
symmetryS S

Article

New Design of Composite Structures Used in
Automotive Engineering

Vasile Gheorghe, Maria Luminita Scutaru *, Virgil Barbu Ungureanu, Eliza Chircan and Mihai Ulea

����������
�������

Citation: Gheorghe, V.; Scutaru,

M.L.; Ungureanu, V.B.; Chircan, E.;

Ulea, M. New Design of Composite

Structures Used in Automotive

Engineering. Symmetry 2021, 13, 383.

https://doi.org/10.3390/sym13030383

Academic Editor: Dumitru Baleanu

and Marin Marin

Received: 31 January 2021

Accepted: 24 February 2021

Published: 27 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Mechanical Engineering, Transilvania University of Brasov, B-dul Eroilor 29, 500036
Brasov, Romania; gheorghe.vasile@unitbv.ro (V.G.); virbung@unitbv.ro (V.B.U.); chircan.eliza@unitbv.ro (E.C.);
ulea@unitbv.ro (M.U.)
* Correspondence: lscutaru@unitbv.ro

Abstract: The paper proposes composite materials for the manufacturing of parts of the car body
structure, namely a door. This work aims to analyze the possibility of replacing the metal door of
a vehicle with a door made of composite materials. Specific issues related to this replacement are
analyzed in the paper. Test specimens were made of composite materials of different sizes, using
several types of constituents to determine which material might be most suitable to replace metal in
the manufacturing of the door. The choice of materials for the car door was made starting from the
characteristics of the analyzed composite materials, but also taking into account the manufacturing
possibilities and other engineering limitations. The behavior of the automotive structure as analyzed,
using the finite element method for determining the stresses in the structure. Experimental verifica-
tions were performed on an experimental stand which has been specially designed for this purpose,
to validate the proposed model.
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1. Introduction

The replacement of metal materials used so far in the automotive industry with plastics
and composites has led to increased service life, increased noise and vibration absorption,
and intercompartmental insulation of vehicles to absorb the kinetic energy of shocks in the
case of accidents in an environmentally friendly way.

The use of composite materials in the automotive industry has increased significantly
in recent decades so that, at present, automotive models incorporate in their construction
up to 50% plastics and composite materials. Many parts of today’s vehicles are made of
composite materials. The composite materials from which these parts are made are chosen
depending on the role that these components have in the whole vehicle. The technology
of obtaining these components also has an important role in choosing the material used
to make the car parts. The parts can be made of one or more subassemblies, of the same
type of composite material, or of different materials, removable or non-removable. Many
parts of today’s vehicles are made of composite materials. The technology of obtaining
these components also has an important role in choosing the material used to make the car
parts. The parts can be made of one or more subassemblies, of the same type of composite
material or of different materials, removable or non-removable.

In most cases, the design of devices or composite parts is a challenge due to the
demands that the structure must meet, the need for a low weight, and ensuring low
production costs. In order to achieve the optimal structure, strategies are developed
regarding the limits of the compromise in the design process, the selection of materials, the
geometric design, and the possibilities of realization. Such cases are studied in [1] where
monolithic, U-beam, sandwich-insert, and sandwich-stiffened plates are analyzed.

SMART textiles, through their multifunctionality, low energy required in manufac-
turing, small size and weight, ease of processing, and low costs offer diversified uses in
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very different fields such as the automotive industry, aerospace engineering, military, med-
ical, sports equipment industry, civil engineering, energy industry, etc. The development
of textile-based composite materials is done quickly and with important consequences,
which redefine the design and engineering of material science and improve the quality
of life and the environment [2]. Composite materials manufactured for applications in
the automotive industry are presented in [3]. The advantage of the proposed materials
is the low weight and low costs. The materials are manufactured using scraps of freshly
recycled rubber, epoxy resin, and graphene nanoparticles (GnPs). The Halpin–Tsai method
is used to estimate the engineering constants of the manufactured materials. The finite
element method is used to verify the in-service behavior of manufactured components.
The rigidity of these materials is high enough and are very suitable for applications in the
automotive industry. Natural fibers are a realistic and environmentally friendly solution as
a reinforcing element for polymeric composites thanks to their mechanical properties, low
manufacturing cost, environmental friendliness, easy procurement, biodegradable nature,
and good weight resistance ratio [4]. According to the mentioned study, the potential of
natural fibers is enormous for a series of applications in automotive engineering, sports,
electrical and electronic articles, civil engineering, etc. Modern computational methods
can also be applied for the calculation of natural fiber composites (NFC) which offer a
good alternative to synthetic fiber composites. In [5], the properties of NFC for their use
in automotive construction, aviation, marine equipment, sports equipment, and other
engineering fields are analyzed. Thus, the finite element method proves to be a powerful
tool in the analysis of such types of composites.

