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Abstract The aim of the study is to obtain an optimal arm section for the structures like pulleys, gears, flywheels etc.
considering variation of rim thickness with pulley radius. Presently, the design of arm pulley with thin rim is being
carried out with an assumption that the bending moment (BM) is shared by half the number of arms, whereas in case
of arm gear or V-Belt pulley the assumption is made that BM is shared by total number of arms. In the present paper,
Finite Element Method (FEM) is used to determine the BM shared by the arms for its different angular positions.
The distribution of bending stress in the arms is also obtained. Finally, design modifications have been suggested
considering radius to rim thickness ratio (r/t). Hence it is concluded that when, 15 ≥ r/t > 10.5 – BM is shared by N/2
number of arms, 10.5 ≥ r/t > 7.5 – BM is shared by 4N/7 number of arms, 7.5 ≥ r/t > 5 – BM is shared by 2N/3
number of arms, 5 ≥ r/t > 3 – BM is shared by 4N/5 number of arms, 3 ≥ r/t –BM is shared by N number of arms.
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1. Introduction
Arms of the structures like pulleys, gears and flywheel
are mainly subjected to bending stresses. It is observed
that load shared by individual arm depends on its angular
position with respect to the load direction. The stresses
induced also depend on the rim thickness. For very small
rim thickness, like flat belt pulley, stresses induced are
very high, as rim side end of the arm is like free end. The
arm in this case behaves like cantilever beam fixed at one
end. Present design practice for this case is to assume that
half of the arms share the total bending moment (BM). For
very large rim thickness like gear the arm behaves like
beam fixed at both the ends and hence subjected to lower
bending stresses. In such cases therefore, it is assumed
that total number of arms share the BM [1-6].
However, these assumptions are based on qualitative
analysis regarding how BM is shared, for varying
thickness of the rim. The quantitative analysis regarding
how load and therefore BM is shared by the arms for
varying rim thickness is not reported in the literature. The
present research work is therefore aimed at studying the
effect of rim thickness and length of the arm on load
shared by different arms in the rotating elements.
The analysis is carried out in two ways: (i) Photo
elasticity theory (ii) Finite element stress analysis of 2D
model for verification of results. The results of stress
analysis are obtained with photo elasticity with some
specific rim thickness and the finite element procedure on
a virtual model similar to the photo-elastic epoxy model is
used for verification of the results. Analysis on a virtual

model with various rim thickness in equal interval has
been carried out. Data is collected for different values of
radius to rim thickness ratio (r/t ratio) at various loading
positions.

2. Photoelasticity
The experimentation is conducted using the concept of
photo elasticity. The concept is used to determine stress
distribution and stress concentration factors in irregular
geometries. The method is based on the property of
birefringence, which is exhibited by certain transparent
materials. Birefringence is a property by virtue of which a
ray of light passing through a birefringent material
experiences two refractive indices [7]. Thus, a pulley
model made out of such material is selected for the study,
to ensure that the state of stress in the model is similar to
that of the structure.

2.1. Stress Optic Law
When plane polarized light passes through a photo
elastic material, it resolves along the two principal stress
directions and each of these components experiences
different refractive indices. The difference in the refractive
indices leads to a relative phase retardation between the
two component waves. The magnitude of the relative
retardation is given by the stress optic law:

∆ =C t' (σ11

σ 22 )

(1)

Where ∆ is the induced retardation in mm, C is the stress
optic coefficient in mm2/N, t’ is the specimen thickness in
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mm, σ11 and σ22 is the first and second principal stress in
N/mm2 respectively.
The two waves then pass through wave plates and
analyzer resulting into isochromatic and isoclinic fringe
patterns. Thus, the state of stress at various points in the
material can be determined by these fringe patterns.
Photo elastic sheet has been prepared by mixing CY230 epoxy resin and HY-951 hardener, 10.5% by volume.
The circular disc is cut and calibration is done to find
the material fringe value fσ. As shown in Figure 1 various
fringes are obtained for different values of load and finally
from the readings it is found that material has fσ as 10.857
N/mm-fringe.

