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Abstract - Composite materials can be used in design and fabrication of automotive drive shafts to reduce the weight of the 

structure. Hence, an optimum design of a composite drive shaft satisfying the design criteria, can be an appropriate substitution 
of metallic drive shafts. The aim of this study is to design and analyze a composite automotive drive shaft with high specific 

strength and low weight satisfying the design criteria. Tsai-Wu criterion is chosen as the failure criterion. Various designs with 

different lay-ups and materials are investigated based on the design requirements and finally, an optimum design satisfying the 

design criteria is chosen based on the weight and cost considerations.  
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I. INTRODUCTION 

 

An automotive drive shaft is a rotating shaft which  

transmits power from the engine to the differential 

gear of rear wheel drive vehicles. Through constantly 

changing angles between the transmission and axle of 

the vehicle, a drive shaft operates. High quality steel is 

usually used in fabrication of drive shafts [1]. Steel 

drive shafts are commonly  fabricated in  two  pieces to 

increase the fundamental bending natural frequency, 

because this frequency is proportional to the square 

root of specific modulus and inversely proportional to 

the square of beam length. As shown in Fig.1, the 

two-piece steel drive shaft consists of a center 

supporting bearing, three universal joints, and a 

bracket, leading to the increase of the total weight of a 

vehicle.  

 

However, we can improve the power transmission rate 

through the reduction of the inertial mass and weight 

of the drive shaft. It is also known that the energy 

conservation is one of the most important objectives in 

vehicle design, and the reduction of weight is one of 

the most effective measures to obtain it.  Composite 

materials in comparison with conventional metals 

have many advantages because of their higher specific 

stiffness and higher specific strength [2]. Composite 

materials can be designed and fabricated to efficiently  

satisfy the design requirements of strength and 

stiffness. Advanced composite materials have arisen 

intense research interests in design of drive shafts 

because of their excellent properties such as high 

specific modulus (modulus/density), high specific 

strength (strength/density), and weight less than steel 

or aluminum of similar strength [2]. When torque 

peaks occur in the driveline, a composite driveshaft, 

due to its lower elasticity modulus, acts as a shock 

absorber and leads to the reduction of  stress on the 

drive train. The advanced composite materials with 

Graphite, Carbon, Kevlar, and Glass fibers seem 

ideally suited for long power drive (propeller shaft) 

applications [1]. Elastic properties of a composite 

drive shaft can be tailored to increase the torque that it 

can carry as well as the rotational speed at which it 

operates.  An optimum design of a composite drive 

shaft provides a lower weight of the shaft which leads 

to the increase of the first natural frequency, the torque 

transmission, and the torsional buckling capability of 

the shaft. Therefore, advantages of composite drive 

shafts can be summarized as: high specific modulus 

and strength, reduced weight and making less fuel 

consumption, high damping capacity and hence 

producing less vibration and noise, high corrosion 

resistance, high impact resistance; higher torque 

capacity than steel and aluminum shafts, and longer 

fatigue life than steel and aluminum shafts.  

 

The objective of this study is to design and analyze a 

laminated composite automotive drive shaft with h igh 

specific strength and low weight satisfying the design 

criteria. To this purpose, the stress -strain relationship 

in composite materials are derived and the torque 

transmission capacity, the torsional buckling capacity, 

and the bending natural frequency of the shaft for 

various designs are calculated. Tsai-Wu failure 

criterion is used to calculate the shear strength of a 

laminated composite driveshaft.  

 

The procedural steps in design of a composite drive 

shaft are formulated to ensure the design requirements 

for the drive shaft such as the torque transmission 

capacity, the torsional buckling capacity, and the 

bending natural frequency are satisfied. To obtain an 

optimum design of the drive shaft, different designs 

with various composite laminate stacking sequences 

and materials are investigated. Finally, an  optimum 

design among various designs satisfying the design 

criteria is chosen based on the weight and cost 

considerations. The results of this study can be used in 

design and fabrication of laminated composite 

automotive drive shafts.  
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II. DES IGN PROCEDURE  

 

A. Assumption 

In this study, it is assumed that the shaft rotates with a 

constant speed about its longitudinal axis and it is 

perfectly balanced with a circular cross-section, and 

all damping and nonlinear effects are excluded. The 

stress-strain relationship for composite materials is 

linear and elastic, hence, Hooke’s law is applicab le for 

composite materials. Since lamina is thin  and no 

out-of-plane loads are applied, it can be considered as 

a plane stress model. 

