions
of these vehicles with three different drivetrain layouts are
demonstrated in Figures 4 to 6.

DC/DC, DC/AC

Ultra
capacitors

Battery

)
]
Final drive

Fig. 4. First version of a drivetrain layout [22]
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Fig. 6. Third version of a drivetrain layout [22]

Since a vehicle consists of thousands of parts, dozens of kilo-
grams can be saved by reducing the weight of each part, even a
few grams. The body is one of the most important parts of the ve-
hicle that can alter the total vehicle weight quite a lot. Therefore, it
is essential to design the body from light materials to reduce the
weight of the vehicle. In addition to that, expensive materials
should be avoided to keep the cost low. In this sense, composite

body panels have been designed and manufactured by various re-
searchers. In some of these applications (Figure 7), fiber-rein-
forced plastics (fiber-glass structures) were preferred since they
provide an optimum balance between lightweight, strength, and
cost [20].

Fig. 7. Fiber-glass body structure of an L7e vehicle; Hu-Go [20]

On the other hand, due to their small size and lightweight, quad-
ricycles are more vulnerable than conventional vehicles in case of
car-to-car collisions [23]. In addition, there is no safety regulation
for quadricycles to comply with, and Euro NCAP's test also proves
that quadricycles have a much lower level of safety than conven-
tional passenger cars. Therefore, the chassis of a quadricycle must
also be stiff to provide a convenient level of safety for the passen-
gers. In summary, an ideal small urban vehicle chassis/body should
fulfill the following criteria [18]:
rigid
lightweight
robust
vibration-free
resistant to impact
easy to produce
inexpensive
corrosion proof

Various design applications for quadricycles have been carried
out by researchers, and aluminum is one of the most common ma-
terials used in lightweight chassis design [24]. In order to achieve
further weight reduction while keeping the rigidity of the quadri-
cycle, composite chassis especially made of carbon fiber rein-
forced plastics (CFRP) which can offer a high strength-to-weight
ratio, have been designed by several manufacturers [25,26]. Lately,
carbon fiber composites are being highly preferred over conven-
tional metals due to having many advantages. There are also sev-
eral composite materials such as para-aramid (kevlar), E-glass and
basalt fiber which utilized in production of vehicle parts. In order
to evaluate advantages of composite materials when compared to
metals, the specific properties of some fibers and conventional
metals are presented in Table 2.
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Table 2. Specific properties of some fibers in comparison with conventional metals. Reproduced from [27]

Materials Density (g/cm?) sliel\?frt;ljkzt)rir}/%th Sp&cﬁfkrg)o gl/;}us Eg';zzls(l ((),;) ;0
Stainless steel 7.9 0.22-0.28 27 1.5-11
Aluminum 2.7 0.05-0.23 25.92 -
Carbon fiber HM 1.83 1.2 256 0.7-1.7
Para-Aramid HM 1.44 2 80 2.4
E-Glass 2.58 0.775 28 4
Basalt CBF 2.65 0.75 32 34

p : Density, ¢ : Tensile strength, E : Young’s modulus, HM : High modulus, CBF : Continuous basalt fiber

5. Materials

Material selection in a vehicle body design is crucially important

since it directly affects the vehicle weight and crashworthiness.
Most parts in vehicles are manufactured from steel, aluminum, and
magnesium in the automotive industry. Due to the increasing con-
cerns on environmental protection and sustainability, lightweight
material usage has become one of the main goals of manufacturers
since fuel consumption, exhaust emissions, and energy consump-
tion in the case of EVs can be reduced by manufacturing compo-
nents from lighter materials [28]. Composite materials, which are

Reinforcement fiber

Polymer matrix

widely known as the combination of at least two materials in a
common matrix that results in better properties, have become more
often preferred materials in the automotive industry in recent years.
Although there are various types of composite materials, fiber-re-
inforced polymer (FRP) composites which consist of fibers as the
reinforcement and polymers as the matrix, are primarily utilized
[29]. While the reinforcement element which is a fiber provides
strength and stiffness, the matrix which is a polymer maintains the
fibers in the proper orientation and protects them from environ-
mental damage [30]. A typical composition of a composite mate-
rial is shown in Figure 8.

