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Abstract. Composite shafts in compare with steel ones areactexized by lower weight,
lower values of stress and deformation, extremelymonic vibration damping and higher
values of natural frequencies. The analysis ofdpemal design of composite cardan shafts
has shown that the load capacity of shaft is grealuenced by type of material and the angle
of orientation of the fibers. In this study thelirgnce of the fiber orientation in layers of the
composite laminar cardan shaft of truck on the amgltwist using a factorial experiment was
analyzed. Analyzed shaft is composed of nine layérsrein the first layer is of aluminum,
and the rest of carbon/epoxy composites with difierangles of fiber orientation (-45°, 0°,
45° and 90°). By using the factorial experiment dfptimal variant angles of fiber orientation
is obtained and the effect of each layer on théeaoitwist of drive shaft. The results obtained
show that the factorial experiment could be apptiacdptimization of composite cardan shaft
which influences on the improvement of the chauésties of the screw shaft.

1. Introduction

Industry needs a continuous development of newntdolies and materials, and its aim is to achieve
a greater strength and stiffness of the matenalalso reduce the weight of components and complet
structures. Better properties, compared to thegsts of the individual materials, are achieved by
connecting two or more separate materials in desingomposite material. The desired charactesistic
of a newly created composite material are achidwedh combination of different materials. The
application of composite materials began in thegmce industry and in recent years it has had a
strong presence in various industries. The use onfiposite materials has led to extraordinary
achievements in the automotive, aerospace andamjilindustries, medicine, prosthetics, sport, etc.
These achievements are reflected in the improvemkentaterial characteristics, as follows: fatigue
resistance and corrosion resistance, of high dpesifength and high modulus, as well as, in the
request of the energy decrease due to weight riedJd+6].

The application of composite materials increasesifyear to year in automotive industry, because
the substitution of steel parts with composite paetduces the weight of the individual parts, at we
as the vehicles in general. The reduced vehiclghteiffects the reduced fuel consumption, less tire
wear, reduced COemissions and environmental protection [6-8]. Aodjeexample is the use of
composite materials instead of steel for shaft n@gkirhe optimization of composite materials for
making shafts with other influential parameters the characteristics of the composite shaft is
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necessary in order to obtain an optimum combinatiomaterials with the best characteristics in the
shortest possible time.

In recent years, the use of statistical methodglarining experiments has significantly increased,
thus achieving the efficiency of the experimentatjorocess. The better results are achieved by
applying optimization methods with fewer repetisoof the experiment, which also reduces the cost
of testing. Commonly used optimization methods draguchi method, Factorial technique, Grey
Taguchi method, Response Surface Methodology, iéietifNeural Networks and others. Numerous
authors have, in their papers, analysed the apiplicaf composite materials for making shafts, by
selection of optimum design and orientation offthees.

Rangaswamy and Vijayarangan performed the desigmiagation of composite drive shafts or
power transmitters. They designed one-piece cortgasive shaft to replace the conventional steel
cardan shaft on the car. They used composite ralteft-glass/epoxy and high modulus (HM)
carbon/epoxy. They applied the genetic algorithmA)@&chnique for solving and optimizing design
of composite drive shafts. The purpose of usingis#is paper is to reduce the weight of the shaft,
which is subjected to restrictions, such as tortfa@smission, torsional buckling capacities and
fundamental lateral natural frequency. The weighirggs with composite E-glass/epoxy drive shaft
are 48.36% in comparison to the steel shaft, wihie weight savings of the shaft, made of HM
carbon/epoxy composite, are 86.90% in comparisdhdasteel shaft. The results showed that the GA
can be effectively and efficiently used in othemgpdex and realistic designs, as well as in enginger
application [9].

Moorthy et al. replaced the conventional steelelghaft of the car with a suitable composite drive
shaft. It is known that conventional drive shafts enade of two parts due to the reduction of bendin
natural frequency, and in this research the autbheesl the one-piece composite drive shaft for the
purpose of reducing the overall weight. The analysemposite shafts are made of carbon/epoxy and
kevlar/epoxy, and they are compared with steeltshdhe values for torsional strength, bending
natural frequency and torsional buckling are corgaimhey compared the weight, number of layers
and sequence of layers, where they concluded tigause of carbon/epoxy drive shaft, instead of
conventional drive shaft, led to the weight savio§89.756%, with barely half the wall thicknessaof
conventional steel shaft. Their operation is basadusively on the analytical calculation, and tise
of the layers distribution by using tables whicferdo 60% of volume and 0.13 mm thickness. This
approach focuses on the distribution of the layerstandard orientations 0°, 90°, 45° and -45° for
considered composites [10].

