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Abstract In this paper motion of rigid rod on a circular surface is studied analytically. A new
analytical method called modified homotopy perturbation method (MHPM) is applied for solving
this problem in different initial conditions to show capability of this method. The governing
equation for motion of a rigid rod on the circular surface without slipping have been solved using
MHPM. The efficacy of MHPM for handling nonlinear oscillation systems with various small
and large oscillation amplitudes are presented in comparison with numerical benchmarks.
Outcomes reveal that MHPM has an excellent agreement with numerical solution. The results
show that by decreasing the oscillation amplitude, the velocity of rigid rod decreases and for

A=n/3 the velocity profile is maximum.
© 2014 National Laboratory for Aeronautics and Astronautics. Production and hosting by Elsevier B.V.

All rights reserved.

1. Introduction

The complexity of handling the nonlinear vibration
problems due to computation burden of numerical solution
in one hand and deficiency of traditional analytical techni-
ques to develop a general method that include all types of
nonlinear equation of motions persuades researchers to apply
novel analytical methods for solving the critical problems
and broaden frontier in non-linear engineering problems.
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Perturbation method as a pioneer method for solving non-
linear equations has some drawbacks in physical nonlinear
problems because of its necessity for predicting a small
parameter [1-3]. Various more effective analytical methods
have been investigated and utilized for dealing with nonlinear
equations in practicing engineering field. Such equations allow
one to create physical insights through the physics of the
problem and also parametric investigations. Vibration of
mechanical systems associated with nonlinear properties have
been handled using various analytical methods.

In order to eliminate the limitations of the conventional
perturbation methods and providing an analytical approx-
imate solution; a combination of homotopy method and
perturbation method named homotopy perturbation method

2212-540X © 2014 National Laboratory for Aeronautics and Astronautics. Production and hosting by Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.jppr.2014.07.003


http://ppr.buaa.edu.cn/
www.sciencedirect.com
dx.doi.org/10.1016/j.jppr.2014.07.003
dx.doi.org/10.1016/j.jppr.2014.07.003
dx.doi.org/10.1016/j.jppr.2014.07.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jppr.2014.07.003&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jppr.2014.07.003&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jppr.2014.07.003&domain=pdf
mailto:ghasemi.seiyed.e@gmail.com
dx.doi.org/10.1016/j.jppr.2014.07.003

160

Seiyed E. Ghasemi et al.

(HPM) was developed by He [4]. The HPM was success-
fully applied to discontinuous nonlinear oscillators and
obtain bifurcation of nonlinear wave equations [5-8].
Frequency and displacement for nonlinear vibration equa-
tion of cantilever beam excited by harmonic forces were
found utilizing HPM and observed that the accuracy of
results increase with higher order approximations [9].
Vibrations of a mass grounded by linear and nonlinear
springs in series have been interpreted by applying HPM
[10]. Ayazi et al. solved nonlinear differential equation of
beam elastic deformation with two fixed end and under
uniform distributed load by HPM which does not need
small parameters in comparison with conventional pertur-
bation [11]. Also, several modified homotopy perturbation
method (MHPM) developed so that become more suitable
for nonlinear oscillations problems [12—14].

Adomian decomposition method (ADM) as an effective
approach for handling the linear and nonlinear ordinary and
partial differential equations has been utilized in area of
applied mathematics and engineering problems because of
its immediate solution terms without any transformation,
linearization, discretization or physically restrictive assump-
tions [15]. In [16], a comparison of HPM and ADM was made
revealing that the former is more powerful than the latter.
Hosseini and Jafari proposed a modified ADM suitable for
high order system of nonlinear differential equations with
greater rate of convergence [17]. Wu adopted ADM in
companion with Riemann-Liouville derivative to deal with a
fractional nonlinear differential of equation [18].

Variational iteration method (VIM) is other rapidly conver-
gent successive approximations of the exact solution for non-
linear differential equations [19]. One priority of using VIM is
its ability to solve linear and nonlinear differential equation
without any need to the so called Adomian polynomials which
causes computational burden [20]. The outperform performance
of VIM rather perturbation method in some nonlinear equations
were shown in [21,22]. Deflection and deformation of flexible
beam and plate was studied using VIM and results were
assessed by other analytical and exact solutions by Choobbasti
et al. [23]. Ganji et al. found better performance of VIM rather
homotopy perturbation method (HPM) for greater value of
nonlinearity parameter while they showed that for small amount
of nonlinear parameter both VIM and HPM provide highly
accurate numerical solutions for nonlinear problems in compar-
ison with other methods [24].

He's frequency-amplitude formulation approach was
introduced to attain analytical approximate periodic solu-
tions for various nonlinear oscillatory systems [25-27].
A Semi-numerical-analytical solution technique called dif-
ferential transformation method (DTM) has been utilized to
derive approximate explicit analytical solutions for non-
linear oscillator equations in comparison with other analy-
tical approaches [28].

Several new applications of analytical solutions for
nonlinear differential equations is following:

Ghasemi et al. [29] applied optimal homotopy asymptotic
method (OHAM) and homotopy perturbation method

(HPM) to obtain the temperature distribution in a flat-
plate airheating solar collector.