In the context of the diversification of reinforcement components from composite
materials, wood can become a promising choice and the automotive industry is one of the
main beneficiaries of these new types of materials. Wood composites offer a number of
very useful properties in practice such as high rigidity, good strength, very good damping
properties, high fatigue resistance, low density, and low manufacturing costs. They thus
become competitive compared to metals or other materials if they are properly designed
and used. In order to apply these composites in automotive engineering, data on materials
are needed, necessary to establish the composition of the material following numerical
calculations. A detailed study of this problem is done in [6]. Following the studies, a
database is compiled for three species of hardwood. The results demonstrate a very good
behavior of these composites in the manufacturing of automotive components.

Many papers study various aspects of the use of composites in the automotive industry.
The rubber compound that has been used for the engine housing has thermal and sound
insulation properties within acceptable limits, as well as superior properties when it comes
to impact and tensile strength compared to plain polypropylene [7]. The compound based
on rubber powder as a reinforcing element has a positive impact on the environment,
reducing material waste by using old rubbers from car tires. At the same time, the mass of
the product is significantly reduced, having at the same time properties within the allowed
limits, such as products made of conventional materials. Different types of composite
materials made from plastic and natural fibers show a new way to improve the automotive
industry, by reducing weight and increasing performance [8]. To improve the composite
structure of automotive bumpers, a study that proposed a new structure, with lighter
weight and improved impact resistance was presented in [9]. Due to the high costs of
obtaining carbon fibers used in various industries such as aerospace and automotive, the
transition from metallic materials to carbon fiber-based composites is difficult. For this
reason, polyacrylonitrile is used as a precursor for the manufacture of carbon fibers [10].
New solutions for the composite materials used in automotive engineering are presented
in [11,12]. Different numerical procedures and modeling methods were used for the study
of composites. To determine the mechanical characteristics of a two-component composite
material with homogeneous and transversely isotropic reinforcing fibers, the Mori–Tanaka
field method in the viscoelastic domain was applied. The method gave significant errors in
the 45-degree test. To increase the calculation accuracy, fluorescence tests were performed
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for carbon fiber reinforced polyether-ether-ketone epoxy resin laminates, thus determining
the nonlinear behavior of the material [13,14]. Theoretical problems of numerical calculus
in such cases are presented in [15]. Interesting applications of the composite in the field of
automotive engineering and experimental results and procedures are studied in [16–18].

This paper proposes composite materials for the manufacturing of parts of the car
body structure, namely a door. Test specimens were made of composite materials of
different sizes, using several types of constituents to determine which material might be
most suitable for making the door. The materials used to reinforce the plates are fiberglass
and carbon fiber. From these plates the specimens necessary for the tests on the stand were
cut to establish the characteristics of the composite materials studied. The data recorded
during the tests allowed the choice of appropriate materials for the manufacturing of a
car structure. The car structure studied in the paper is a car door. The door is made of
two parts, an outer face and an inner frame. Both parts were made of composite materials.
The outer face was made of carbon fiber, and the inner frame was made of fiberglass. The
choice of materials from which the two parts of the car door were made was made starting
from the characteristics of the analyzed composite materials, but also taking into account
the manufacturing possibilities. The behavior of the automotive structure made of the
chosen composite materials was analyzed, using the finite element method for determining
the stresses in the structure. Experimental verifications were performed in order to validate
the proposed model.

2. Materials and Methods

In order to achieve the design of the door it is necessary to use some appropriate
materials and to know the characteristics of these materials, which will be determined
experimentally. For the materials used, the bending tests are the most suitable for the
analysis, using standard tests specimen. The specimen is not clamped at either end,
allowing pure bending. The three-point bending stress scheme of the specimen is shown
in Figure 1. As a result that only bending stress tests were performed, the specimens
were made in the form of a rectangular parallelepiped with the dimensions: the length
of the specimen (A) is 100 mm; the width of the test piece (B) is between 10 and 15 mm;
the thickness of the specimen (C) depends on the thickness of the plate from which the
specimens were obtained. The test piece rests on two supports and is subjected to bending
at a constant speed until it breaks. During the test, the force applied to the specimen and
its deformation (displacement of a point in the middle of the distance between the support
points) shall be measured. The test piece is considered broken at the first drop of the
force–displacement chart.
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The following five types of materials were studied:

1. The first class of composite test specimens are made of polyester resin, reinforced
with 5 layers of fiberglass fabric, which we call RT-800, with a specific mass of
845g/m2. After deposition of the five layers, the material was allowed to polymerize
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at ambient temperature. From the first material, specimens with a thickness of 4.5 mm
were made.

