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Abstract—In this paper an integrated approach for the optimum design of a spline has been
proposed. The work carried out deals with a live problem at Visakhapatnam Steel Plant. The
spline in the roller stand is wearing out and causing slipping and failure of the equipment.
Analysis was performed in ANSYS environment on the source model of the spline. By optimizing
the face width from 170mm to 220mm and  changing the pitch diameter to 180mm from 150mm,
the factor of safety is increased from 0.61 to 1.36 which indicates the safety of the design and
increase in the life span of the spline. The optimum results obtained is further cross checked,
which yielded a negligible deformation, proving that the optimization is within the safety margins.
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I. INTRODUCTION

Transmission of power through the shape or geometry of the machine elements, termed positive
connections, is commonly used to connect shafts and hubs. Geometric connections include pin, key and
spline connections. All of these have the important feature that it is possible to disassemble them contrary
to, shrink or press fits. All positive connections have different designs and generally spline connections
have the highest capacity for torque transfer. For machine elements, most designs are controlled by
standards and designs are often restricted to the circular shape [1].

A rotating spline is a series of ridges on a drive shaft that mesh with grooves in a mating piece and
transfer torque to it, maintaining the angular correspondence between them. For instance, a gear mounted
on a shaft might use a male spline on the shaft that matches the female spline on the gear. An alternative
to splines is a keyway and key, though splines provide a longer fatigue life. Also a spline is a series of
projections on a shaft that fit into slots on a corresponding shaft, enabling both to rotate together. Some
common problems occurring with spline are damage of teeth, wastage of material, decrease in
productivity, safety problems and wastage of power.

The present work was carried out on a live problem in, Steel Melting Shop (SMS), Continuous casting
department (CCD) at Visakhapatnam Steel Plant (VSP). The Spline of the roller in roller stand, as shown
in “Fig. 1” was in contact with the Intermediate Gear Box (IGB) which is further in contact with the
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motor. The transmission of drive was wearing out at a faster rate causing slipping and thus ineffective
power transmission heading towards failure of the equipment and ultimately resulting in the replacement
of the roll as the spline is an integral part of the roll. Hence, analysis was performed on the source model
which was under running condition in the plant and the results tabulated. The dimensions of the spline
were optimized and the optimized spline was modeled, analyzed and the resulting data was compared
with the values from source model analysis. It was found that spline is not completely in contact with the
IGB. Also it was found from the records that most of the time roller stand-1 were removed due to spline
problems. So the existing spline has become weakest joint in the roller stand-1 drive. Since an integrated
approach between the computer aided design and analysis yields better productivity [2] and thus the
existing spline design has been studied and aimed to design the spline for heavier loads, to improve the
reliability.

Figure 1. Worn out Spline

II. DESIGN PROCEDURE OF SPLINE

Splined shafts are used to obtain axial movements and positive drive as well. Splines are similar
to gears, but the difference between the two is that, depth of the tooth of a gear is more than that of a
spline [3,4]. Therefore, the design process is same as that of a gear. To design a spline the essential
parameters to be calculated are: Tangential load(WT), Dynamic load of the tooth (WD), Static load of the
load (WS) and Wear load of the tooth (WW).
A. Conditions for safe design of spline

The above mentioned loads are compared with each other to check whether the design is safe or
not. The condition for safer design is given by “(1)” and “(2)” as below:

WS > (1.25× WD) (1)
WW >  (1.35× WD) (2)

Existing conditions of the Spline [5]

Face width, b = 170 mm
Module of the spline, m = 5
Number of teeth on the spline,Z = 30
Pitch circle diameter DP = 150 mm
Pressure angle = 200

Weight of the dummy bar = 5 Tons
Weight of the roller = 1.8 Tons
Distance between the two bearings = 750 mm
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Power of the motor, P = 11 KW
Speed of the motor, N = 775 rpm

B. Design Calculations for existing conditions
The torque applied on the spline is same as that of the torque of motor since the velocity ratio is 1:1.