Application of least square method (LSM) for electro-
hydrodynamic flow (EHD flow) in a circular cylindrical
conduit was studied by Ghasemi et al. [30].

Recently, Hatami and Ganji [31,32] and Hatami et al. [33,34]
used analytical methods for solving some useful and applicable
problems in the fields of nanofluids and nanoparticles.

A complicated and also practical problem of the motion
of a rigid rod rocking back and forth on the circular surface
without slipping was adopted from Gaylord [35] and is used
in present paper to be solved by proposed version of
MHPM. This method has been used as a reliable benchmark
for evaluating the novel analytical approaches to nonlinear
oscillation system [36-38]. In following Mathematical
formulation and geometry of problem are presented in
Section 2. Section 2 is specified to explain the basic idea
of MHPM. Application of MHPM to motion of rigid rod on
the circular surface is developed in Section 4. Results of
applying MHPM to solve equation motion of rigid rod on
the circular surface are discussed in Section 5. Paper
concludes in Section 6.

2. Statement of the problem

The schematic view of rigid rod on the circular surface is
illustrated in Figure 1 and the equation of motion of
problem concerned is considered as follows [35]:

it + a(u?ii + wir*) + bu cos (u) =0, (1)
with initial conditions:
u0)=A, w0)=0 (2)
where:

1272 12gr
a= 1—2 , b= [2 and u= H(I) (3)

3. Fundamentals of modified homotopy
perturbation method (MHPM)

In this section, a new modification of the HPM is
recapitulated. The generalized equation is introduced as

Figure 1 Geometry of problem.
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follows:

it + N(u, i, ii, 1) = 0, (4)
with boundary conditions:

u(0)=A4, a(0)=0 5)

To explain the basic idea of this method, we consider the
following nonlinear differential equation:

Aw)—f(r)=0, ref (6)
subject to boundary condition:
B(u,0u/on)=0, rel (7)

where A, B, f(r) and I are general differential operator,
boundary operator, known analytical function, and the
boundary of domain £2 respectively.

Generally speaking the operator A can be divided into a
linear part L and a nonlinear part N(u). Eq. (6) can so, be
rewritten as:

L(u) + N(u)—f(r)=0 ®)

A homotopy of Eq. (6) v(rp):£2x[0,1]>R is con-
structed so that satisfied:

H(v, p) = L(v) = L(uo) + pL(uo) + pIN() —f(N] =0 (9)

where p is embedding parameter and u is an initial guess
approximation of Eq. (6) which satisfies the boundary
condition. According to MHPM, the solution is expanded
into series of p in the form:

i=1

Frequency is expanded in similar way as:

l=w*— Y pa; (11)

i=1

Substituting Eqs. (11) and (10) in Eq. (9) and equating
the terms with powers of p, we can obtain a series of linear
equation. The approximate for the solution and frequency
are:

u= limp_” z u; (12)
i=0

o' =1+1lim,; Y o (13)
i=0
where a; are arbitrary parameters that should be determined.
Eventually substituting cos (1) = 1 — (1% /2) + (u*/24) +
-~ in Eq. (1) gives:

2 2 B
it + a(u u—i—uu)—i—b(u—?—i—ﬁ):O (14)

4. Solution with MHPM

In order to apply MHPM to Eq. (14), it should be
rearranged as following form:

305
i+l-u=—p- a(uzit'-i-uuz)—l—(b—l)u—!—b(—%4—%)],

pel0,1] (15)

where p is embedding parameter.
According to the MHPM, the solution u and 1 as
coefficients of u expanded as following terms:

u= Y pu (16)

i=1

l=w’— Y pa (17)

i=1

Substituting Eqgs. (16) and (17) into Eq. (15) yields:

P° ity + 0tug =0 (18)
pl'iil +w2u1—a1u —l—auzil ~|——u5—éu3
‘ MR R A
+ augity + (b— g =0 (19)

p ilr + 0)2142 — U —ouUy + augiil + 2au0u11}l0

.. )
+ 2augigity + auy ity

5 3
+ﬂbugu1 + (b—1)uy — Ebu(z)ul =0 (20)
By solving Eq. (18), it has obtained:
up(t) =A cos(wt) (21)

Substituting of Eq. (21) into the right side of Eq. (19)
gives:
iy + w’u = p(wr),
which:
pwt) = —a1A cos (wt)—aA’ cos (wt)’w?
b s s 1.3 3
+ 7 DA’ cos (wt) 2bA cos (wt)
+aA® cos (wr)sin (wf)’@® + (b—1)A cos (wf)
(22)

By using Fourier series, we can achieve secular term:

plwt)= Y Sauy1 cos [(2n + Dwi] ~ 81 cos (wi),
n=20

=" /  p() cos () dep
JO

4 z
= 7/2 (—aiA cos(p)—aA® cos (p) 0’

T Jo

b s s 1 3
+24 bA” cos (¢) sz cos (@)
+aA® cos (@) sin (p)*w*+(b—1)A cos () cos (¢))dgp =