Fiber reinforced composite
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Fig. 8. The general structure of FRP composites and their classification: a) Basic constituents of FRP composites, b) continuous FRP
composites: unidirectional and bi-directional, and c) discontinuous FRP composites: aligned and randomly oriented composites [31]
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In fiber-reinforced composites, continuous fibers are uti-
lized more than discontinuous ones since they demonstrate
higher strength and stiffness. This can be explained as contin-
uous fibers have long aspect ratios and a preferred orientation
(aligned) whilst discontinuous ones have short aspect ratios
and a random orientation. In addition to that, epoxy resins are
one of the most common matrix materials for high-perfor-
mance composite applications [32]. FRP composites are con-
stantly becoming a more popular choice due to having many
advantages including fatigue resistance, lightweight, corro-
sion resistance, high strength-to-weight ratio, and ease of
formability. They are also more sustainable and able to be
manufactured in large quantities. There are two types of fiber
used in FRP structures which are synthetic and natural fibers.
Synthetic fibers, mostly carbon fibers, are heavily utilized in
fiber-reinforced composites because of their unique mechan-
ical properties in high-performance and lightweight applica-
tions [33]. Therefore, comprehensive studies have been con-
ducted on composite applications in vehicle parts, and prom-

ising results have been obtained. For instance, a research re-
sult showed that a 50% weight reduction could be obtained
by using CFRP composites rather than steel. In the BMW i3,
a 30% weight reduction has been achieved using CFRP com-
posites in internal parts and body structure [34]. In addition
to weight reduction applications, the crashworthiness and
specific energy absorption capabilities of composites have
been investigated and better results were obtained when com-
pared to conventional metals. [35,36]. However, synthetic fi-
bers have a high cost, require lots of energy to produce, and
are not environmentally friendly. These issues of synthetic fi-
bers have led researchers to develop effective novel materials
by taking advantage of natural fibers because they are eco-
friendly, bio-renewable, and easily available at a lower cost
than synthetic counterparts and also offer good strength.
Many automotive companies have begun to use natural fiber-
reinforced composites (NFRCs) in various vehicle parts in-
cluding door panels, seat backs, dashboards, etc. due to these
advantages of natural fibers [37].
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Fig. 9. Historical shift in vehicle composition by mass. Reproduced from [38,39]

6. Applications

The promising results obtained by using composite materials
in conventional vehicles have encouraged researchers and man-

ufacturers to apply composites in quadricycle design. Boria et.al.

introduced a study on thin-walled cylindrical tubes and frontal
impact attenuators (crash boxes) produced with both aluminum
and carbon fiber reinforced plastic (CFRP) composites to deter-
mine the best option in terms of specific energy absorbing (SEA)
capacity while maintaining the lightweight design of a microcar.
The experimental tests were performed using a drop-weight test
machine for thin-walled cylindrical tubes and crash boxes with
different thickness/diameters. All the experimental tests were
conducted using a drop weight test machine with a 6 m free-fall
height and a maximum mass of 413 kg. An impact mass of 294

kg and an initial velocity of about 4 m/s were used for these tests
on cylindrical tubes. After six different tests, the results demon-
strated that the SEA capacity of CFRP tubes was 25 to 145%
higher than aluminum ones. In the case of the impact attenuators,
the six different versions of impact attenuator were tested at the
same impact conditions. Test results showed that although
crash-boxes that made of CFRP composites absorbed less en-
ergy than aluminum ones, they had 5 to 15% higher SEA values
than aluminum counterparts due to having %50 less weight, ap-
proximately [24].
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Fig. 10. A deformed CFRP tube after the test [24] (Copyright © 2015
Inderscience Enterprises Ltd.)