Therefore, the torque applied on the spline was calculated using “(3)”
T = (60×P)/(2ΠN) (3)

T = (60×P)/(2ΠN) = 135.5 N-m
We know that,

Torque = Force * Radii.
Therefore, force acting on the teeth of the spline is

FT = 1807.2N

1) Tangential load (WT)
The tangential load (WT) acting on the teeth of the spline was calculated using “(4)”

WT = FT×g (4)
WT = FT×g = (1807.2×9.81) = 17728.6 N

Where, FT = Tangential force  acting on the teeth of the spline and g = acceleration due to gravity = 9.81
m/s2

2) Dynamic Tooth Load (WD)
The dynamic tooth  (WD) acting on the teeth of the spline was calculated using “ (5)”

WD = WT + WI (5)
Where, WI is the increment load due to dynamic action and was  calculated using “ (6)”

WI =  21v(b×C + WT) / {21v + (b×C+WT)1/2}            (6)
Considering the material of both the spline and IGB to be C45, the young’s modulus of the material [4]
was taken as
2.05×105 N/ mm2

Pitch line velocity, v = ΠDN/60 = 6.086 m/s.
Dynamic factor, C =588.5N/mm
The increment load WI = 34821.46N
Therefore, dynamic tooth load WD was found to be 41924.4N.

3) Static Tooth Load (Ws)
The static tooth load (WS) acting on the teeth of the spline was calculated using “(7)”

WS = σe×b×pc×y (7)
Where, σe = 1.75× BHN = 472.5 Mpa

and BHN=Brinell Hardness Number
y  is a variable given by
y = 0.124-(0.684/T) = 0.1189
b= 170 mm, and  pc = Π×m
Therefore, static  tooth load WS was found to be 75110.95  N
Also,WS = Sb=75110.95  N
Where,Sb is the bearing strength
Thus the factor of safety in this case was calculated using“(8)”

Fs= Sb/WD (8)
Fs = Sb/WD=75110.95 /41924.4= 1.79

4) Wear Tooth Load (WW)
The wear tooth load (WS) acting on the teeth of the spline was calculated using “(9)”

WW = Dp×b×Q×K                                       (9)
Where, Q is the ratio factor  taken as 1:1 and
K  is the load-stress factor  in N/mm2
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Therefore, the wear  tooth load WW was found to be 28813.97 N
Now, considering wear criteria, factor of safety in this case was calculated using “(10)”

Fs = Ww/WD (10)
Fs = Ww/WD = 28203.525/41924.4 = 0.68
From the above calculations it was observed that static tooth load is greater and wear tooth load is
smaller than dynamic tooth load. Hence the design is failing in wear criteria.
Thus, optimisation was carried on the design parameters of the spline.

C. Design Calculations for optimised conditions
1) The  face width, b is increased to 220 mm
By increasing the  face width,  to 220 mm the tangential load (WT) acting on the teeth of the spline

was found to be 17728.6 N and the dynamic tooth load WD is obtained to be 54514.10 N.
The static tooth load WS obtained is 165244.07 N.
Considering strength criteria, the factor of safety obtained in this case is Fs = WS/WD = 3.03
The wear tooth load  Ww obtained is 63390.74 N
Now, considering wear criteria the factor of safety obtained was Fs= WW/WD = 1.16.

It is to be remembered that the spline length should not exceed more than 220mm.If the length is
further increased then the size of the intermediate gear box should also increase between each strand, as a
result the whole bloom caster machine size is increased which is not feasible.

The effect of face width on factor of safety for both the existing and optimized conditions is plotted in
a graph and is  shown in “Fig. 2” and “Fig. 3” respectively. Similarly, the effect of face width on strength
for both the existing and optimized conditions is plotted in a graph and is shown in “Fig. 4” and “Fig. 5”
respectively.

2) The pitch circle diameter  is increased to 180 mm

It was observed that the conditions for safe design are not satisfied. So the module was increased to 6
by keeping the number of teeth constant. So, the new pitch diameter DP is 180 mm.
In this case, the load calculations obtained are :
Wear tooth load  WW =76068.89 N
Static load  Ws =198292.9N  and
Dynamic tooth load  WD = 56270.36 N
Now, considering wear criteria, the factor of safety is obtained to be Fs = Ww/WD = 1.36 and
considering strength criteria, the factor of safety was obtained to be
Fs = WS/WD = 3.52.