Kumar Rompicharla and Rambabu replaced the coromaitiwo-piece steel drive shaft with the
shaft made of kevlar/epoxy composite material. @esign parameters are optimized in order to
reduce the weight of the drive shaft. The authokestigated the deflection, stresses, and natural
frequencies under subjected loads by using finlEment analysis (FEA). They came to the
conclusion that the use of composite materials aesliithe weight by about 28% compared to the
conventional steel shafts. Taking into considerativze weight reduction, deformation, shear stress
and resonant frequency, they concluded that thiakepoxy composite has good properties and it can
be used as a substitute for steel [11].

Hargude and Ghatage performed the optimizationesigth parameters of the composite drive
shaft, which replaced the conventional steel shi&ftscars, by using a genetic algorithm. The
parameters such as layer thickness, number of pligs stacking sequence are optimized for E-
glass/epoxy and HM-carbon/epoxy shafts in ordeetiuce the weight of a composite shaft which is
subjected to limitations such as the torque trassiom, torsional buckling load and fundamental
natural frequency. The use of composite materiald chniques of optimization resulted in a
significant weight reduction in the range of 48%8&% compared to a conventional steel shaft [8].

Madhu et al. performed the suitability check of -@ece composite drive shaft with different
combinations of composite material in order to mbetfunctional requirements. Models of the drive
shaft are made of steel SMC45, kevlar49/epoxy amdan composite HM and they are analysed by
the finite element analysis by using ANSYS softwaée It is noted that the composite shafts have
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better shear strength and bending natural frequeanypared to a steel. Kevlar49/epoxy has better
strength in the critical torsion compared to otbemposites. They compared the results of the finite
element analysis with analytical values and theyctaled that the one-piece composite drive shaft
was better for automotive application [12].

There are a large number of papers and researdbalisg with this problem, but from this brief
review it can be concluded that there is a tendeéaagplace the two-piece steel cardan drive shafts
with one-piece composite shafts. The researcheses ¢penerally performed optimization of composite
cardan drive shafts by using a genetic algorithroroer to find the best combination of materials.
This literature review has shown that there is puliaation of factorial experiment for optimizatiof
the composite shaft. Also, it is noted that theeagshers concluded that the replacement of the
conventional drive shaft with a carbon/epoxy conieoshaft led to the great weight savings, even up
to 90% [8, 10].

The basic research in this paper is focused oniniindhe optimum value of the angles of
orientation of the fibre layers of the laminar camaipe cardan shaft by using a factorial experiment.
The model of composite shaft is made of Al/carbpoXxy in FEMAP and NeNASTRAN programs.

2. Composite cardan shafts

Cardan shafts are special types of transmissiatsatie widely used in today’s vehicles. Their main
feature is that they allow torque transmission wishafts are connected with this transmission
spaciously under a constant variable angle, allgwheir relative motion. The cardan shaft is reeglir
to: have ability to transfer torque with the pog#ibof changing the angle between certain shalfts,
ability to change the length of cardan transmissatruniform rotation of the drive part of the ghaf
the uniform rotation of the upper part of the shiif8]. Systems of power transmission and
transformation of torque with motor vehicles hakie tnain task to transfer the power drive unit to
drive wheels or excavator sprocket, with approprisinsformation of torque. The aim of power
transmission system, under all operating conditiohshe vehicle, is to ensure full utilization of
engine power. There is an intensive work with madeghicles, and trucks, to reduce the weight of the
vehicle, primarily in order to save fuel and toriemse starting, by applying aluminum or plastic
materials in the vehicle structure and the enginddyo applying other lightweight materials with
improved strength (light alloy, composite materisl etc.) [14, 15].

Substituting composite structure instead of corivaat metal construction has advantages due to a
higher specific stiffness and higher specific gjtarof composite materials. With the development of
technology and the application of the compositeeniats, there is a tendency for two-piece steadedri
(cardan) shafts to be replaced with one-piece caitgshaft. The use of composite materials reduces
the overall weight of the vehicle. Thereby, the ilzan composites have advantage due to their high
specific stiffness. A composite drive shafts havlorager lifespan of the drive mechanism with a
higher critical velocity [8, 11].