3. Analytical Procedure
Conventionally while designing the arm pulley where
rim thickness is very small it is considered that load is
shared by only half the number of arms [6,8]. It is
assumed that one end of the arm is fixed at hub and other
end of the arm is similar to free end. So the maximum
bending stress on the arm of the pulley is given as:

s= ( T1 − T2 ) ( D − d ) 2  N * Z

2.2. Experimental Analysis of Pulley Model
The experimental model of pulley with 4 arms has been
cut from same photoelastic material sheet. The loading
conditions are simulated and pulley is loaded as shown in
Figure 2. The figure also shows the stresses developed in
the arms and the rim of the pulley. The experiments are
carried out for pulleys having different rim thickness and
results are given in Table 1.

(2)

Where, N = n/2, where n is number of arms.
Where, T1 & T2 are belt tensions in tight and slack side
respectively. D & d are pulley diameter & hub diameter
respectively and N & Z are number of arms sharing
bending moment and section modulus of arm near the hub
respectively. In the present case for D = 150 mm, d = 30
mm, n = 4, (T1 – T2) = 58.86 N, hence the stress induced
comes to be 10.4485 N/mm2.
Whereas, in case of arm gear design where rim
thickness is sufficiently large it is considered that the load
is equally shared by total number of arms. So the bending
stress [6] on the arm of the pulley is given as

=
s

Figure 1. Fringe Pattern on Loaded disc under Sodium Light
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W * ( D − d )  N * Z

(3)

Where, N = n, W is the stalling load, D & d are pulley
diameter & hub diameter respectively and N & Z are
number of arms sharing bending moment and section
modulus of arm near the hub. In the present case, the
analytical value is calculated as 5.2242 N/mm2.

4. Finite Element Analysis (FEA)
Finite element method [9,10] has become a powerful
tool for numerical solution of a wide range of engineering
problems. For the stress analysis, a model of armed wheel
has been prepared in ANSYS Workbench version 14 as
shown in Figure 3. Plane 183 element has been considered
for the FE analysis. The arms are designated as arm
number 1, 2, 3 & 4 as shown in Figure 3 (a). The major
dimensions of pulley considered for analyses are as follow:

Diameter of pulley D = 150 mm,
Diameter of hub d = 30 mm,
Number of arms=4,
Rim thickness t = 5mm.

Figure 2. Isochromatic Fringe Pattern on Pulley with rim thickness
15mm
Table 1. Maximum Stress in N/mm2 on arm by experimentation
RIM THICKNESS
ARM NO.
5mm

10mm

15mm

20mm

1

7.238

6.42

5.5886

4.8585

2

2.46092

4.08

4.8671

4.0867

3

1.4075

2.623735

4.22075

4.08947

4

4.35275

4.614225

4.746

4.1799

Figure 3. (a) 3 dimensional CAD model of an arm pulley showing four
arms (b) Normal stress distribution on the arm pulley model along Y-axis

Further, rim thickness has been modified according to
the analysis. The load and constraint have been applied
according to the actual operating conditions of the pulley.
The FE analysis is then carried out to determine the

128

American Journal of Mechanical Engineering

dominating bending stresses in the arms and rim. The FE
analysis has been carried out for different (r/t) ratio and
different angular locations of the arms. As an illustration,
Figure 3 (b) shows the distribution of the stresses in the
arm and the rim for one of the situations.
Table 2. Bending stress in N/mm2 on arm at different loading angle
RIM THICKNESS
Loading Angle
5mm
10mm
15mm
20mm
0
10.609
7.823
6.5573
5.9098
10
10.343
7.7575
6.556
5.9265
20
10.101
7.5723
6.509
5.9366
30
9.0385
7.2353
6.377
5.8937
40
8.2197
6.7921
6.1803
5.8068
50
7.8541
6.3196
5.9475
5.6897
60
8.5631
6.8301
5.9797
5.5573
70
9.4255
7.2839
6.2453
5.6888
80
10.434
7.6193
6.4333
5.8125

4.1. FEA for Different Rim Thickness
FE analysis is carried out by considering different rim
thickness and by keeping the major dimensions same. The
maximum bending stress on each arm is calculated for rim
thickness 5, 10, 15 & 20 mm as shown in Table 1 and its
graphical representation is shown in Figure 4 (a).