The Institute for Automotive Engineering of RWTH Aachen
University introduced a development of a lightweight L7e vehicle
prototype for sustainable urban mobility. The space frame of the
vehicle was manufactured from CFRP composite structure and
aluminum in order to fulfill the lightweight and safety require-
ments. Moreover, a real vehicle crash test was performed at 50
km/h on a rigid wall with respect to the Euro NCAP test protocol
in addition to a simulation test. The crash vehicle consists of the
CFRP-AI-Space-Frame structure including the chassis and masses
of drivetrain, battery as well as package components weights. The
overall vehicle weight was 600 kg and loaded with a 75 kg H3-
dummy, which represents an average male driver. The structure of
the space frame demonstrated only minimal intrusion in the simu-
lation and the real crash test. The test result validated the simula-
tion and showed that a small electric vehicle could achieve good
structural as well as good occupant safety [25]. Galmarini et al.
introduced the design and construction of GreenFun which is a
light quadricycle. The chassis of the vehicle was composed by two
main parts: a monolithic CFRP survival cell and an aluminum al-
loy sub-frame. The sub-frame has been realized by using two dif-
ferent aluminum alloy profiles. A sandwich structure made of
CFRP and aluminum honeycomb has been created in order to in-
crease stiffness and the main frame is completed by a monolithic
CFRP survival cell. The remaining parts of the quadricycle were
made of fiberglass, and then connected to the mainframe. In order
to evaluate the torsional stiffness, three different FEM analyzes
have been performed starting from the sub-frame, then the sand-
wich structures, and finally the complete frame. FEM results
showed that although the mass of the composite chassis was very
low, the torsional stiffness was similar to that of a standard middle-
class car [26]. Romo et al. introduced a development of an L7-class
urban electric vehicle with three different structures to evaluate the
crashworthiness of the vehicle. These structures were based on a
CFRP composite, a high-strength steel, and a multi-material in-
cluding aluminum, magnesium, and thermoplastic. The aim of the

study was only to design of structures; therefore, no prototype was
built and no real tests have been made. Frontal crash, lateral crash
and rear crash simulation tests were performed to CFRP structure.
The test results demonstrated that it is possible to design a very
light structure by using CFRP and obtain very high stiffness values
[40]. Kongwat et al. presented a study on heavy quadricycle struc-
tures using CFRP in the passenger cell and aluminum alloy in the
crumple zone. In order to investigate structural crashworthiness,
the behaviors of heavy quadricycles under several impact condi-
tions were simulated according to the European New Car Assess-
ment Programme (Euro-NCAP) test guidelines using a non-linear
FEA (Finite Element Analysis) via LS-DYNA. Full frontal crash
analysis of a rigid wall was carried out with diverse initial veloci-
ties of 30 km/h, 40 km/h, and 50 km/h. The results showed that the
crumple zone could efficiently absorbed and distribute the im-
pact energy. On the other hand, side impact collisions were also
performed on the quadricycle, and it was reported that the vehi-
cle tended to overturn in case of a side collision due to its light-
weight [41]. In automotive lightweight applications, there is an
increasing interest in replacing conventional steel leaf springs
with composite leaf springs owing to offering a high strength-
to-weight ratio. It is also possible that the weight of the leaf
spring can be reduced without any reduction in stiffness and
load-carrying capacity. Papacz et al. presented a study on glass
fiber-reinforced plastic (GFRP) leaf springs to replace steel leaf
springs in a van. In this study, steel leaf springs and GFRP leaf
springs were manufactured with the same width and length. Af-
ter production, the weight of the GFRP leaf spring and steel leaf
spring was measured as 12 kg and 50 kg, respectively. Thus, a
76% of weight reduction was achieved by replacing steel with a
GFRP counterpart. Also, a comparison on vibration suppression
properties of composite leaf springs and steel leaf springs was
made in this study. The results showed that the vibration sup-
press ability of composite leaf springs was three times greater
than steel leaf springs. [42].

Fig.11. Composite leaf spring [42]

Similar to this application, Ferrais et al. presented a feasibility
study for quadricycles by focusing on vehicle dynamics, struc-
tural integrity, and lightweight. A transversal leaf spring suspen-
sion was manufactured from CFRP, and an aluminum space-
frame was preferred in order to achieve a lightweight design [43].
Carello and Airale presented a study on a composite-based sus-
pension system for XAM 2.0, which is a heavy quadricycle pro-
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totype. A carbon fiber suspension arm was designed and manu-
factured instead of an aluminum one which exists on the vehicle
XAM 1.0 in order to achieve low energy consumption. The re-
sults showed that the carbon fiber suspension had 5% less
weight and 78% higher stiffness when compared to the alumi-
num one [44]. Fantuzzi et al. presented a study to evaluate the
applicability of bio-composites in the rear and front bumper of
a microcar as an alternative to glass and carbon fiber-reinforced
composites. Four different flax-based bio-composites were
manufactured, and the mechanical properties of these compo-
sites were determined. A finite element modeling was per-
formed to test the mechanical behavior of the components. The
test results indicated that flax-based bio-composites were very
promising for use in automotive components [45]. Valladares et
al. developed a frontal composite structure for L7e vehicles. The
aim was to satisfy the requirements of energy absorption for pe-
destrian protection. A glass fiber composite structure was pro-
duced as a prototype, and an impact test was performed on the
prototype. The results showed that composite structures had sat-
isfactory energy absorption capacity [46].