The cardan shaft of the truck TURBO ZETA 85.14B wested in this paper. The two-piece steel
shaft was replaced by a one-piece hybrid aluminarbm/epoxy composite shaft. Investigated cardan
shaft was composed of nine layers (a first layeAlpfand the rest of carbon/epoxy composites with
different angles of fibre orientation). Mechanichlaracteristics of the tested materials are given i
Table 1 (for carbon/epoxy composite) and TableoR gfuminum). The basic dimensions of one-piece
cardan shaft are: the length of the shaft is 1.3 nththe mean radius of the shaft is 0.041 m arnid wa
thickness of the ring shaped cross section of theft9s 0.003 m. The analysis of a factorial
experiment was conducted based on the resultsnaotddr the angle of twist of the composite cardan
shaft by using the program FEMAP and NeNASTRAN [IBje angles of twist of the composite
cardan shaft were analysed in the MINITAB 16 softmay means of general full factorial method.
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Table 1. Basic characteristics of the cark
fibres/epoxy composite (USN150).

Mark (Units) Value

Longitudinal modulus KEGPa) 131.6
Transverse modulus 2EGPa) 8.20
Shear modulus £(GPa) 4.5
Shear modulus (GPa) 45
Poisson's ratio v 0.31
Density p (kg/m?) 1550

Composite layer thickness ts: (mm)  0.125

Table 2. Basic characteristics of the aluminum tube.

Mark (Units) Value

Tensile modulus E (GPa) 72
Shear modulus G (GPa) 27
Density p (kg/m?) 2695
Yielding strength Re (MPa) 325
Shear strength S (MPa) 210
Thickness of the aluminum tube ta; (mm) 2.5

3. Experiment

3.1.Factorial experiment

The method of planning experiment represents theirsj point of experimental research. The
adequate planning of the experiment and the amabfsits results facilitates the process of making
conclusion about the observed problems. The prablemd objectives of the experiment are
determined in the planning phase of the experimbat) the factors, that could significantly affdet
characteristics of the monitored process, are bsatgcted and the effect levels of these factas ar
being chosen. The careful planning of experimestadcessary when using statistical methods to
make certain conclusions from the available data.

The factorial experiment represents the statismeathod for the processing of the experimental
results when the subject matter is affected by reéviactors with multiple levels. The factorial
experiment 3has n factors, each of which is with three levetsile 2' has n factors, each of which is
with two levels. The factorial experiment indicates product of factor levels, which show the total
number of combinations of factor levels [17, 18eTapplication of factorial experiment is to impeov
the characteristics of laminar composite cardamedshatft. In this research, the optimization ofdib
orientation angle on layers of laminar compositedaa shaft was performed in order to obtain a
minimum value of the angle of twist of the cardaafs

Table 3 shows the selected factors and their levblsh affect the angle of twist of cardan shaft.
In this paper, nine factors are considered, tts¢ @f which is at one level, while the others aréoar
levels. The first factor (A) represents the firgydr of the laminar composite material of the carda
shaft and it is the aluminum layer (that is whyréhis no value of the fibre orientation angle irblEa
3). Other considered factors are the layers ofa@dpoxy composite and their layers are angles of
fibre orientation (-45°, 0°, 45° and 90°). The magkof these factors are values of the angleshoéfi
orientation on the layers, as follows: B - the settayer, C - the third layer, D - the fourth layEr-
the fifth layer, F - in the sixth layer, G - theveath layer, H - the eighth layer and J - the niatfer,
of composite laminar cardan shaft.
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Table 3. Considered factors and their levels.

Factors A B C D E F G H J
) ) ) ) ) ) ) )
1 / 45 45 45 -45 -45 45 45 -45
2 2 / 0 0 0 0 0 0 0 0
@ 3 / 45 45 45 45 45 45 45 45
4 / 90 90 90 ) 90 90 90 90

The software program Minitab 16 was used to optmilze angle of fibres orientation of tested
laminar composite cardan shaft. The experimentah gk defined as a set of experimental or
measurement points which are expressed by plamatix; Taguchi L32 orthogonal matrix has been
selected in this case (Table 4)

Table 4. Considered factors and their levels.