2. The second material tested was also made of polyester resin, reinforced with 7 layers
of fiberglass fabric with a specific mass of 845g/m2. These two types of materials were
made of the same constituents, differing only in the number of layers of fiberglass
fabric used. The specimens made of the second material had a thickness of 6 mm.

3. The third material subjected to bending tests was a material made of polyester resin,
of the “sandwich” type, made of layers of fiberglass fabric, but also composed of
coremat. The specimens obtained from this material have a thickness of 8 mm.

4. The fourth material is fiberglass in the form of mat was used to reinforce a plate of
polyester resin. Fifteen layers of mat were used to make this composite.

5. The fifth material tested was made of epoxy resin, reinforced with five layers of carbon
fiber fabrics and one layer of polyester. These specimens suffered total ruptures, only
one showing detachments between the layers. It could rather be said that these
specimens were broken during the bending tests.

There are two methods to test the composite material to determine the bending
properties. The three-point bending flexural test help us to obtain the bending modulus
of elasticity, flexural stress, and strain and the material flexural stress–strain response.
To realize the test is a three-point bend fixture. The main advantage of this method is
determined by the ease of preparation of the experiment and testing. The disadvantages
are that the results are sensitive to loading, strain rate, and specimen. The other method
is the four-point flexural test, very similar to the three-point bending flexural test. In
the paper, the three-point bending flexural test has been used, due to the ease of testing.
The tests have been made considering the recommendations presented in the standards
ASTM D790, ASTM D7264, ASTM C1161, ASTM D6272, ASTM C393, ASTM D7249, ASTM
D7250 [19–26].

The first material for which results were obtained is the composite material re-
inforced with 5 layers of fiberglass fabric. From this plate were obtained, by cutting,
20 specimens, having the dimensions: length—100 mm; width—10 mm; thickness—
4.5 mm. The specimens were numbered and marked for identification with numbers
from 1 to 20 (Figure 2). The test pushing speed on the specimen is 0.1 mm/s, at an
ambient temperature of 20 ◦C. The specimens have the same temperature as the envi-
ronment. Figure 3 shows the deformation of the specimen during the bending test on
the stand. A Force-Arrow chart was created for each test piece tested. The deformation
of the specimen is recorded in millimeters, and the pressing force is recorded in N.
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In Figure 4 is the graph of the diagram force–displacement recorded during the
bending test for the test specimen 12. The breaking point of the specimen is considered the
first point where a drop of the loading force occurs. In Figure 5, in the force–displacement
diagram the records are put together, cumulatively, for the bending stress. Only nine are
presented, in order not to load the figure.

In the Figure 6 is presented the Young’s Modulus and break stress and in Figure 7 the
displacement and the break force, all for the material RT-800.
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Based on these tests, several conclusions can be drawn. A few layers, of those required
for stretching, were completely torn. Detachment did not appear between the layers of any
sample, except for the median area, where the rupture occurred. Bending stress at break, σ,
ranged from 22.23 to 38.90 [MPa].

In material type no. 3, the breaking bending stress for these specimens had lower
values than that of the samples that did not contain coremat, and ranged from 5.85 to
8.81 [MPa]. This was a material made of polyester resin, of the “sandwich” type, made of
layers of fiberglass fabric, but also having of coremat in the middle of the sandwich. The
specimens obtained from this material have a thickness of 8 mm. These specimens suffered
damage to the coremat layer before the rupture occurred. Absolutely all specimens have
suffered detachments between the constituent layers due to the built-in coremat layer, the
coremat core does not provide good properties to the composite.

Sample with material no. 4. The fourth material is composed by 15 layers of fiberglass
in the form of mat, used to reinforce a plate of polyester resin, from which were cut
specimens with a thickness of 12 mm. Those tested at bending, at ambient temperature
(20 ◦C), showed ruptures of the layers subjected to stretching. Bending stress at rupture
varied between 22.15 and 23.69 [MPa], values comparable to those obtained for samples
without coremat. The samples of this material, tested at a temperature of 50 ◦C, also
suffered ruptures of the layers subjected to stretching. The breaking bending load for
the samples tested at 50 ◦C had values lower than the values recorded for breaking the
specimens at ambient temperature, and ranged from 16.41 to 17.15 [MPa]. The samples
subjected to the bending rupture test at a temperature of 65 ◦C, suffered ruptures of the
layers subjected to stretching, but also multiple detachments between layers. During
these tests, the detachments between the layers appeared long before the samples broke.
Basically, the resin allowed the layers of felt to slide against each other. Bending stress at
recorded rupture, σ, had very low values, between 1.49 and 2.31 [MPa]. From this material,
a set of samples was heated to a temperature of 100 ◦C, after which it was allowed to
cool to ambient temperature, when the bending test was performed. Although they were
heated, the specimens behaved similarly to those that were not heated at all. The bending
load at break for the samples heated to 100 ◦C and tested at ambient temperature, had
values between 19.51 and 22.25 [MPa]. The rupture also occurred in the layers subjected
to stretching and there were also detachments between the layers, in the middle area. In
Figure 8 the recordings during the bending rupture tests are graphically represented, for a
test piece made of mat, required in the four test conditions. From this graph, it is observed
that the samples tested at ambient temperature (recording in blue) have the same behavior
as the ones heated to 100 ◦C and allowed to cool to ambient temperature, when they were
tested (recording in green). Additionally, from this graph it appears that the resistance
of the samples made of polyester resin, reinforced with fiberglass felt, decreases with
increasing temperature of the resin. Among the constituents of the composite material, the
matrix was affected by the increase in temperature.