Fig. 12. A prototype of the frontal composite structure [46]

Fresnillo et al. also developed a heavy quadricycle
(BEHICLE) using composite panels for occupant safety. The
external cover of the vehicle was made of a glass fiber compo-
site panel. In addition, the doors, the seats, the roof, and the fire-
wall were also made of composite panels. Euro NCAP crash as-
sessment was performed to the final composite prototypes using
the ‘year 2013’ rating protocols to allow comparison with the
baseline crash tests. According to the results, BEHICLE demon-
strated an equivalent level of protection in comparison with con-
ventional Supermini cars [47].

7. Conclusions

Since the world population is continuously growing, the pre-
vention of air pollution and global warming becomes more and
more challenging every day. The quadricycles are expected to

be a novel solution to prevent not only air pollution and global
warming but also expanding traffic jams and scarcity of parking
lots in metropolitans. Due to the rising popularity of quadricy-
cles, researchers have started to carry out more studies on the
design of these small vehicles with alternative materials to re-
duce weight and obtain crashworthy structures, by keeping the
cost as low as possible. In the early stages, aluminum was a
dominant material of choice by researchers in lightweight design
applications due to being significantly lighter and cheaper than
steel. However, lightweight design studies on conventional ve-
hicles showed that fiber-reinforced polymer composite materi-
als can offer even more weight reduction than aluminum, and
provide an adequate level of strength. Synthetic fibers, espe-
cially carbon fibers, were used heavily in FRP composite struc-
tures in the past decade and very promising results were ob-
tained by researchers. In such studies, the results demonstrated
that a 50% weight reduction in the design of tubular chassis or a
78% increase in the stiffness of a leaf spring is achievable by
using CFRP rather than aluminum. The results of these studies
could be considered as a basis for future studies. The develop-
ment of chassis, crash boxes, suspensions, internal parts and the
external body of a vehicle from CFRP composites could even
further reduce the overall vehicle weight. For future studies,
other composite materials with good specific properties pre-
sented in Table 2 such as para-aramid (kevlar), E-glass, and bas-
alt fiber could be utilized for production of the components and
real crash tests in addition to simulation tests could be performed
in order to evaluate their usability in the design of structural
parts.

Nomenclature

ICE : Internal Combustion Engine

CO: : Carbon Dioxide

IPCC  : Intergovernmental Panel on Climate Change
UN : United Nations

°C . Celsius

EV : Electric Vehicle

UK : United Kingdom

Lsv . Low-Speed Vehicles

CFRP  : Carbon Fiber Reinforced Plastics

FRP . Fiber-Reinforced Polymer

NFRC : Natural Fiber Reinforced Composites
SEA : Specific Energy Absorbing

FEA : Finite Element Analysis

GFRP  : Glass Fiber Reinforced Plastics

Conflict of Interest Statement

The authors declare that there is no conflict of interest in the
study.

391



Celik and Topag / International Journal of Automotive Science and Technology 7 (4): 384-393, 2023

PARAPY .o o000 ™
v. "" ALTOMONVE ENGINEERS

CRediT Author Statement

Okan Celik: Investigation, Writing-original draft, Re-sources
Mehmet Murat Topag: Conceptualization, Writing — review
and editing

References

[1] Santucci M, Pieve M., and Pierini M. Electric L-category Vehicles
for Smart Urban Mobility. Trans Res Proc. 2016;14:3651-3660.

[2] United Nations, Department of Economic and Social Affairs, Popu-
lation Division. World Urbanization Prospects: The 2014 Revision.
2015.

[3] LiuQ, LinY, Zong Z, Sun G, and Li Q. Lightweight Design of Car-
bon Twill Weave Fabric Composite Body Structure for Electric Ve-
hicle. Comp Struc. 2013;97:231-238.

[4] Sadeghipour E, Wehrle EJ, and Lienkamp M. An Approach for the
Development and the Validation of Generic Simulation Models for
Crash-Compatibility Investigations. SAE Int J Trans Safety.
2016;4(2):219-228.