 

B. Design Constraints  

The drive shaft must carry the applied torsional load, 

thus, it must be designed to have enough torsional 

strength to carry the applied  torque without failure. 

Furthermore, the  torsional buckling possibility must 

be considered in design of a thin-walled tube. As the 

third major design requirement, the bending natural 

frequency of the drive shaft should be sufficiently h igh 

[1]. An optimum design of the drive shaft is desirable, 

which is the cheapest and lightest but meets all the 

above design requirements. Based on some reliable 

collected data, the above three load-carry ing 

requirements are summarized in Table 1. Physical 

dimensions of the shaft to be designed are given in 

Table 2. 

 
Fig. 1. Schematic of a conventional two-piece drive shaft for 

rear wheel drive vehicle [3]. 

 

 
Table 1. Load requirements for the drive shaft design. 

 

 
Table 2. Physical dimensions for the drive shaft design. 

 

C. Selection of Cross Sections 

In this study, hollow circular shaft is chosen because it 

isstronger in per kg weight than solid circular and for a 

hollow shaft, the stress variation is s maller than that 

for a solid shaft. 

 

D. Selection of Materials  

Composite materials are made up of two  phases: 

matrix and reinforcement phases, where resins and 

fibers are usually used for the matrix and the 

reinforcement  phases, respectively. The important 

considerations in selecting the matrix phase (resin) are 

elongation to failure, resistance to impact (a  function 

of modulus of elongation), temperature capability, and 

cost. The resins commonly used for most of the drive 

shafts are either epoxies or vinyl esters [4]. In  this 

study, epoxy resin is selected due to its high strength, 

good wetting of fibers, lo wer curing shrinkage, and 

better dimensional stability. Fibers with various 

properties are available. Based on the design 

requirements, Carbon/Graphite fiber,Kevlar fiber, and 

Glass fiber are chosen in this study. 

 

Thus, in this study, Carbon/Epoxy, Kevlar/Epoxy, and 

E-Glass/Epoxy composite materials are investigated 

for design of a laminated composite drive shaft. The 

properties of Carbon/Epoxy, Kevlar/Epoxy, and 

E-Glass/Epoxy unidirectional composites are 

presented in Table 3. In this study, the lamina 

thickness is considered 0.125 mm. 

 

E. Composite Lay-Up 

In this study, symmetric composite laminate is 

considered. Different fiber angles and stacking 

sequences of composite laminates, made of 

Carbon/Epoxy, Kevlar/Epoxy, and E-Glass/Epoxy  

unidirectional composites, are investigated and 

compared with the minimum design requirements. 

Laminates combined of aluminum and Carbon/Epoxy  

unidirectional composite are also investigated. Thus, 

in this study various lay-up designs are proposed and 

finally, an optimum design is chosen among the 

various lay-up designs satisfying the design 

requirements based on mass and cost considerations. 

The various designs are also compared with a steel 

drive shaft. The properties of metals used in this study 

are presented in Table 4.   

 

III. MECHANICAL MODELING  

 

A. Lamination Theory 

A thin fiber-reinforced laminated composite hollow 

shaft is shown in Fig.2.  Coord inate x is considered for 

the axial d irection, θ for the circumferential direction, 

and z  for the radial (thickness) direction. The x −θ 

plane is equidistant from the top and bottom surfaces 

of the laminate and is called the mid-plane or the 

reference plane.  Fig.3 shows the material principle 

coordinate system (1,2,3)  with respect to the 

cylindrical coordinate system (x, θ , z) . Material 

principle axes along and transverse to the fiber 

direction for kth layer are presented by 1, 2, and 3, 

respectively. The angle φ  is measured positive 

counterclockwise from the x −axis to the 1-axis. The 

classical lamination theory is used to analysis the 

material propert ies of the composite drive shaft. The 

lamina is thin and if no out-of-plane loads applied, it is 

considered as the plane stress problem. Hence, it is 

possible to reduce a 3-D problem into a 2-D problem. 