Carbon fiber samples from material no. 5. The bending load recorded at break for
these samples tested increased to 52.95 to 77.87 [MPa].

Table 1 shows that the composite material made of fiberglass, both fabric and mat
layers, has values close to σ, the bending load, at ambient temperature (20 ◦C). Even if the
use of coremat in the structure of the composite material has many advantages, from an
economic point of view, its presence diminishes the performance of the composite material.
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Table 1. The values for the bending loads recorded for all types of specimens tested.

Material Type of
Structure Test Temperature Bending Load at

Break

◦C
σ [MPa]

Min Max

Fiberglass

Fiber fabric at 20 ◦C 22.23 38.90
Fabric + coremat at 20 ◦C 5.85 8.81

Mat layer

at 20 ◦C 22.15 23.69
at 50 ◦C 16.41 17.15
at 65 ◦C 1.49 2.31

at 20 ◦C after heating to 100 ◦C 19.51 22.25
Carbon fiber at 20 ◦C 52.95 77.87

The values recorded in Table 1 are represented graphically in Figure 9. Analyzing
Figure 9, it is found that the composite material made of carbon fiber fabric bears the
highest load. The composite material made of fiberglass supports a considerable load if it
is in normal temperature conditions and if it does not contain materials that can damage
its homogeneous structure.
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Design of the Door

During the work, it was decided to manufacturing a car door using composite materi-
als. The variant chosen was a right front door for a five-door car. In order to build the car
door, it was necessary to make two pieces: an outer face and an inner frame.

An existing (metal) door model was chosen in order to make comparative tests. The
constructive solution established by the designer, based on previous experience, it was that
the outer face of the door should be made of carbon fiber and the inner frame of fiberglass.

A drawing of this exterior door face with the 3D model was used. Based on it, the
mold in which the molding will be made was performed. The mold was made by polyester
resin, reinforced with fiberglass. Classical technologies were applied to make the piece.

Figure 10a shows the 3D model of the outer face of the door and Figure 10b the piece
made. Based on the drawing (Figure 11a), a polyester resin mold was built and reinforced
with fiberglass (Figure 11b). The mold of the inner door frame has pronounced cavities.
Fiberglass is more malleable than carbon fiber, which is why it was decided that the inner
door frame should be made of fiberglass. The interior door frame was made of polyester
resin, reinforced with two layers of fiberglass felt.

The door assembly is made by mounting together the outer face of the door and the
inner frame of the door. The overall drawing is shown in Figure 12b. The two parts were
mounted together, not by gluing with adhesive, but with screws. The door will not be
mounted on a car, but will be mounted on a stand, where it will be subjected to deformation
resistance tests, compared to a door of the same type, but made of sheet steel.

Additional elements identical to those of the steel sheet version were attached to the
composite door. The inner frame and the outer face were fixed to each other to form the car
door with M4 screws, on the entire contour, to allow mounting and dismounting as many
times as needed during the tests on the stand.
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3. Modeling and Experimental Research of the Car Door

In order to be able to perform a finite element analysis the model of the structure must
be elaborated. The assumptions considered are the following:

- each sheet is shaped in the form of a continuous, linear elastic medium. The theory
does not include cracks, air gaps, etc;

- the laminates are orthotropic, parallel, and perfectly glued to each other;
- the fibers are not examined in isolation from the matrix or the adhesive layer (interface

effects are neglected);
- the individual layers are ideally glued to each other. In case of application of loads,

no relative slips appear;
- the materials behave linearly, ideally elastic, i.e., for each individual layer the laws of

linear elasticity are valid;
- the connections between the components of a mechanical assembly are relatively

difficult to make;
- the damping of the mechanical system is generally ignored.