Therefore, the design conditions were satisfied.
WS > (1.25 × WD) and
WW > (1.35 × WD)
Thus, by keeping the above values the basic requirements were satisfied, which leads to the safe design
of the spline.
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Figure 2. Facewidth vs Factor of safety(150mm diameter)

Figure 3. Facewidth vs Factor of safety(180mm diameter)

Figure 4. Facewidth vs Strength(150mm pitch diameter)
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Figure 5. Facewidth vs Strength(180mm pitch diameter)

III. OPTIMIZATION USING ANSYS

The Spline was modeled in the SolidWorks environment [6] and analyzed by applying torque on
each and every tooth of the spline with respect to the axis of the shaft. The torque calculated from
output power, speed of the roller and the values of Von-mises stress and strain were tabulated. The
material used was 40Ni6Cr4Mo3 and the properties used for analysis in ANSYS [7] are given in
“Table. I”.

TABLE I. MATERIAL PROPERTIES

Property Value Units

Elastic modulus 2.05e+011 N/m2

Poisson's ratio 0.265

Shear modulus 8.2e+010 N/m2

Mass density 8027 kg/m3

Tensile strength 4.85e+008 N/m2

Yield strength 1.7e+008 N/m2

Thermal expansion
coefficient

1.65e-005 /K

Thermal
conductivity

14.6 W/mK

Specific heat 450 J/kg.K
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A. Analysis of existing system
The existing  spline design was analyzed and the stress, displacement and strain were calculated. The

stress distribution in the existing system is  shown in “Fig. 6”

Figure 6. Stress distribution in the spline in existing system

B. Analysis of proposed system
Here, the analysis was carried out by increasing the  face width from 170  to 220 mm and the stress

distribution in the spline  is  shown in “Fig. 7”. Also, optimisation was carried out by changing the pitch
circle diameter from 150 mm to 180 mm and the respective stress distribution in the spline  is  shown in
“Fig. 8”.

Figure 7. Stress distribution in the spline in proposed system with facewidth with 220mm
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Figure 8. Stress distribution in the spline in proposed system with pitch circle diameter  180mm

Thus, a comparative study was made between the  existing scenario and the optimized system and
the results obtained in ANSYS are given in “Table. II”.

TABLE II. COMPARISION BETWEEN EXISTING AND PROPOSED SYSTEM

Further, the tooth of the spline is considered for analyzing, because one tooth represents the entire
spline and the results obtained were extended to the entire spline. From “Fig. 9” it can be observed that
the maximum deformation in the tooth is 0.2mm, and also it is occurring at the ends of the tooth, which
can be neglected. This implies that the design of the spline is safe with the above stated optimizations.

Figure 9. Spline tooth model with with effective load

Design modification in the output shaft of IGB
As the pitch diameter and the face width of the spline are changed, the design of the output shaft of the

IGB was slightly changed to accommodate the modified spline. The pitch bore diameter was increased
from 150 to 180 mm and the internal bore length was increased from 120 to 220mm.
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CONCLUSIONS

1) By increasing the face width from 170mm to 220mm and slightly increasing the pitch diameter to
180mm from 150mm, the factor of safety was increased from 0.61 to 1.36 which indicates the
safety of the design and increase in life of the spline.

2) The entire roller is modeled by using the SolidWorks module and a comparative study between the
existing scenario and the optimized system was analyzed.

3) A novel optimized program for calculating the safety of the design of geared systems is developed
in Visual basics environment and was cross checked with hand calculations.

4) The optimisation results obtained from was further cross checked by using the ANSYS module,
which yielded a negligible deformation, proving that the optimization is under safety margins.

5) The design of the output shaft of the IGB was slightly modified to accommodate the optimized
spline, using solid works module.

6) Change in the appropriate model of the TK stand, and including the newly designed component
overcomes the slag accumulation and jamming of the rollers.
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Existing

system
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Face width

220mm
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Pitch circle

diameter 180mm

Von

Mises

Stress

(N/m2)

2.21504e

+007

1.89292e+007 1.77086e+007

Displace

ment

(mm)

0.059940

9

0.0342962 0.0335596

Strain 7.8814e-
005

6.65141e-005 6.40897e-005