From the properties of the composite materials along 

and transverse to the fiber direction, components of 

the principle reduced stiffness matrix, Qij  (i, j =
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1,2,6), in terms of engineering constants are given by 

[5]-[9], 

 

Q11 =
E11

1−v12 v21
 ,               Q12 = Q21 =

v12 E22

1−v12 v21
 , 

Q22 =
E22

1 − v12v21

 ,          Q66

= G12  ,                                                 (1) 

and  

v21 =
E22

E11

v12 .                                                               (2) 

The transformed reduced stiffness matrix, Qij  (i, j =

x, θ , s) , as a function of the principal lamina 

stiffnesses, are given by [5]-[9], 

Qxx = m4Q11 + n4Q22 + 2m2n2Q12 + 4m2n2Q66  ,   
Qθθ = n4Q11 + m4Q22 + 2m2n2Q12 + 4m2n2Q66  , 
Qxθ = m2n2Q11 + m2n2 Q22 +  m4 + n4 Q12

− 4m2n2 Q66  ,  
Qxs = m3nQ11 −  mn3 Q22 − mn m2 − n2 Q12

− 2mn m2 − n2  Q66  ,           
Qθs = mn3 Q11 −  m3nQ22 + mn m2 − n2 Q12

+ 2mn m2 − n2  Q66  ,  
Qss

= m2n2Q11 +  m2n2 Q22 − 2m2n2 Q12

+  m2 − n2  2Q66  ,                                           (3) 

wherem = cosφ, and n = sinφ. 

 

 
Fig. 2. Configuration of a fiber-reinforced laminated composite  

hollow shaft. 

 
Fig. 3. Material principle  and cylindrical coordinate systems. 
 

The in-plane elastic constants for a balanced 

symmetric composite shaft, with total thickness t are 

given by, 

Exx =
1

t
 Axx −

Axθ
2

Aθθ

 ,               Eθθ

=
1

t
 Aθθ −

Axθ
2

Axx

 ,   

Gxθ =
Ass

t
,                                                             (4) 

where Exx  and Eθθ  are the average moduli in the axial 

and the circumferential (hoop) directions, 

respectively, Gxθ  is the shear modulus, t  is the total 

wall thickness, and Aij  (i, j = x, θ, s) are components 

of the extensional stiffness matrix, [A], which are the 

summation of product of the transformed reduced 

stiffness matrix and the thickness of each layer as, 

Aij =  Qij
k (zk − zk−1)

n

k =1

 i, j

= x, θ, s ,                                 (5) 

where n is the total number of composite layers and zk  

and zk−1  are the z −coordinate of the upper and lower 

surfaces of layer k , respectively from the reference 

plane. 

 

B. Torsional Buckling Torque 

A drive shaft is long, thin, and hollow, thus, there is a 

possibility of buckling. The expression of the critical 

torsional buckling torque for a thin-walled orthotropic 

tube is given by [10], 

 

Tb

=  2πrm
2 t  0.272  Exx Eθθ

3  0.25 t
rm
  

1.5
,             (6) 

 

where rm  is the mean radius. It is obvious that the 

stiffness modulus at hoop direction (Eθθ ) has a great 

importance in increasing the buckling resistance.   

 

C. Bending Natural Frequency 

A drive shaft should have a critical speed (60 times the 

frequency) that is higher than the rotational speed. The 

drive shaft is idealized as a simply supported beam 

(pinned-pinned beam) for which the bending natural 

frequency expression is given by [11], 

 

fn =
π

2L2
 

Exx J

ml

 ,                                                  (7) 

 

where L is the length of the shaft, ml  is the mass per 

unit length which is given by,  

 

ml =  ρ 2πrm t ,                                                      (8) 

 

where ρ is the density, and J is the polar moment of 

inertia of the thin-walled composite shaft (tube) which 

is given by,  

 

J =
π

2
 ro

4 − ri
4 ,                                       (9) 
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where ri  and ro  are the inner and outer radii of the 

shaft, respectively. The mean rad ius is rm =
ri +ro

2
  and 

the wall thickness is t = ro − ri , thus, the polar 

moment of inert ia (J) can be written as, 

 

J =
π

2
  rm +

t

2
 

4

−  rm −
t

2
 

4

 

= 2π(rm
3 t + t3rm ).                 (10) 

 

 
Table 3.  Properties of Carbon/Epoxy, Kevlar/Epoxy, and 

E-Glass/Epoxy unidirectional composites (two-dimensional) [2]. 
 

 
Table 4. Properties of typical structural metals [2]. 