[5] Pavlovic A, and Fragassa C. General considerations on regulations
and safety requirements for quadricycles. Int J for Qual Res.
2015;9(4):657-674

[6] Mu R, and Yamamoto T. An Analysis on Mixed Traffic Flow of
Conventional Passenger Cars and Microcars Using a Cellular Au-
tomata Model. Pro-Soc and Behav Sci. 2012;43:457-465.

[7] Harrison A, Christensen J, Bastien C, and Kanarachos S. Crashwor-
thy structures for future vehicle architecture of autonomous pods and
heavy quadricycles on public roads: A review. Proc Inst Mech Eng
Part D J Automob Eng. 2020;234(1):3-16.

[8] Phanmueang K, Jongpradist P, and Ruangjirakit K. Analysis of alu-
minum front bumper beam for heavy quadricycles under impact
loading. IOP Conf Ser Mater Sci Eng. 2021;1137(1):012013.

[9] Doeden M. Crazy Cars. Lerner Publications;2007.

[10]Karaca M, Bilal L, Topac MM. Lightweight Urban Electric Micro-
cars: An Overview. ISMSIT 2018 - 2nd Int Symp Multidiscip Stud
Innov Technol Proc.; 2018.

[11]Turner L. Smaller is better!. ReNew: Tech for Sustain Fut. 2003;84
(July—September):45-49.

[12]Dios E, Alba J, Cisneros O, Avalle M, Scattina A, Esnaola A, and
Pochettino G. Optimizing vehicle structure architectures for light
trucks. 23rd Enhanced Safety of Vehicles (ESV) Conf. Curran Asso-
ciates Inc.;2013.

[13]Mizuno K, Arai Y, Hosokawa N and Hollowell W. The Crashwor-
thiness of Minicars in Frontal Impact Tests. 23rd Enhanced Safety of
Vehicles (ESV) Conf. Curran Associates Inc.;2013.

[14]Kumar S, Girgoswami R, Shukla A, Shinde P, and Rathod NT. De-
sign and Analysis Of Chassis For Electric Vehicle. Int Res J Eng
Technol. 2021;8(8):3195-3199.

[15]Koca E, Yasar A, and Bircan DA. Design, Analysis and Optimization
Of Chassis For An Electric Vehicle. Cukurova University Journal of
Sci and Eng. 2015; 32(2):111-120.

[16]Happian-Smith J. An Introduction to Modern Vehicle Design, But-
terworth-Heinemann;2002.

[17]Boria S and Pettinari S. Mathematical design of electric vehicle im-
pact attenuators: Metallic vs composite material. Compos Struct.

2014;115(1):51-59.

[18]Larminie J and Lowry J. Electric Vehicle Technology Explained,
John Wiley & Sons;2003.

[19]Reske M, Funcke M, Date P, Thonhofer S, and Gauthier Q. Feasibil-
ity Study on a Radically New L6e Vehicle Concept. EU-Live;2017.

[20] Tanik E and Parlaktag V. Design of A Very Light L7e Electric VVehi-
cle Prototype. Int J Automot Technol. 2015;16(6): 997—1005.

[21]Topag MM, Karaca M, and Bilal L. Conceptual Design of an Urban
Electric Microcar. In: The 30th SIAR Int Con of Auto and Trans Eng.
(Eds: Dumitru, 1., Covaciu, D., Racila, L., Rosca, A.) SMAT 2019.
Springer, Cham; 2020.

[22]Grzegozek W. Ecological City Car, Concepts, Design and Realiza-
tion. J KONES Power and Transp. 2009;16(1):157-164.

[23]Sadeghipour E, Duddeck F, and Lienkamp M. Crash Compatibility
of Microcars: A Study on Current Test Approaches. Crash Tech. Mu-
nich;2014.

[24]Boria S, Maccagnani S, Giambo R, and Giannoni F. Crashworthiness
and lightweight design of an innovative microcar. Int J Automot
Compos. 2015;1(4):313-332.

[25]Stein J, FaBBbender S, Matheis R, and Seidel K. Small Electric Vehi-
cle Concept Epsilon with Innovative Lightweight Design Body. ATZ
Worldwide. 2017;119(2):48-53.

[26]Galmarini G, Gobbi M, and Mastinu G. A quadricycle for urban mo-
bility. Proc ASME Des Eng Tech Conf. 2012;6:451-458.

[27]De Aratjo M. Natural and man-made fibres: Physical and mechani-
cal properties. In Fibrous and Composite Materials for Civil Engi-
neering Applications, Woodhead Publishing;2011.