The 3D models made of the door elements were used to perform the analysis with
a finite element. The Hyperworks/Hypermesh software suite was used to discretize the
CAD model.

3.1. Test Stand for Car Structure

The experimental research of the car door was carried out on a stand specially designed
for this type of test. The stand must reproduce, as accurately as possible, the way the door
is attached to the car. For this reason, a five-door body was used to make the stand, on
which the door made of composite materials could be mounted. The doors, hood, rear
tailgate, windshield are not mounted on the body. The body does not have the suspension
system, steering or power group.

The body was fixed, with the help of clamps, on the laboratory platform. In order for
the door to be mounted exactly like on a car, the door sealing gasket (cheddar), the door
hinges, its locking system were kept on the body.

On the stand, the doors, both metallic and composite, were stressed statically and
dynamically. The diagram of the stand is presented in Figure 13.
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To monitor the surface of the door structure subject to stress, the Digital Image
Correlation Method (VIC) was used, using the system produced by ISI-Sys GmbH, Kassel,
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Germany. The system is made with the help of two digital cameras, mounted on a tripod,
whose high-fidelity images are processed using software.

The door test was made with a static charging device. The device is made of an upright,
also fixed on the metal platform of the laboratory, on which is mounted a mechanism by
means of which the door is operated and its request is recorded. The device is made
of an upright, also fixed on the metal platform of the laboratory, on which is mounted
a mechanism by means of which the door is operated and the force is recorded. On
the upright (3) of Figure 14, a support (4) is fixed in which the loading mechanism is
located. The loading mechanism of the door (8), which is mounted on the vehicle body
(2), by means of the rod (6), on which the force transducer (7) follows. The support can be
moved vertically with respect to the upright, by means of a screw–nut mechanism. The
door loading mechanism is also made on the nut–nut principle. Thus, turning the nut (5)
produces a controlled, horizontal movement of the mechanism rod (6), which in turn acts
on the door, by means of the force transducer (8).
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Figure 14. Stand diagram. 1. Metal platform; 2. car body; 3.mount; 4. support loading mechanism;
5. nut; 6. rod loading mechanism; 7. force transducer; 8. door; 9. speaker without membrane;
10. sound level meter; 11. cameras of the Video Image Correlation (VIC) system; 12. tripod;
13. computer.

For this test, the car doors, both metallic and composite, were covered on the outside
with a layer of matte white paint. Over this layer of white paint, in the monitored area, will
be applied, by spraying, stains with random dimensions, shape, and distribution, which
will ensure a good contrast and an easy subsequent identification for the cameras of the
VIC system.

Figure 15 shows the two doors, metallic and composite, after being covered with matte
white paint. The metal door is blue, and the composite door is black.

Symmetry 2021, 13, x FOR PEER REVIEW 12 of 20 
 

 

Figure 15 shows the two doors, metallic and composite, after being covered with 
matte white paint. The metal door is blue, and the composite door is black. 

 
Figure 15. Metal door (left) and composite materials door (right). 

On the car body, fixed on the laboratory platform, will be mounted, in turn, the metal 
door and the composite door to be loaded both statically and dynamically. 

To monitor the surface of the door subjected to static load, the Digital Image Corre-
lation Method (VIC) (Video Image Correlation) is used, which allows high-precision ex-
perimental investigations (of the order of microns, μm). This is an optical method of in-
vestigation, without direct contact with the surface of the analyzed part and is not de-
pendent on its material either. It does not intervene in the intimate process of changing 
the field of displacements and deformations of the structure under the action of external 
influencing factors, to which the piece would be subjected. 

The main parts of the VIC-3D system are: two high-resolution video cameras; a rigid 
tripod; a computer. The two chambers (1) are arranged on the crosspiece (2) so as to see 
the analyzed object at the same angles, arranged symmetrically (Figure 16). The analyzed 
object is painted with spots of random size, shape, and distribution, which on the white 
background of the door surface, will ensure a good contrast. 

 
Figure 16. 1. High resolution video camera; 2. support; 3. tripod; 4. LED lamp. Basic elements of 
the VIC-3D system. 

The three-dimensional Video Image Correlation (VIC-3D) represents a displace-
ment/strain measurement method developed by Correlated Solutions, Inc. Basically, the 
technique uses a proprietary mathematical correlation method to for the digital image 
data taken while a test specimen is subjected to load. This method can offer very accu-
rately the full-field. It uses a simple specimen preparation, the non-contact nature of the 
measurement, the low sensitivity to vibrations, the ability to measure large strains 
(>500%), and the ability to measure initial specimen shape and surface displacements in 

Figure 15. Metal door (left) and composite materials door (right).