 

For a thin-walled shaft t ≪ rm , thus, the last term of 

“(10)”, (t3rm ), is neglig ible and we approximate to, 

 

J ≈ 2𝜋𝑟𝑚
3𝑡 .                                        (11) 

 

D. Load Carrying Capacity 

Aim of this study is to design a composite drive shaft 

to carry the torque without failure. The torque at which  

the shaft fails or the torsional strength (Tmax ) is given 

by [12], 

 

Tmax =
τall J

c
 ,                          (12) 

 

where τall  is the laminate shear strength and  for a 

thin-walled shaft, J ≈ 2πrm
3 t  and c = rm , thus, the 

in-plane shear strength (τall ) and the torsional strength 

(Tmax ) are obtained as, 

 

τall =
Tmax

2πrm
2 t

 ,                                      (13) 

Tmax = 2πrm
2 tτall .                                        (14) 

 

Therefore, the resultant shear force (shear flow), Nxθ  

in (N/m), due to the applied torque is given by [12],  

 

Nxθ =  τxθ t =
T

2πrm
2

 ,                          (15) 

where torque T  is the peak torque if the design 

involves fatigue consideration. Since the laminate is 

assumed to be failed at the failure of the first ply, the 

Tsai-Wu failure criterion can be used after finding the 

in-plane stresses at each ply to specify a factor of 

safety for torque transmission capacity. The first step 

is to construct the inverse of the extensional stiffness 

matrix [A] and after solving for the overall strains, the 

stresses in each layer can be examined by transforming 

these stresses to the direction of fiber at each layer. 

The [A]−1 matrix mult iplied by the through thickness 

resultant forces matrix g ives the resultant strain as 

follows,  

 

εxx

εθθ
γxθ

 = A−1  
Nxx

Nθθ

Nxθ

 = A−1  
0
0

Nxθ

 ,                         (16) 

where the axial force Nxx = 0 , the circumferential 

force Nθθ  is neglected, and Nxθ  is the resultant shear 

force. The resultant strains are transformed to the fiber 

direction by mult iplying these strain matrices by the 

transformation matrix. Then, the plane stresses can be 

obtained. The resultant strains and stresses in the 

principle material axes are g iven, respectively by, 

 

ε11

ε22

γ66

 

=  
m2 n2 mn
n2 m2 −mn

−2mn 2mn m2 − n2

  

εxx

εθθ
γxθ

 ,             (17) 

 

ς11

ς22

τ66

 =  
Q11 Q12 0
Q21 Q22 0

0 0 Q66

  

ε11

ε22

γ66

 .                       (18) 

 

E. Tsai-Wu Failure Criterion 

In this study, Tsai-Wu failure criterion is used to 

calculate the shear strength of each proposed laminate 

design. For a two-dimensional state of stress 

(ς11 , ς22 , τ66), the Tsai-Wu failure criterion is reduced 

to the most familiar form [2],  

 

f1ς11 + f2ς22 + f11ς11
2 + f22ς22

2 + f66τ66
2

+ 2f12ς11ς22

= 1,                                                                 (19) 

where 

f1 =
1

F1t

−
1

F1c

 ,      f2 =
1

F2t

−
1

F2c

 ,      f11

=
1

F1t F1c

 ,              
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f22 =
1

F2t F2c

 ,     f66 =
1

F6
2  ,    f12

= −
1

2
 f11f22  ,       (20) 

where F1t  and F1c  are respectively the longitudinal 

tensile and the compressive strength, F2t  and F2c  are 

respectively the transverse tensile and the compressive 

strength, and F6  is the shear strength which are given 

in Table 3.   

 

The safety factor Sf  for a g iven two-dimensional state 

of stress (ς11 ,ς22 , τ66 ) is a multip lier that is applied to 

all stress components to produce a critical or failure 

state as defined by the Tsai-Wu criterion. Thus, for a 

given state of stress (ς11 , ς22 , τ66 ), the state of stress at 

failure is ( Sfς11 , Sfς22 , Sf τ66 ). Substitution of the 

critical stress in the Tsai-Wu criterion in “(19)” yields, 

 

f1Sfς11 + f2Sfς22 + f11Sf
2ς11

2 + f22Sf
2ς22

2 + f66Sf
2 τ66

2

+ 2f12Sf
2ς11ς22

= 1,                                      (21) 

or 

aSf
2 + bSf − 1

= 0,                                                                             (22) 

where 

a = f11ς11
2 + f22ς22

2 + f66τ66
2 + 2f12ς11ς22 ,   

b = f1ς11 + f2ς22 .                                         (23) 

Thus, the problem of determining the safety factor is 

reduced to that of solving “(22)”. The roots of “(22)”  

are, 

 

Sfa =
−b +  b2 + 4a

2a
 actual  state of stress ,  

Sfr =
−b −  b2 + 4a

2a
 actual  state of stress .    (24) 