Angle
Factors A(°®) B(®) C() D() E() F(¢) G(¢) H(¢) J(¢) oftwist
(rad)

1 0 -45 -45 -45 -45 -45 -45 -45 45 0.171
2 0 -45 0 0 0 0 0 0 0 0.209

3 0 -45 45 45 45 45 45 45 45  0.167
4 0 -45 90 90 90 90 90 90 90 0.209
5 0 0 -45 -45 0 0 45 45 90 0.186
6 0 0 0 0 -45 -45 90 90 45  0.193
7 0 0 45 45 90 90 -45 -45 0 0.186
8 0 0 90 90 45 45 0 0 -45  0.193
9 0 45 -45 0 45 90 -45 0 45  0.180
10 0 45 0 -45 90 45 0 -45 90 0.186
11 0 45 45 90 -45 0 45 90 -45  0.180
12 0 45 90 45 0 -45 90 45 0 0.187
13 0 90 -45 0 90 45 45 90 0 0.193
14 0 90 0 -45 45 90 90 45 -45  0.185
15 0 90 45 90 0 -45 -45 0 90 0.193
16 0 90 90 45 -45 0 0 -45 45 0.186
17 0 -45 -45 90 -45 90 0 45 0 0.187
18 0 -45 0 45 0 45 -45 90 -45  0.179
19 0 -45 45 0 45 0 90 -45 90 0.186
20 0 -45 90 -45 90 -45 45 0 45  0.179
21 0 0 -45 90 0 45 90 -45 45  0.185
22 0 0 0 45 -45 90 45 0 90 0.193
23 0 0 45 0 90 -45 0 45 -45  0.186
24 0 0 90 -45 45 0 -45 90 0 0.193
25 0 45 -45 45 45 -45 0 90 90 0.180
26 0 45 0 90 90 0 -45 45 45 0.186
27 0 45 45 -45 -45 45 90 0 0 0.180
28 0 45 90 0 0 90 45 -45 -45 0.186
29 0 90 -45 45 90 0 90 0 -45  0.193
30 0 90 0 90 45 -45 45 -45 0 0.186
31 0 90 45 -45 0 90 0 90 45  0.193
32 0 90 90 0 -45 45 -45 45 90 0.185
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3.2.Discussion and analysis of the results
The analysis of the obtained results was perforlnedsing a factorial experiment, namely a general
full factorial. In this analysis, since the firstctor was on one level, it was not taken into atersition

in order to obtain a relevant data. Analysis ofialare (ANOVA) is a statistical method used to
examine the effect of one or more independent bkesaon one dependent variable. The term analysis
of variance describes a group of statistical praoesideveloped by the British statistician Fishde
results of ANOVA analysis of laminar composite @arsghaft are shown in Table 5.

Table5. Analysis of variance of Al/carbon/epoxy.

Source DF SeqSS Adj SS Adj MS F P Pr (%)
B 3 0.0002156 0.0002156 0.0000719 5.51 0.029 9.55
C 3 0.0002486 0.0002486 0.0000829 6.36 0.021 11.02
D 3 0.0002706 0.0002706 0.0000902 6.92 0.017 11.99
E 3 0.0002603 0.0002603 0.0000868 6.66 0.019 11.54
F 3 0.0002851 0.0002851 0.0000950 7.29 0.015 12.63
G 3 0.0002828 0.0002828 0.0000943 7.24 0.015 1253
H 3 0.0003068 0.0003068 0.0001023 7.85 0.012 13.60
J 3 0.0002956 0.0002956 0.0000985 7.56 0.013 13.10

Error 7 0.0000912 0.0000912 0.0000130 4.04

Total 31 0.0022567 100

DF - degree of freedongeq SS Sequential sum of squards]j SS- Adjusted sum ¢
squaresAdj MS- Adjusted mean squarg,— value,P percentage of contribution

Based on the performed analysis and the calculpgedentage effect of the factors, it can be
concluded that factors H (13.60%) and J (13.10%g ke largest influence. Generally, all factors
have approximately the same percentage valuesflaéinte on the angle of twist of the composite
cardan shaft, while the error has a much smallpaon(4.04%).

