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Abstract: Composites have proved their usefulness in the
automotive industry during recent years. Many automobile
companies use them in different parts to reduce weight without
hampering strength. In a composite material, Lay-up sequence
and orientation highly affects the properties of the laminate.
Therefore, it is important to perform design optimization on a
component to achieve high strength in minimum weight. This
paper deals with the optimization of lay-up for composite Racing
Seat using finite element analysis. Different lay-up sequences for
laminates including, cross-ply [0/90]n, angleply [*a/n, and
[0/90/+a]x are analysed. The lay-up sequence, orientation and ply
number are optimized using composite material carbon
fibre/Epoxy. Driver’s ergonomics and impact sustainability are
considered constraints for weight optimization. Driver’s
ergonomics were based on 95th percentile male and 5th percentile
femalerule. Force analysisis performed on the seat according to
SFI 39.2 to evaluate the strength requirement. Finite element
analysis of composite racing seat is performed via commercial
finite element code ANSYS and using the capabilities of ANSYS
Composite PrepPost (ACP) to form desired composite lay-up. A
finite element code is based on classical lamination theory;
including Puck’s failure criterion for first-ply failure. The seat is
divided into three portions with a different number of layers
considering the values and specific nature of acting forces; which
resulted in different thicknesses in different regions. The
optimization results show that for all the angles of Angle-ply
laminate considered, Angle-ply laminates with an angle of 45°
providesa more optimum design. The minimum weight obtained is
10.15kg.

Keywords. Composite Racing Seat, Weight Optimization, FEA,
Cross-ply, Angle-ply, Puck’s failure criteria.

I. INTRODUCTION

‘Light-weight’ is the prime requirement of any racing
car as it directly affects the speed of the vehicle. The
structural components of any car require adequate strength
with minimal weight while meeting the loading requirements
including impacts. As such, three parametersviz. (a) materia
selection, (b) geometry and (c) quality of construction play a
vital role in achieving high strength to weight ratio[1]. As
regards materials, fibre reinforced composite materias are
being widely used in automotive industries due to their
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advantages like high strength to weight ratio, high specific
gtiffness and customizable material properties. However,
unlike metallic materials, composites have an anisotropic
nature i.e., their properties vary depending on load direction
and fibre orientation. Even a dlight change in thickness of a
layer, orientation of fibre or stacking sequence results in
different behaviour of the same material structure. Hence, it
is difficult to design an optimal composite structure as its
performance is highly dependent. Many researchers have
tried different approaches to obtain an optimal design having
minimal weight with the required strength. Shrivastava et
al.[2], presented an optimal design for composite wing-panel
applying genetic agorithm (GA) and finite element method
(FEM). Blasgues and Stolpe [3], identified optimal fibre
orientations and laminate thicknesses in maximum stiffness
and minimum weight design of laminated composite beams.
Mian et a.[4], performed the weight optimization of
composite pressure vessel design, using both Tsai-Wu failure
and the maximum stresscriteriafor thefirst-ply failure. Liu et
a.[5], examined a lamination parameter-based method for
seeking the best stacking sequence of laminated composite
wing structures with blending and mechanical performance
requirements. Chandak et a.[6], have studied the effect of
material and orientation on strength of side door intrusion
beam numerically. Sathaye and Bhattacharyyd7], have
demonstrated the multi-step optimization approach used in
the design and development of car hood. In any racing car,
‘Racing Seat’ is a critical component since any damages to it
can directly harm the driver apart from affecting the driver’s
comfort. It needs to be designed optimally so that it can
sustain the external impacts while offering needed comfort to
the driver. The geometry of the racing seat has to offer
seating comfort to any driver while racing and operating all
functions of the vehicle. Many researchers have studied the
high-speed impact analysis and improved the seat structure to
minimise the risk of injury[8,9] The main objective of this
paper is to analyse and arrive at the optimal design for a
Racing seat using composite material which can be
constructed with minimum weight to sustain intended impact
loads thereby offering protection and comfort to the driver.
The minimum dimensions and geometry are decided in the
CAD model. SFlI 39.2 standardg[10] are considered for
impact analysis of the seat. The optimization process is
performed using commercia finite element code ANSYS
where parameters like the lay-up sequence, orientation and
ply number have been considered while designing the plies.
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Different lay-up segquences for laminates including,
cross-ply [0/90]n, angle-ply [+a]n, and [0/90/+a], are
analysed. The first-ply failure approach is checked using the
Puck’s failure criteria.