To obtain the shear strength, Fs , referred to the x − 

and θ −  axes, fo llowing stresses in the cylindrical 

coordinate system are considered, 

 

ςxx = 0,               ςθθ = 0,              τxθ

= 1.                                    (25) 

 

From “(25)”, ς11 , ς22 ,  and τ66 , referred to the 

principle axes, are obtained as, 

ς11 = 2mn,         ς22 = −2mn,        τ66

= m2 − n2 .                    (26) 

 

Substituting “(26)” into “(22)” yields the following 

shear strength, 

Fs
(+)

= Sfa
 positive shear  strength  , 

Fs
(−)

= Sfr
 negative  shear strength  .                           (27) 

 

IV. DES IGN SPECIFICATIONS 

 

Based on the design requirements of this study, given 

in Tab les 1 and 2, minimum bending natural frequency 

and min imum buckling torque are 90 Hz  and 

2030  N −m , respectively. Thus, for each composite 

lay-up design, the critical torsional buckling torque 

( Tb ), obtained from (6), and the bending natural 

frequency (fn ), obtained from (7) should be higher 

than 2030  N − m and 90 Hz , respectively. 

 

According to the design requirements, the peak torque 

for 100,000 cycle reversed fatigue is 678 N-m, thus, 

the shear load capacity ( 𝑁𝑥𝜃 ) is obtained by 

substituting the peak torque value into (15) as 

41814 .066 𝑁/𝑚 . In this study, this peak load is 

considered as the first-ply failure load. The shear 

strength (or the shear load capacity) of a proposed 

design should be higher than this load (41814 .066 𝑁/
𝑚). Tsai-Wu failure criterion is used to calculate the 

shear strength for each lamina from the first-ply failure 

load of the laminate. 

 

V. RES ULTS AND DIS CUSSIONS  

 

A. Design I: Carbon/Epoxy Laminate  

For the first design, composite drive shafts made of 

Carbon/Epoxy laminate with lay-ups of  ±45 s , 
 902/02

 
s , and  902 /±45/02

 
sare considered. Table 

5 shows a comparison between the results obtained 

from the above lay-ups and the design requirements of 

the drive shaft. As shown in Table 5, for a composite 

drive shaft made of Carbon/Epoxy with an angle-ply  

laminate of  ±45 s , the shear load capacity (Nxθ)  and  

the bending natural frequency (fn) satisfy the design 

requirements, while the torsional buckling torque (Tb) 

is lower than the minimum requirement. The shear 

load capacity (Nxθ) and the bending natural frequency 

(fn) of a composite drive shaft with cross-ply laminate 

of  902 /02
 

s meet the min imum design requirements, 

while the torsional buckling torque (Tb) of this lay-up 

is not sufficient, however, it is higher than that of the 

angle-ply lay-up  ±45 s . Thus, it can be concluded 

that by a cross-ply lay-up, higher torsional buckling 

torque can be obtained in comparison to an angle-ply 

one. Hence, a design which is a combination of 

angle-ply and cross-ply lay-ups may satisfy all design 

requirements. Accordingly, a composite drive shaft 

with a lay-up of   902 /±45/02
 

s  is proposed. As 

shown in Table 5, this design has a shear load capacity 

( Nxθ ) of 282987 .426 N/m , a torsional buckling 

torque (Tb )  o f 2220 .477 N − m, and the bending 

natural frequency (fn) of 171.435 Hz. A lso, its mass is  

1.325 Kg. Thus, a composite drive shaft made of 

Carbon/Epoxy with a lay-up of   902/±45/02
 

s  can 

satisfy all design requirements. 

 

B. Design II: Kevlar/Epoxy Laminate  

Based on the results obtained from the lay-up of 

Carbon/Epoxy, in  the first design, composite drive 

shafts made of Kevlar/Epoxy laminate with lay-ups of 
 902/±45/02

 
s  and  902 /±45/04

 
s  are considered 

as the second design. A comparison between the 

results obtained from shafts made of Kevlar/Epoxy  
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with the above lay-ups and the design requirements is 

presented in Table 6. The results indicate that a 

composite drive shaft made of Kevlar/Epoxy with a 

lay-up of   902 /±45/04
 

s  can satisfy all design 

requirements. It is obvious that a heavier composite 

drive shaft made of the Kevlar/Epoxy laminate with a 

mass of 1.524 Kg is needed to satisfy the design 

requirements compared to that of the Carbon/Epoxy  

with a mass of 1.325 Kg. It is due to lower mechanical 

properties of the Kevlar/Epoxy material such as elastic 

moduli than the Carbon/Epoxy material.  