4.2. FEA for Different Angular Positions of
Arm
To check for the worst condition, FE analysis is carried
out by changing the locations of arm in anticlockwise
direction for each thickness of the arm. The increment in
angular position of loading is done in step of 10° from 0°
to 80°. The stresses obtained on either of arm no. 1 or 4
are shown in Table 2 and represented graphically in
Figure 4 (b).

Figure 4. (a) Maximum Bending stress on each arm for different rim thickness (b) Variation of Bending stress at different rim loading angle
Table 3. Bending stress on each arm in N/mm2
RIM THICKNESS
ARM NO.
5mm

10mm

15mm

20mm

25mm

1

10.609

7.823

6.5573

5.9098

5.3538

2

4.0541

4.8985

5.1353

5.1792

4.9116

3

3.3894

4.6418

4.8422

4.756

4.4585

4

4.2248

4.5613

4.5897

4.5455

4.281

From the previous section it is observed that as the rim
thickness of the pulley increases the stress on the arms
gets equally distributed. For the case of 25mm rim
thickness pulley, the stresses on each arm are nearly equal.
The absolute rim thickness does not give idea about
rigidity with which arm is fixed to the rim, as it depends
upon radius of pulley also. Hence, instead of absolute
values of thickness, the ratio (r/t) is varied and stresses
induced in the arms are calculated as shown in Table 4
and the graphical representation as shown in Figure 5.

5. Results & Discussion
The results of experimental study and FE analysis are
compared to verify the correctness of the procedure. The
results are given in Table 1 and Table 3 respectively. The
results of FEA and experimental are in good agreement
for all the cases accept when rim thickness is very small
i.e. 5 mm. This may be due to load and constraint which
could not be applied realistically due to very thin rim. It
has been observed that stresses induced in the arms are
reducing as the rim thickness increases.
For the pulley having rim thickness 25mm, FE and
conventional approach calculates stress induced as 5.3538
MPa and 5.2242 MPa respectively. This indicates that
assumptions made in conventional approach that all the
arms equally share bending moment when rim thickness is
sufficiently high is quite satisfactory.

Figure 5. Graph showing the variation between ration of arm radius to
rim thickness (r/t) vs. Bending Stress

The stress variation given in the table indicates that as
the ratio increases the stress induced in the arm reduces. If

American Journal of Mechanical Engineering

the stresses obtained by FEA are compared with
conventional analysis as given in equation 2 and 3 the
number of arms sharing bending moment can be
calculated for different range of (r/t) ratio. The maximum
bending stresses for 5 mm rim thickness pulley by FEA is
shown in Figure 6 (a).
From, Table 4 it is concluded that when, 15 ≥ r/t > 10.5
– BM is shared by N/2 number of arms, 10.5 ≥ r/t > 7.5 –
BM is shared by 4N/7 number of arms, 7.5 ≥ r/t > 5 – BM
is shared by 2N/3 number of arms, 5 ≥ r/t > 3 – BM is
shared by 4N/5 number of arms, 3 ≥ r/t –BM is shared by
N number of arms.
Table 4. Stress variation with r/t ratio
Rim Thickness (t) Bending Stress On Tension Side
5
10.609
6
10.1
7
9.2825
8
8.7115
9
8.2011
10
7.823
11
7.4844
12
7.0196
13
6.9522
14
6.7221
15
6.5573
16
6.3934
17
6.2308
18
6.1315
19
5.9956
20
5.9098
21
5.812
22
5.7082
23
5.6467
24
5.5546
25
5.3538