Symmetry 2021, 13, 383 13 of 21

On the car body, fixed on the laboratory platform, will be mounted, in turn, the metal
door and the composite door to be loaded both statically and dynamically.

To monitor the surface of the door subjected to static load, the Digital Image Cor-
relation Method (VIC) (Video Image Correlation) is used, which allows high-precision
experimental investigations (of the order of microns, µm). This is an optical method of
investigation, without direct contact with the surface of the analyzed part and is not de-
pendent on its material either. It does not intervene in the intimate process of changing
the field of displacements and deformations of the structure under the action of external
influencing factors, to which the piece would be subjected.

The main parts of the VIC-3D system are: two high-resolution video cameras; a rigid
tripod; a computer. The two chambers (1) are arranged on the crosspiece (2) so as to see
the analyzed object at the same angles, arranged symmetrically (Figure 16). The analyzed
object is painted with spots of random size, shape, and distribution, which on the white
background of the door surface, will ensure a good contrast.
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Figure 16. 1. High resolution video camera; 2. support; 3. tripod; 4. LED lamp. Basic elements of the
VIC-3D system.

The three-dimensional Video Image Correlation (VIC-3D) represents a displacement/
strain measurement method developed by Correlated Solutions, Inc. Basically, the tech-
nique uses a proprietary mathematical correlation method to for the digital image data
taken while a test specimen is subjected to load. This method can offer very accurately the
full-field. It uses a simple specimen preparation, the non-contact nature of the measure-
ment, the low sensitivity to vibrations, the ability to measure large strains (>500%), and the
ability to measure initial specimen shape and surface displacements in three dimensions.
The method is based on the use of two video cameras, located at a distance from each other,
whose images recorded simultaneously provide a spatial image of the analyzed object,
similar to the human eye.

The static door loading mechanism works on the principle of the nut–screw. Thus,
by rotating the nut (5) in Figure 14, there is a horizontal movement of the rod of the
mechanism (6), which, in turn, loads the door, through the force transducer (8). While the
force transducer records the pressing or compression force applied to the door face, the
VIC system records the deformations that occur on its surface.
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3.2. Experimental Research of a Classical Metal Structure

The metal door was mounted on the body (Figure 17). It is fastened in hinges and rests
on the sealing gasket (cheder). The static door loading mechanism works on the principle
of the nut–screw. When the mechanism presses on the power transducer, the door panel is
applied from the inside of the vehicle to the outside (we call this experiment traction), and
when the mechanism pulls the force transducer, the door panel is applied from the outside
to the inside of the vehicle (we call this experiment compression).
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Figure 17. Stained metal door.

To begin with, we test the load acting on the panel, from the inside of the door (vehicle)
to the outside. The pressing force on the door panel increased over time, from a minimum
to a maximum of 549.249 N, then decreased to 0 N, with the entire cycle lasting 82 s. The
variation of the force over time is shown in the graph in Figure 18.
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The deformation of the metal door surface was monitored, by the Digital Image
Correlation method, using the VIC-3D system. From the points made, by painting on the
door panel, 12 points were identified, arranged as in Figure 19, which the Digital Image
Correlation system, VIC-3D, monitored. With the help of these points, the deformation
mode of the door panel was determined, when pressed, from the inside of the door to
the outside.
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Using the records for the considered points in Figures 20–22 it was possible to graphi-
cally draw the vertical section of the door panel for the initial force, for an intermediate load
and for the maximum load. The maximum deformation of the door panel was 3.13 mm,
for a maximum force of 549.24 N.

Symmetry 2021, 13, x FOR PEER REVIEW 14 of 20 
 

 

 
Figure 19. Chosen points for the study of compression displacement. 

Using the records for the considered points in Figures 20–22 it was possible to graph-
ically draw the vertical section of the door panel for the initial force, for an intermediate 
load and for the maximum load. The maximum deformation of the door panel was 3.13 
mm, for a maximum force of 549.24 N. 

  
Figure 20. 3D deformation at traction and compression of the metal door. Simulation using FEM. Figure 20. 3D deformation at traction and compression of the metal door. Simulation using FEM.



Symmetry 2021, 13, 383 16 of 21Symmetry 2021, 13, x FOR PEER REVIEW 15 of 20 
 

 

 
Figure 21. Deformation at traction obtained by measurement. 

 
Figure 22. Deformation at compression obtained by measurement. 

The test was resumed, but this time the force of action acted from the outside of the 
panel to the inside of the vehicle. The pulling force ranged from 0 N to 240,894 N and 
again to 0 N, within 88 s. The recording of the variation of the force in time is illustrated 
in the graph from Figure 18. The maximum deformation made by the door panel was 5.93 
mm, for a maximum force of 240.89 N. 