Also, the influence of factors can be determinedubing Fisher's distribution for 99%, 95%, or
90% probability, on the basis of the number of degrof the freedom factors and the number of
degrees of freedom error. F values, obtained byateysis, must be greater than the values of
Fisher’s distribution for the appropriate numberdefrees of freedom. Based on Fisher's distribution
for a 95% probability (F = 4.35), it can be condddhat all considered factors affect the angle of
twist of the composite cardan shaft.

The graphical representation of experimental vatfdhe angle of twist of cardan shaft are shown
in figure 1. The optimal levels of factors can edmined based on the shown main effects of the
factors (figure 1) on the angle of twist.

M ain Effects Plot for Angle of twist
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Figure 1. Graphic representation of the effects of the maatdrs on the angle of twist.
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The optimal variant of the fibre orientation angtelayers of laminar composite cardan shaft is the
one that is obtained by a minimum value of the arafltwist of the composite cardan shaft, which
affects the improvement of characteristics of thafts Based on the effect factor of angle of twiist,
can be concluded that the minimum value of the el twist of the composite cardan shaft is
obtained when all values of the fibre orientatioigla are in all layers of carbon/epoxy composite of
45°. It can also be noticed that (figure 1) there ssrall difference between fibre orientation angies
+45° and -48. Figures 2 and 3 show the effect of the most eftial factors on the angle of twist of
the tested composite cardan shaft.

Contour Plot of Angle of twist vs H, J

Angle of
twist

< 017

017 - 0.8

M 018 - 019

M 019 - 02

| > 020

H[]

20 40 60 80
I

Figure 2. 2D view of the angle of twist depending on the moButential factors.

Surface Plot of Angle of twist vs H, J

0.2
Angle of twist

50
1] 100

Figure 3. 3D view of the angle of twist depending on the niofuential factors.

Figure 2 and 3 show that the minimum value of thgleof twist for the most influential factors is
within the range of Oto 6, while the maximum value of the twist of cardaafslecan be obtained at
the following angles of fibre orientation: for factH within the range of -20to 2@ and at 96, and
for the factor J from -40to @ and -20 to 9C.

3.3.Regression analysis

The model of liner regression is obtained by udimg statistical software Minitab 16. The linear

regression model is developed to establish a ativel between significant conditions obtained from
the ANOVA analysis. The regression equation obthimg the analysis of statistical data for the angle
of twist of cardan shaft is as following:

Angle of twist= 0.183 + 0.000009 B + 0.0I¥BLIC + 0.000028 D +

1
+0.00002Z1E 0.000023 F + 0.000024 G + 0.(@&IH + 0.000028] @)
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Determining the coefficient of linear equation eeabthe required prediction to be performed.
Based on the analysis of the general full factptla optimal values of the angle of fibre orieiotat
are for all layers of carbon/epoxy composites @5% The angle of twist of 0.171008 rad is obtained
by repeating the experiment for this combinatioamgles of fibre orientation of cardan shaft.

The optimal variant of angles of fibre orientatibh[+45]4, is obtained by the analysis in the
programs FEMAP and NeNASTRAN for the cardan shaitlenof Al/carbon/epoxy composite, and
the angle of twist for those values is 0.161 raf].[The deviation values of angles of twist obtdine
by the general full factorial and in the progranB8MAP and NeNASTRAN is 6.216 %.

4. Conclusion

Based on the analysis of general full factoriag tiptimization of the cardan shaft was performed in
the program Minitab 16 in order to improve its @dweristics and it is concluded that all considered
factors approximately equally affect the anglevast of composite cardan shatft.

The optimal variant of angles of fibre orientatimmthe layers of laminar composite cardan shaft is
the one by which the minimum value of angle of tvatcardan composite shaft is obtained, which
affects the characteristics of the shaft itselfe Tptimal value, obtained by this analysis, is tiht
angles of fibre orientation are in the layers aboa/epoxy composite of +45

Based on the optimal values of the fibre orientatimgle and by using this analysis, it can be
concluded that the deviation values of the anglemidt of cardan shaft obtained by using programs
FEMAP and NeNASTRAN of the values obtained by asialpf general full factorial is 6.216%. This
deviation shows that the factorial analysis is ptatge and that it can be used to determine the
optimal values of fibre orientation angle, or tdiopze the composite cardan shaft.

Based on this study and literature review, it canconcluded that further research could be
performed in order to optimize the composite dshaft, where the optimization of other parameters
would be performed.
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