r/t ratio
15
12.5
10.71428571
9.375
8.333333333
7.5
6.818181818
6.25
5.769230769
5.357142857
5
4.6875
4.411764706
4.166666667
3.947368421
3.75
3.571428571
3.409090909
3.260869565
3.125
3
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It can be seen from Figure 6 (d) that the stress induced
in the arm for the cross section obtained from considering
half the number of arms share load is 10.072 N/mm2,
which is very less i.e. the arm section is bigger or the
design is bulky. Similarly, the stresses acting on arm for
the cross section obtained from considering all the number
of arms shared the load is 17.029 N/mm2, which is larger
than maximum value i.e. the design is unsafe.
Hence, in such case the analysis explained above is
useful to get the optimum section of the arm. So the
design is optimized by result obtained from the previous
section. The cross section obtained by considering 2N/3
number of arms shared the load is 12.5 mm x 6.25 mm.
FE analysis carried out is shown in Figure 6 (f) which
shows that the stresses acting on the arm is 14.759 N/mm2,
which is the optimized stress, close to the maximum stress.
So the design is considered as the optimized design.

6. Optimal Design of Arms
This analysis is carried out to design the optimal section
of the arms of rotating elements. The design is carried out
by conventional method for arm pulley considering that
the arm is acting like cantilever beam and load is shared
by half the number of arms. The rectangular cross section
of arm obtained for 5 mm rim thickness pulley is 14mm x
7mm for maximum stress acting as 15 N/mm2. FE analysis
is carried out to find out the stresses acting on arm, the
stress obtained is to be 14.3 N/mm2 which is in good
agreement, which is shown in Figure 6 (b).
Similarly design is carried out considering that BM is
shared by all the numbers of arms for larger rim thickness
and that the arm is considered as fixed at both the ends.
The rectangular cross section of arms obtained is 11mm x
5.5mm for maximum stress acting as 15 N/mm2. FE
analysis is carried out to find out the stresses acting on
arm, the stress obtained is to be 14.426 N/mm2 which is in
good agreement, which is shown in Figure 6 (c).
Now for the rim thickness which is in between these
two conditions, say 10 mm, the design will be carried out
by these two conventional processes. The cross section
obtained will be same as described earlier. FE analysis is
carried out on the rim thickness of 10 mm and with both the
arm cross section as shown in Figure 6 (d) and Figure 6 (e).

Figure 6. (a) Maximum Bending stresses for 5mm rim thickness pulley
(b) Stress acting on arm for small rim thickness.(c) Stress acting on arm
for larger rim thickness. (d)Stress acting on arm with bigger cross section.
(e) Stress acting on arm with smaller cross section. (f) Stress acting on
arm with optimized cross section

7. Conclusion
For very thin rim thickness (r/t > 10.5) it has been
validated that the load is shared by N/2 numbers of arms.
As the rim thickness increases stresses converge and get
equally distributed in the arms. The rim become more
rigid, so arm can be considered as fixed on both side
instead of cantilever support. The consideration that half
the number of arms share load no longer holds true. For
the ratio (r/t ≤ 3) it can be assumed that all the arms share
the BM. However for the r/t ratios between 3 and 10.5, it
is desirable to find out how many arms share the BM to
get optimum section of the arms. In the present study FEA
and photo elasticity approaches are used to determine this
number. Hence it is concluded that when, 15 ≥ r/t > 10.5 –
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BM is shared by N/2 number of arms, 10.5 ≥ r/t > 7.5 –
BM is shared by 4N/7 number of arms, 7.5 ≥ r/t > 5 – BM
is shared by 2N/3 number of arms, 5 ≥ r/t > 3 – BM is
shared by 4N/5 number of arms, 3 ≥ r/t –BM is shared by
N number of arms.
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