 

C. Design III: E-Glass/Epoxy Laminate  

For the third design, the E-Glass/Epoxy lay -up is 

considered for the composite drive shaft. Table 7 

shows a comparison between the minimum design 

requirements and the results obtained from a 

composite drive shaft made of E-Glass/Epoxy  

laminate with lay-ups of  902 /±45/02
 

s ,  903 /
±45/03s, and 904/±45/04s.  By increasing the 

number of layers to 20 and the mass of 2.719 Kg, the 

design requirements can be satisfied. It is obvious that 

a heavier composite drive shaft made of 

E-Glass/Epoxy  laminate is needed to satisfy the design 

requirements compared  to that of Carbon/Epoxy  and 

Kevlar/Epoxy due to its lower mechanical properties.  

 

D. Design IV: Hybrid Laminate 

Final proposed design is a hybrid laminate made of 

Carbon/Epoxy and aluminum. A lay-up of  90/0/AL/
0/90  is considered for the hybrid d rive shaft and the 

obtained results are compared with the min imum 

design requirements. As shown in Table 8, a hybrid  

laminate of Carbon/Epoxy and aluminum with a 

lay-up of  90/0/AL/0/90  and with a mass of 1.987 

Kg satisfies all design requirements of the shaft. 

Although a drive shaft made of pure aluminum satisfy 

all design requirements but the mass will be higher 

than the hybrid laminate one. Table 8 also shows the 

obtained results for a drive shaft made of steel and 

aluminum. The results indicate that weight of a steel 

drive shaft is much higher than the weight of 

composite laminate, hybrid laminate, and aluminum 

drive shafts.    

 

E. Evaluation of the Proposed Design 

To determine an optimum design among various 

proposed lay-ups and materials, two considerations of 

weight and cost are necessary. Table 9 shows a 

comparison between the various designs satisfying the 

design requirements. According to the proposed 

designs, the mass of Aluminum, AL/Carbon/Epoxy, 

E-Glass/Epoxy, Kevlar/Epoxy, and Carbon/Epoxy  

drive shafts satisfying the design requirements are 

2.319 Kg, 1.987 Kg, 2.719 Kg, 1.524 Kg, and 1.325 

Kg, respectively. The weight savings of pure 

Aluminum, AL/Carbon/Epoxy, E-Glass/Epoxy, 

Kevlar/Epoxy, and Carbon/Epoxy  drive shafts are 

equal to 46.157%, 53.865%, 36.87%, 64.615%, and 

69.236% of the weight of the steel drive shaft, 

respectively. Therefore, if weight is the main  

consideration, the proposed lay-up of Carbon/Epoxy is 

better design than other proposed designs. On the 

other hand, the cost per unit weight of Aluminum is 

lower than, E-Glass/Epoxy, Kevlar/Epoxy, and 

Carbon/Epoxy. Thus, if cost is the main consideration, 

the hybrid laminate made of AL/Carbon/Epoxy can be 

better choice. 

 

VI. CONCLUS ION 

 

In this study, various designs of composite drive shaft 

made of Carbon/Epoxy, Kevlar/Epoxy, 

E-Glass/Epoxy and a hybrid  shaft made of 

AL/Carbon/Epoxy laminate have been proposed. 

Different designs were investigated and analyzed to 

find an  optimum design min imizing  the weight of the 

shaft and satisfying the design requirements including 

the torque transmission capacities, the torsional 

buckling capacities, and the bending natural 

frequency. If weight is the main consideration, the 

shaft made of the Carbon/Epoxy  laminate gives better 

performance and if cost is the main concern, the hybrid  

one can be better option. 

 

 
Table 5.  Comparison between the results obtained from laminated composite drive shafts made up of Carbon/Epoxy and the 

minimum design requirements. 
 

 
Table 6. Comparison between the results obtained from laminated composite drive shafts made up of Kevlar/Epoxy and the 

minimum design requirements 
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Table 7. Comparison between the results obtained from laminated composite drive shafts made up of E-Glass/Epoxy and the 

minimum design requirements. 
 

 
Table 8. Comparison between the results obtained from laminated composite drive shafts made up of carbon/epoxy and aluminum 

and the minimum design requirements. 
 

 
Table 9.  Comparison between the various designs satisfying the design requirements. 
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