Il. CLASSICAL LAMINATE THEORY

The classical laminate theory is used for analysing the
mechanical behaviour of laminate. The classical theory of
laminates uses the first-order scheme for the strainsin which
the strain field is expressed ag(11,12]:

M) = en(M) + &,(M) (@)
x
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em(M) and & (M) represents in-plain strains and flexural
strains respectively.
The stress field for the layer k can be represented ag[ 13]:
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Where Q;; are called the elements of the transformed reduced
stiffness matrix [Q'] and are given by[14]:
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Where ¢ = cos 0, s = sin 0 and Qj;; are the reduced stiffnessfor
each lamina and depends on elastic properties of the material
along the principal directions:
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Figure 1 Laminated composite shell and coordinate
locations of pliesin a laminate
The resultant forces and moments per unit length applied at
middle of the surface of each laminate can be obtained as:

NX h/2 Oxx n Zy Oxx
Ny =f {Uyy] dz = Zf {Uyy} dz (6)
N. —h/2 k=1

ey Oxy Zk-1\Oxy
M, nj2 (Oxx no oz, (Oxx
My ¢ = f {ny}Z dz = Z j {Uyy}ZdZ ()
Mxy —h/2\Oxy k=1"%Zk-1 \Oxy

Where, h= total thickness and (Zx, Zk-1, k= 1,2, . . .n) are the
coordinates of the ki lamina boundaries measured from the
middle surface (see Figure 1).

Based on the above eguations, the stress-strain relation is
given as.

0
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The constitutive eguation can be also expressed in a
condensed form as follows:
= %]
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Where [A], [B] and [D] are in-plane stiffness matrix,
coupling matrix and flexural stiffness matrix. The values of
Ajj, Bjj, Djj are given as:
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The principal stresses and strains components for layer k can
be obtained based on the following[14]:
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1. COMPOSITE FAILURE CRITERIA

The optimum and efficient design can only be produced by
considering the strength requirement in different areas of any
component.
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A common approach towards it isto apply afailure criterion
to it. In the present paper, Puck’s failure criteria[15,16] is
used as it allows for a distinction between initial and final
failure. The failures are categorized into two types viz. Fibre
Failure (FF) and Inter-Fibre Failure (I1F). The FF type is
further categorized into tension and compression modes,
whereas depending upon the ratio of transverse (o2) to shear
(012 or o21) dtress, the IFF type is categorized into three
modes A, B, and C.
The maximum failure conditions for Fibre Failure (FF) is
given by,
1 ( Yr12 ) _
FF Tension: —\ & + ——mgf0, | = 1

12
€1t Epq (12)
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FF Compression: —(el + mmc,fa2>
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Maximum failure conditions for Inter-Fibre Failure (I1F) is

given by,
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Where ¢, and &, are ultimate strain in tension and

compression, respectively, and ¢, is the current strain. y1oisa
shear strain, which is assumed to be equal to zero on tests of
unidirectional laminates. The parameter vt is the Poisson’s
ratio for fibres, and m is a mean stress magnification factor
for fibres in the transverse direction and is assumed to be
equal to 1 for the tests of unidirectional laminates. The

parameter piﬂ) is the slope of the (61, 612) failure curve when

Mode C: (
(16)

=1-—

o1 < =0,p{}) is the slope of the (61, o12) failure curve when

ol > 0, and pi) is the slope of the (o1, o21) failure curve
when 61 < =0. The parameter o1p iS a stress value for linear
degradation[17].

The failure condition egquations are modified such that the | eft
side of the equations is equal to 1 which further implies that
the failure occurs when the modified equation value, aso
called inverse reverse factor (IRF), exceeds 1.

IV. FINITEELEMENT MODEL SIMULATION AND
FORCE DISTRIBUTION

A. CAD Mode

The Racing seat shall consider the driver’s ergonomics and
comfort while deciding the minimum dimensions. From 5th
percentile female to 95th percentile male body dimensions
are considered while designing the seat. Thelay-back angleis
set to nearly 18° to offer acomfortable position while driving.
Suitable cut-outs for the passing of harness are provided at
appropriate locations as per formula SAE ruleg[18].

Retrieval Number: 100.1/ijrte.C64530910321
DOI: 10.35940/ijrte.C6453.0910321
Journal Website: www.ijrte.org

International Journal of Recent Technology and Engineering (IJRTE)
| SSN: 2277-3878 (Online), Volume-10 | ssue-3, September 2021

Ventilation holes are added in the ventilation area as per SFI
39.2. Metal supports are considered near mounting points of
the seat.

B. ForceDistribution
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Figure 2 Impact loading locations
The racing seat protects the driver from the impacts. SFl
Foundation Inc. has established guidelines in SFI 39.2 to
check the performance capabilities. According to the
guidelines, loads are applied in a perpendicular direction at
the three locations i.e., Head, Shoulder and Pelvis (Ref.
Figure 2). The duration and intensity of the load at the
locations are listed in Table- 1.
Table I: Load Intensity and L ocation

1
A

Case No. L ocation Load Intensity Duration
1 Head 4448 N 10 sec
2 Shoulder 8896 N 10 sec
3 Pelvic 13344 N 10 sec

159 © Copyright: All rights reserved.