3.3. Experimental Research of a Structure Made of Composite Materials 
For the door made of composite materials, the same tests were performed. The door 

was mounted on the body with the help of hinges and locks, as in the metal door, and was 
supported on the sealing gasket (cheder). 

In the Ø8mm hole, the loading rod of the static door loader was mounted. The door 
surface was deformed to the outside and inside of the vehicle, and the deformation of the 
door surface was monitored, by the Digital Image Correlation method, using the VIC-3D 
system (Figure 23). 

Figure 21. Deformation at traction obtained by measurement.

Symmetry 2021, 13, x FOR PEER REVIEW 15 of 20 
 

 

 
Figure 21. Deformation at traction obtained by measurement. 

 
Figure 22. Deformation at compression obtained by measurement. 

The test was resumed, but this time the force of action acted from the outside of the 
panel to the inside of the vehicle. The pulling force ranged from 0 N to 240,894 N and 
again to 0 N, within 88 s. The recording of the variation of the force in time is illustrated 
in the graph from Figure 18. The maximum deformation made by the door panel was 5.93 
mm, for a maximum force of 240.89 N. 

3.3. Experimental Research of a Structure Made of Composite Materials 
For the door made of composite materials, the same tests were performed. The door 

was mounted on the body with the help of hinges and locks, as in the metal door, and was 
supported on the sealing gasket (cheder). 

In the Ø8mm hole, the loading rod of the static door loader was mounted. The door 
surface was deformed to the outside and inside of the vehicle, and the deformation of the 
door surface was monitored, by the Digital Image Correlation method, using the VIC-3D 
system (Figure 23). 

Figure 22. Deformation at compression obtained by measurement.

The test was resumed, but this time the force of action acted from the outside of the
panel to the inside of the vehicle. The pulling force ranged from 0 N to 240,894 N and again
to 0 N, within 88 s. The recording of the variation of the force in time is illustrated in the
graph from Figure 18. The maximum deformation made by the door panel was 5.93 mm,
for a maximum force of 240.89 N.

3.3. Experimental Research of a Structure Made of Composite Materials

For the door made of composite materials, the same tests were performed. The door
was mounted on the body with the help of hinges and locks, as in the metal door, and was
supported on the sealing gasket (cheder).

In the Ø8mm hole, the loading rod of the static door loader was mounted. The door
surface was deformed to the outside and inside of the vehicle, and the deformation of the
door surface was monitored, by the Digital Image Correlation method, using the VIC-3D
system (Figure 23).

The door panel was loaded from inside the vehicle to the outside. The pressing force
on the panel increased, over time, from the minimum to the maximum value of 70.709 N,
after which it decreased again to a minimum within 74 s. The variation of the force over
time is given in the graph in Figure 24.



Symmetry 2021, 13, 383 17 of 21Symmetry 2021, 13, x FOR PEER REVIEW 16 of 20 
 

 

 
Figure 23. Door surface monitoring with VIC-3D system. 

The door panel was loaded from inside the vehicle to the outside. The pressing force 
on the panel increased, over time, from the minimum to the maximum value of 70.709 N, 
after which it decreased again to a minimum within 74 s. The variation of the force over 
time is given in the graph in Figure 24. 

   
Figure 24. Variation of the pressing and traction force, over time, for the composite door. 

The deformation of the door surface, made of composite materials, was monitored, 
also with the VIC-3D system. Figure 25 shows the deformations for a pressure force of 
3.45 N and a pressure force of 24.95 N, and Figure 26 shows the deformations for a pres-
sure force of 52.74 N and for the maximum force of 70.71N. 

 
Figure 25. Deformation of the panel, at pressure, for 3.45 N, respectively the force of 24.95 N. 

Figure 23. Door surface monitoring with VIC-3D system.

Symmetry 2021, 13, x FOR PEER REVIEW 16 of 20 
 

 

 
Figure 23. Door surface monitoring with VIC-3D system. 

The door panel was loaded from inside the vehicle to the outside. The pressing force 
on the panel increased, over time, from the minimum to the maximum value of 70.709 N, 
after which it decreased again to a minimum within 74 s. The variation of the force over 
time is given in the graph in Figure 24. 

   
Figure 24. Variation of the pressing and traction force, over time, for the composite door. 

The deformation of the door surface, made of composite materials, was monitored, 
also with the VIC-3D system. Figure 25 shows the deformations for a pressure force of 
3.45 N and a pressure force of 24.95 N, and Figure 26 shows the deformations for a pres-
sure force of 52.74 N and for the maximum force of 70.71N. 

