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Optimization of composite shafts subjected to torsional loading has been investigated
in the previous studies by considering the constant value of load and so, minimization
of shaft mass was defined as the objective function (OF). In the current study,
maximization of the torque to mass (T/m) ratio was considered as OF. To do so, the
Genetic Algorithm (GA) and Particle Swarm Optimization (PSO) methods were
utilized. The number of layers, thickness, and angle of each ply as well as the applied
torque were considered as the input variables. Moreover, preventing of failure in
composite shaft, based on Tsai-Wu failure theory developed in Abaqus finite element
software, was defined as the constraint of optimization problem. Also, in order to
investigate the effect of OF type, in addition to the T/m, the mass was also defined as
OF in a separate optimization problem. The results revealed that despite PSO, GA had
suitable convergence in the optimization. Moreover, in spite of the type of OF, using a
composite shaft compared to the steel one, had at least 80% mass reduction.
Furthermore, although the predicted composite shaft via T/m OF has more mass
compared to that predicted via m OF, it can tolerate torsional loading up to 8.5 times
more. This point can increase the load carrying capacity of composite shaft.

Extended Abstract

1. Introduction

ue to specific characteristics of composite materials, these types of materials have attracted numerous
applications in the various industries during the last decades. One of these applications is the possibility
to use composite drive shafts in rear wheel vehicle driving system.

On the other hand, there are a relatively wide range of parameters in a composite structure affected on its
mechanical properties which can lead to almost distinct mechanical properties. Layering angle, number of layers,
thickness of each layer, along with the mechanical properties of resin and fibers, are among the variables can be
changed in a polymer matrix composite and lead to different mechanical properties and strength. Therefore, for
optimal use of a composite structure, it is necessary to optimize each variable in order to satisfy the objectives of
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the problem. This is why the use of optimization methods in problems dealing with composite structures has
attracted great attention in recent years.

Regarding the optimization of composite drive shafts, limited research has been performed in this field. It
should be noted that some of these researches do not agree with the common definitions of the optimization process
(in the sense of selecting the initial population and using the optimization algorithm to reach the defined objective
function). Among all, one can refer to [3-8].

Among the few researches performed in accordance with the principles of optimization, one can mention the
research of Rangaswamy et al [2,9]. In this study, they used the genetic algorithm and considered the torque value
applied to the shaft as a constant value (equal to the maximum torque that the equivalent steel shaft can withstand).
The results of their analysis showed that the use of carbon/ epoxy shaft has reduced the weight of the shaft by 86%
compared to the steel shaft. Similar to this research, Manjunath and Rangaswamy [1] have investigated the above
optimization problem using the particle swarm optimization (PSO) algorithm. They showed that PSO almost had
the same result (87% weight reduction compared to the steel shaft) compared to the genetic algorithm from the
weight minimization point of view. However, a closer examination of the results shows that the convergence of
the genetic algorithm was better than the particle swarm algorithm. In 2015, Khalkhali et al. optimized a composite
shaft made of glass/epoxy and carbon/epoxy with a multiple objective function and used the modified non-
dominant classified genetic algorithm (NSGA) [10]. Another research was done by Dinesh and Raju [11] in which
the genetic algorithm and minimum weight optimization function were used and compared steel shaft with three
composite materials, made of glass/epoxy, high modulus carbon/epoxy and high strength carbon/epoxy. The
results indicated that the composite shaft made of high modulus carbon/epoxy has performed better among others
and has improved the weight by about 87% compared to the steel shaft.

From the review of previous researches, it can be realized that these researches have only paid attention to the
minimum weight of the shaft and they have neglected the much higher "torque to weight" capability of the
composite shaft compared to the steel shaft. In other words, in previous researches, by keeping the torque value
applied to the composite shaft constant (equal to the amount that the steel shaft can withstand), a large part of the
capacity of the composite shaft has been neglected. Therefore, in this research, in addition to changing the number,
angle and thickness of composite layers as input, the amount of applied torque can also be changed as an input,
and the ratio of "torque to weight: T/m™ is considered as the objective function. In this regard, the Tsai-Wu criterion
for checking the failure of composite layer in Abaqus finite element software and two optimization algorithms
(genetic algorithm and particle swarm algorithm) developed in ModFrontier software were defined to reach the
objective function and compared the efficiency of these two algorithms.

2. Defining the problem and optimization process

To perform the optimization process in this research, the genetic algorithm and the particle swarm optimization
method have been used. The objective function of optimization in the current research is defined as the ratio of
torque to mass (T/m) for the combined effect of torque and shaft mass. The inputs of the optimization problem
include the number of layers in the composite, the angle of each layer, the thickness of each layer, and the torque
value applied to the shaft. It should be noted that these items have been determined parametrically in the allowed
range through Python coding resulting from modeling in the software and provided to ModFrontier software. The
range determined for each entry and the step determined for each item are summarized in Table 1.

Table 1 The range of changes for each design variable (input) in optimization algorithms

Design variable Range Symbol Step change
Layer angle (deg) -90< 6, <490 0y 5
Layer thickness (mm) 01<t,<05 ty 0.2
Number of layers 1<n<32 n 1
Torque (N.m) 7000 < T < 120000 T 100

The hollow composite shaft is modeled as a shell in Abaqus finite element software with length L = 1250 mm
and outer diameter d = 90 mm. The mechanical properties of the carbon/epoxy composite are applied according
to Table 2.