C. Finite Element Mode€l

Figure 3 Meshed model of racing seat

The Finite element model of the racing seat is developed in
the ANSY S 2020R2 software ACP module considering it asa
shell body with an element size of 15 mm, involving 2,673
nodes and 11,086 elements. SOL1D186 layered elements are
developed because of their higher-order 3-D 20-node
quadratic displacement behaviour. Material coordinate
systems, called rosettes are created for defining material
directions for composite lay-up. The thickness is applied
from nodal coordinates which guide modelling ply groupsto
form desired composite lay-up as shown in Figure 3.
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Further, the analysisis performed in ANSY S Static structural
module. As mentioned earlier, loads at three positions i.e.,
Head, shoulder and Pelvis are applied one by one. In every
case, the racing seat is fixed at eight mounting points. (See
Figure 4) Total deformation, Principal stresses and Inverse
reverse factor(IRF) are monitored as output parameters.

D. Statement of Optimization

The optimal design problem of the racing seat is to attain
minimum weight under constraints of both, minimal required
dimensions and impact sustainability, according to design
constraints. The Weight of a component mainly depends on
the size and the loading conditions acting on it. In the case of
the racing seat, the minimum size is selected based on the
most important criteria, Driver’s ergonomics. Driver’s
ergonomics concerns with the understanding of the
interaction among the driver and other components of the
vehicle. Thus, the minimum size is selected to improve the
overall performance of the vehicle and comfort the driver.
The second constraint for weight is the impact sustainability.
The impact sustainability of the racing seat is checked
according to the guidelines mentioned in SFI 39.2. According
to the guidelines, any racing seat should protect the driver
from external impacts. Hence, the design of theracing seat is
extended from the sides. Furthermore, the deformations
produced due to impacts are restricted to 12.5 mm (a
half-inch) to reduce the risk of injury possible due to
deformation. The optimization model of the design includes
the design variables, objective function and design
constraints.

Design variables: The number of layers and orientation
angle of the Carbon fibre/Epoxy layer are considered for the
optimal design problem. The material properties of Carbon
fibre/Epoxy arelisted in Table- 1.

Table- I1: Measured engineering constants and typical
strength of unidirectional carbon fibre/epoxy composite

Strength properties Value
Density 1540 kg/m?
Young’s modulus in X direction 209 GPa
Young’s modulus in Y and Z direction 9.45 GPa
Poisson’s ratio in XY and XZ 0.27

Poisson’s ratio in YZ 04

Shear modulusin XY and XZ 5500 MPa
Shear modulusinYZ 3900 MPa
Tensile strength in X direction 1979 MPa
Tensilestrengthin Y and Z direction 26 MPa
Compressive strength in X direction 893 MPa
Compressive strength in Y and Z direction 139 MPa
Shear strength in XY and XZ 100 MPa
Shear strengthin YZ 50 MPa

Objective function: The objective of the paper isto produce
an optimal design for a Racing seat using composite material
which can be constructed with minimum weight to sustain
intended impact loads thereby offering protection and
comfort to the driver.

The intensity of force is not the same throughout the surface
of the seat. Therefore, the Seat is divided into three portions
with a different number of layers considering the values and
specific nature of acting forces, which resulted in different
thicknesses in different regions, see Figure 4.
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V. RESULT AND DISCUSSION
A. Cross-ply [0/90]» Composite Laminate:

6

Inverse Reverse Factor (IRF)
w

5 7 9 11 13 15 17
No. of layers

—&—Casel —@—Case2 —o—C(Case3

Figure 5 Graphical representation of Inverse Reverse
Factor (IRF) asfunction of number of layersin cross-ply
laminate
Initialy, the number of layers (n) is set to 5 in al three
regions of the seat. Then, the number of layersisincreased in
the critical portions where the stress value is high. The
limiting condition is set where the IRF value is less than 1.
When the number of plies at Region A is reached at 11,
failure in that region is not observed for all three cases of
force and hence it was concluded that a further increase of
pliesis not required. The same approached was followed for
Region B and C. Following this, the converged solution is
obtained when region A has 11 layers, region B has 17 layers
and region C has 5 layers of [0/90] cross-ply laminate. The
weight achieved at the converged solution is 13.27 kg. Also,
maximum stress and deformation are 423.26 MPa and 4.95
mm respectively. Figure 5 shows the graph of inversereverse

factor (IRF) as afunction of the number of plies.