 
Figure 25. Deformation of the panel, at pressure, for 3.45 N, respectively the force of 24.95 N. 

Figure 24. Variation of the pressing and traction force, over time, for the composite door.

The deformation of the door surface, made of composite materials, was monitored,
also with the VIC-3D system. Figure 25 shows the deformations for a pressure force of
3.45 N and a pressure force of 24.95 N, and Figure 26 shows the deformations for a pressure
force of 52.74 N and for the maximum force of 70.71 N.
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Figure 27. 3D deformation at traction and compression of the metal door. Simulation using FEM. 

  

Figure 26. Deformation, at pressure, for the force 52.74 N, respectively the force of 70.71 N.

The colored areas appear on the door panel depending on the size of the deformation
of the panel, in the direction of the pressing force. The colors are according to the legend:
purple for deformation 0 mm, red for deformation of 5 mm.

In Figure 27 is a three-dimensional image of the deformation area, made using FEM
simulation. The maximum deformation made by the door panel was 3.24 mm, for a
maximum force of 70.71 N. For the composite door the test was resumed, the stress acting
from the outside of the panel to the inside of the vehicle. The pulling force ranged from
0 N to 45.83 N and again to 0 N, within 68 s. The colored areas that appear on the door
panel depend on the size of the deformation of the panel, in the direction of the traction
force (Figure 28). The colors are according to the legend: red for deformation 0 mm, purple
for deformation of 5 mm.

The maximum deformation of the door panel was 4.34 mm.
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4. Discussions Comparative Evaluation of Solution

The simulation made on the 3D model shows that the use of the caisson stiffens the
surface of the door panel, ensuring a higher resistance of the panel. Table 2 shows the load
forces and the maximum deformations recorded during the tests, both for the metal door
and for the composite door.

Table 2. Load forces and maximum deformations.

Compression Traction

Force [N] Deformation [mm] Force [N] Deformation [mm]

Metal door 549.24 3.13 240.89 5.93
Composite door 70.71 3.24 3.24 4.34

Although the pressure forces from the inside of the door to the outside have higher
values, the deformations in this direction are smaller than if the doors are required from
the outside to the inside, for both types of door. This is due to the constructive shape of the
door panel.

Analyzing the data in this table, it is found that the deformations of the door made
of composite materials have values close to those recorded for the metal door. The same
cannot be said about the stresses of the two doors. For the deformation of the metal door,
in both cases, compression and traction, much greater forces were needed, of the order of
hundreds of Newtons. For the door made of composite materials, the loads were only in
the order of tens of Newtons, for the similar values of deformation.

5. Conclusions

Composite materials have advantages that make them very suitable for applications
in the automotive industry. The paper made a study of several types of materials that could
be used in the automotive industry, presenting an application for the construction of a door.
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The behavior of this subassembly, made of composite materials, was studied, compared to
a door made of metal.

It was found that composite materials will have different properties depending on the
constituents that make them up and their performance is influenced by the environmental
conditions in which they are forced to work.

The studied materials were composite made of polyester resin, reinforced with fiber-
glass s fabric, with a different number of layers, composites of polyester resin reinforced
with fiberglass mat, and composites reinforced with carbon fibers. As the increase in
temperature leads to a decrease in the rigidity of this material, this type of material cannot
be used to make structural elements in the vicinity of heat engines, flue gas systems, or
other areas of vehicles exposed to high temperatures.

The presence of coremat in the composition of the composite material reinforced
with glass fibers reduces its performance. Such a material can be used successfully for
ornamental landmarks, or without an important role in the strength structure of vehicles.
The presence of coremat in the composition of the resistance structures would only decrease
their quality.

The weight of the metal door, not equipped (without hinges, closing mechanism,
anti-fog bar, window and window actuation mechanism) is 17.5 kg, the door made of
composite materials, under the same conditions has a mass of 5 kg.

The structures made of composite materials must be rigid enough to prevent the
phenomenon of cracking of the material matrix. The composite material made of polyester
resin, reinforced with glass fibers withstands a considerable load if it is in normal tem-
perature conditions. The increase in temperature leads to a decrease in the rigidity of
this material. For this reason, structural elements in the vicinity of heat engines, flue gas
systems or other areas of vehicles exposed to high temperatures cannot be made from this
type of material. For the manufacture of doors, however, the use of this material proves to
be very convenient.

The composite material made of epoxy resin reinforced with carbon fiber fabric
supports the highest load, but is very rigid. The high price still keeps it away from many
mass-produced car parts. The idea of making small closed structures, such as caisson, must
be further developed and exploited. Composite materials allow the realization of such
structures, compared to metals, where such an approach would be expensive.
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