By selecting the General Static solver, one end of the shaft is clamped and the torque is applied to the other
end.
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Table 2 Mechanical properties of carbon/epoxy composite layers

Mechanical properties Symbol (unit) Value
Longitudinal elastic modulus E1(GPa) 190
Transverse elastic modulus E;,(GPa) 7.7
In-plane shear modulus Gy, = G13(GPa) 4.2
Out of plane shear modulus G,3(MPa) 3.8
In-plane Poisson’s ratio V1, 0.3
Longitudinal strength (Tension/Compression) X; = X.(MPa) 870
Transverse strength (Tension/Compression) Y; = Y,(MPa) 54
Shear strength S. (MPa) 30

Density p(kg/m3) 1600

Figure 1 A view of the elements made for the shaft in Abaqus software

In order to check the failure of composite layers, the Tsai-Wu failure criterion was used in the present study.
According to this criterion, as long as the failure factor I (according to equation (1)) is less than 1, complete
failure has not occurred in the layer. The failure rate in this criterion is defined as follows [15]:

Ip = F1011 + F205; + F11011% + F3205,% + Fe6012° + 2F1,01,05; 1)

In the above relation, F are defined as follows:

F = 1 + 1 F = 1 + 1
1_Xt XC ’ Z_Yt YC )
1 1 1 )
Fii=——— F. _ . F,.=— -
11 XtXc ’ 22 Ytyc ’ 66 SCZ 4

Fip = f*"\Fi1Fpp ,—1<f"<1;

More details about the optimization procedure can be found in the Persian part of paper.

3. Results and discussion

One of the important points in optimization topics is the convergence of the problem or, equivalently, the
convergence of each of the input parameters to a specific value after a number of iterations. As much as this
convergence occurs in fewer iterations, it shows the higher convergence rate of that algorithm.

Asiitis clear from Figure 2, the genetic algorithm has reached a torque of about 54,000 N-m after initial relative
trial and error up to a population of about 4000, and then gradually up to a population of 7000. The state of
convergence of the particle swarm algorithm in Figure 3 is completely different from the genetic algorithm; In
such a way that no specific convergence has been observed for the particle swarm algorithm, and with the increase
of the population number, the data are still changing in the defined interval allowed for torque change.
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Figure 2 Torque v.s. the population based on the results of genetic algorithm

Torque vs ID (PSO- T/m)

140000
120000
100000 . N
! . e . .-
-~ -‘.' > o '_-_ P {_ -
g i e v "ﬂ- . 2030y
3 N AT PR AR T
) Sy 2ot TR thie Bset, ot M1
3 Y Gl i, 9, 4
s G T L Y,
g . .-.'3;=Ft’ér¢‘.'.’-"ae‘-z""-:;é"’:'.‘;-f
T ok . . f-:.{:\,;:".'; LN A LAY,
- 'l.?':‘l' N e ot ‘\Aéq- & "&K _.cb-...ﬁ‘q
40000 ATRVIM Y S RRee AR - Dl e g vy
$4‘:< ‘.E,..:‘ ‘:R_‘z ."' Voo < X o ory _:'.: - ':.({
e R o X ‘? - %3
prea i | S0 ) o . P
W oo B n PN -
g P RPN s -tiaa
0
0 2000 4000 6000 RO00O 10000 12000 14000
Population 1D

« Torgue vs D

Figure 3 Torque v.s. the population based on the results

Convergence of the objective function is one of the important points that should be considered in the discussion
of optimization. In addition to the convergence method, the convergence number in the objective function can be
purpose, the ratio of torque to mass (T/m) in

effective in determining the performance of two algorithms. For this
terms of population number for two algorithms is shown in Figure 4.

As it is clear from Figure 4, a clear convergence is not observed in the particle swarm algorithm for the
objective function, and the data is scattered in a relatively wide range, while for the genetic algorithm, the data is
e particle swarm algorithm had the ability to
approximately is 24000; while this value for
the genetic algorithm according to Figure 7 was about 35,000; As a result, the optimal value obtained based on the
genetic algorithm is about 40% higher than the the particle swarm algorithm could achieve (although it has not

trying to reach the optimal point (maximum). Also, assuming that th
converge in the value of the objective function, its maximum value

converged to this value!).

of particle swarm algorithm
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Figure 4 The change of objective function versus population ID for — (a) genetic algorithm (b) particle swarm
algorithm

The results related to the converged values of the current optimization problem using the genetic algorithm are
given in Table 4. It should be noted that due to the lack of proper convergence of the problem using the particle
swarm algorithm, no results have been presented for this algorithm.

Table 4 Optimal values of objective function and inputs of optimization problem using genetic algorithm

T/m ratio (N.m/kg) Torque (N.m) Thickness of layer t (mm) Number of layers n
35132 59600 0.5 6

For the final summary, the results are summarized in Table 5, which can be seen the higher performance of the

composite shaft during the two objective functions compared to the steel shaft:
Mechanics of Advanced and Smart Materials Journal 4(1) (2024) 64 — 85
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Table 5 Comparative results between steel shaft and optimal values of composite shaft

Optimized Mass T/m ratio Torque Objective
stacking Difference  Value Difference  value  Difference  value fuglction Material
sequence /. kg . N.m/kg 7. N.m
- - 8.6 - 814 - 7000 - Steel
[40/-40/- Minimum
96.7 0.28 2970 25000 0 7000
20/40/-60] Mas Carbon/epoxy
[45/-501- - -
45/45/45/- 80.2 1.7 4215 35132 450 59600 M/"J‘X'm“.m composite
ph T/m ratio

It should be mentioned here that due to the limitation of the journal in the Latin abstract, you can see more
charts and content in the Persian part of paper.
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