B. Angle-ply [+6]n Composite Laminate:

5
45
4
35
3
25
1
15

1

Inverse Reverse Factor (IRF)

0.5

4]
[#5] [#15] [£25] [£35] [245] [£55) [£65] [£75] [x85]

Angle-ply [+8], laminate

—8—(ase ] =——e=(Case? —8—(323

Figure 6 Graphical representation of I nverse Reverse
Factors (IRF) for different anglesin angle-ply [£0]n
laminate
In this case, the number of layers (n) is set to 10, 16 and 4 for
regions A, B and C respectively. At every interval of 5°, IRF
was monitored starting from [+5°],angle ply laminate. It is
seen from the graph (see Figure 6) that the best suitable value
for 6 is 45° as IRF is minimum and less than 1. The maximum
stress and deformation observed for this condition are 320.25
MPaand 8.32 mm respectively.
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Even though the maximum deformation observed for angle
ply laminate is more than the cross-ply laminate, it is under
the permissible limit of a half-inch and hence acceptable.

Furthermore, the number of layers at regions A, B and C are
varied aslisted in Table- 111. It can be observed that 9,15 and

C. Angle-ply [0/90/+0], Composite Laminate:

22

2
18
1.6
14
12

1

0.8

Inverse Reverse Factor (IRF)

06
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3 layers at regions A, B and C respectively provide the best
possible results in terms of IRF, stress and deformation.
Finaly, the weight of the seat using angle ply laminate is
obtained as 10.939 kg.
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Figure 7 Graphical representation of Inver se Reverse Factors (IRF) for different anglesin angle-ply [0/90/+0]n
laminate.
The number of layers (n) isset to 4, 7 and 2 for regions A, B and C respectively. At every interval of 5°, IRF was monitored for
this laminate as well. It can be seen from the graph (see Figure 7), the optimum condition is achieved for [0/90/+40°]n and
[0/90/+45°n laminate. Further, the maximum stress values of these two laminates- 471.01 MPa and 467.32 MPa- were
compared and the laminate for which minimum stress value was obtained was selected. Similar to the previous laminate, the
number of layersisvaried and obtained results are listed in Table- V. It is observed that 4, 7 and 2 layers at regions A, B and
C respectively give the best output and hence they are finalised. The weight of the seat obtained in this caseis 10.15 kg.

Table- 111: Effect of change in number of layers on output parameters of [£45]n Angle-ply Laminate

No. of Layers Casel Case?2 Case3
Laminate Region IRE Maxc. <t Max. IRF Max. st Max. IRF Max. Max. | Weight
ax. stress Def. ax. stress Def. ax. stress Def.

A B C
[+45], 14 | 8 2 | 0.8916 327.18 1199 | 1.0997 312.26 1051 | 0.9937 515.08 9.77 9.77
[+45], 15| 9 3 | 0.8013 292.44 9.97 0.9348 278.61 8.75 0.8241 451.04 10.94 10.94
[+45], 16 | 10 4 0.7106 256.82 8.32 0.8250 244.62 7.29 0.7865 320.25 12.14 12.14
[+45]n 17 | 11 5 0.6697 243.26 7.23 0.7666 242.35 6.38 0.6457 345.31 13.28 13.28

Table- IV: Effect of change in number of layers on output parameters of [0/90/+0]n Angle-ply Laminate

No. of Layers Casel Case?2 Case3 Weight
Laminate :
Region IRF | Macstress | V& | |RE | Max.stress | M® | IRF | Max stress | M
Def. Def. Def.
A[B]C
[090:+45], | 6 | 3 | 1 | 10415 | 46119 | 1186 | 11472 | 35813 | 911 | 12438 | 65323 | 582 | /B2
(0045, | 7 | 4 | 2 | 07982 | 35057 | 780 | 08603 | 2943 612 | 09141 | 46232 | 209 | 1015
[0/90/+45], | 8 | 5 | 3 | 06286 | 27452 544 | 06704 | 24638 | 434 | 06847 3458 176 | 2%
that the functioning of laminate depends on its strength as
VI. CONCLUSION well as degree of anisotropy and stiffness. Angle-ply

laminates with an angle of 45° provide a more optimum

The weight optimization method of composite racing seat
considering the lay-up sequence and orientation is described
in this paper. Three types of lay-ups were considered to gain
an optimum solution and the weight is calculated in each
case. Studying different lay-up sequences and their
orientation is an effective technique of optimizing composite
laminate structures. The results obtained highlight the fact
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design in comparison with cross-ply laminates. Comparing
al the layup configurations it can be concluded that the
angle-ply laminate with [0/90/+£45], configuration provides a
minimum weight of 10.15 kg without hampering the required
strength.
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APPENDIX
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Figure 9 Stress contoursfor final Angle-ply [+45]» composite laminate.
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Figure 10 Stress contoursfor final Angle-ply [0/90/£45]» composite laminate.
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