[28]Verma D and Sharma S. Green biocomposites: a prospective utiliza-
tion in automobile industry. In Green Biocomposites: Design and
Applications. Springer;2017.

[29]Ngo T-D. Introduction to Composite Materials. Compos Nanocom-
posite Mater - From Knowl to Ind Appl. Intechopen;2020.

[30]Kumar YK and Lohchab DS. Influence of Aviation Fuel on Mechan-
ical properties of Glass Fiber-Reinforced Plastic Composite. Int Adv
Res J Sci Eng Technol.2016;3(4): 58-66.

[31]Maiti S, Islam MR, Uddin MA, Afroj S, Eichhorn SJ, Karim N. Sus-
tainable Fiber-Reinforced Composites: A Review. Adv Sustain Syst.
2022;6(11):1-33.

[32]Campbell FC. Structural Composite Materials. ASM Interna-
tional;2010.

[33]Safri SNA, Sultan MTH, Jawaid M and Jayakrishna K. Impact be-
haviour of hybrid composites for structural applications: A review.
Compos Part B Eng. 2018;133:112-121.

[34]Ji J. Lightweight Design of Vehicle Side Door. PhD Thesis. Politec-
nico Di Torino, Torino, Italy,2015.

[35]Bambach M, Elchalakani M, and Zhao XL. Composite steel-CFRP
SHS tubes under axial impact. Compos Struct 2009; 87:282-292.

[36]Huang WC, Cha CS, Yang IY. Optimal crashworthiness design of
CFRP hat shaped section member under axial impact. Mater Res In-
novations 2011; 15:324-327.

[37]Chauhan V, Kérki T, and Varis J. Review of natural fiber-reinforced
engineering plastic composites, their applications in the transporta-
tion sector and processing techniques. J Thermoplast Compos Mater.
2019; 35(8):1169-1209.

[38]Lutsey, NP. Review of Technical Literature and Trends Related to

392



Celik and Topag / International Journal of Automotive Science and Technology 7 (4): 384-393, 2023 ol.vf.'}%ﬁﬁrf?é}%’ifm

Automobile Mass-Reduction Technology; Research Report—UCD-
ITS-RR-10-10; Institute of Transportation Studies: Davis, CA, USA,
2010.

[39]Mayyas AT, Mayyas AR, and Omar M. Sustainable Lightweight Ve-
hicle Design: A Case Study in Eco-Material Selection for Body-In-
White. In Lightweight Composite Structures in Transport: Design,
Manufacturing, Analysis and Performance. Elsevier Ltd.;2016.

[40]Romo J, Canibano E, and Merino JC. Lightweighting and passive
safety for urban electric vehicle. Electr Veh Int Conf EV 2017.

[41]Kongwat S, Jaroenjittakam S, Chaianan S, Atchariyauthen I, and
Jongpradist, P. Design for Crash Safety of Electric Heavy Quadricy-
cle Structure. IOP Conf Ser Mat Sci Eng. 2021;1137(1):012012.

[42]Papacz W, Tertel E, and Kuryto P. Performance comparison of con-
ventional and composite leaf spring. J Measur in Eng. 2014;2(1):24—
28.

[43]Ferraris A, Micca F, Messana A, Airale AG and Carello M. Feasibil-
ity Study of an Innovative Urban Electric-Hybrid Microcar. Int J Au-
tomot Technol. 2019;20(2):237-46.

[44]Carello M and Airale AG. Composite suspension arm optimization
for the city vehicle XAM 2.0. Adv Struct Mater. 2014;54:257-272.

[45]Fantuzzi N, Bacciocchi M, Benedetti D, Agnelli J. The use of sus-
tainable composites for the manufacturing of electric cars. Compos
Part C Open Access. 2021;4:100096.

[46]Valladares D, Alba JJ, Altubo I. Energy absorbing composite struc-
ture from frontal pedestrian protection in electric light vehicles. Adv
Mech Eng. 2017;9(2):1-18.

[47]Fresnillo RM, Almarza EC, Zink L, Edwards M, Holtz J, Pedersen
MS, and Heras RT. Passive Safety Strategy for Electric Lightweight
Vehicles with Multimaterial Body and Centered Driver Position -
Opportunities and Limitations. 25th Int Technical Conf on the En-
hanced Safety of Vehicles (ESV), 2017.

393