3.3 a3 5 5 5
Ap, + Ab 8bA 2Aa) +192bA A (23)
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Figure 2 Comparison between numerical method and analytical solutions with a=3, b=29.43 when: (a) A=x/3, (b) A=7/6, (c) A=n/12, (d)
A=7/18, and (e) A=n/24.
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Avoiding secular term requires 6; =0.
From Eq. (11) and by setting p=1:

o’ =1+a (24)

Therefore frequency is obtained as:

V6 /(aA” + 2)b(—T2A4% 4 5A* + 192)

25
24 aA®> +2 25)

WMHPM =

5. Results and discussion

To illustrate the efficacy of MHPM for handling non-
linear oscillation system, Eq. (1) is solved with various
small and large oscillation amplitudes and outcomes are
shown in Figure 2. It can be obviously seen that the results
of numerical and analytical solutions are coincidence almost
for all oscillation amplitudes. Also, for more investigations
the results of numerical and analytical solutions at six steps
starting from 0 to 5™ seconds are inserted in Tables 1-5 for
different values of A. It is observed that though there is no a
constant trend in error extents as time goes on, the range of
errors through the simulation are reasonably acceptable.

Table 1  Comparison between MHPM and numerical for A=z7/3.
t u-Numerical u-MHPM Error

0 1.05135 1.05174 0.000390

1 —1.0027 —1.0022 0.000500

2 0.77027 0.77052 0.000250

3 —0.105405 —0.105102 0.000303

4 —0.656757 —0.656510 0.000247

5 0.954054 0.954334 0.000280
Table 2 Comparison between MHPM and numerical for A=7/6.
t u-Numerical u-MHPM Error

0 0.539583 0.539791 0.000208

1 —0.158631 —0.158408 0.000223

2 —0.340774 —0.340539 0.000235

3 0.504167 0.504425 0.000258

4 0.109524 0.109806 0.000282

5 —0.431845 —0.431437 0.000408
Table3  Comparison between MHPM and numerical for A =7/12.
t u-Numerical u-MHPM Error

0 0.262857 0.262949 0.000092

1 0.108571 0.108685 0.000114

2 —0.191429 —0.191382 0.000047

3 —0.245714 —0.245584 0.000130

4 0.0085714 0.0087424 0.000171

5 0.248571 0.248709 0.000138

Table4  Comparison between MHPM and numerical for A=7/18.
t u-Numerical u-MHPM Error

0 0.17622 0.17654 0.000320

1 0.10104 0.10123 0.000190

2 —0.075664 —0.075437 0.000227

3 —0.172795 —0.172580 0.000215

4 —0.113556 —0.113369 0.000187

5 0.058231 0.058506 0.000257
Table 5  Comparison between MHPM and numerical for A =7/24.
t u-Numerical u-MHPM Error

0 0.0665644 0.0667825 0.000213

1 —0.0079754 —0.0077534 0.000222

2 —0.179141 —0.176270 0.002871

3 10.278528 —0.278237 0.000291

4 10.21227 —0.21209 0.000180

5 —0.0411043 —0.0410019 0.000102

6. Conclusions

The close solution of analytical research results and
numerical ones proved the applicability of the proposed
modified version to this kind of strongly nonlinear oscilla-
tor. It was obviously seen that the results of numerical and
analytical solutions are coincidence almost for all oscilla-
tion amplitudes. MHPM profoundly succeeds to compen-
sate the drawbacks of conventional HPM as well as
numerical shortfalls in major applications. Less computa-
tion burden using less terms in expanded series which
consequently leads less procedure time of solution in
comparison with numerical integration and iteration proce-
dure are main advantages of MHPM for solving complex
vibration systems.

References

[1] R. Bellman, Perturbation Techniques in Mathematics, Phy-
sics and Engineering, Holt, Rinehart & Winston, New York,
1964.

[2] J.D. Cole, Perturbation Methods in Applied Mathematics,
Blaisedell, Waltham, MA, 1968.

[3] R.E. O'Malley Jr., Introduction to Singular Perturbation,
Academic Press, New York, 1974.

[4] J.H. He, A coupling method of a homotopy technique and a
perturbation technique for non-linear problems, International
Journal of Non-Linear Mechanics 35 (1) (2000) 37-43.

[5] J.H. He, The homotopy perturbation method for nonlinear
oscillators with discontinuities, Applied Mathematics and
Computation 151 (1) (2004) 287-292.

[6] J.H. He, Periodic solutions and bifurcations of delay-differential
equations, Physics Letters A 347 (4-6) (2005) 228-230.


http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref1
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref1
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref1
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref1
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref2
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref2
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref3
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref3
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref4
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref4
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref4
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref5
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref5
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref5
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref6
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref6

164

Seiyed E. Ghasemi et al.

[7] J.H. He, Application of homotopy perturbation method to
nonlinear wave equations, Chaos, Solitons & Fractals 26 (3)
(2005) 695-700.

[8] J.H. He, Limit cycle and bifurcation of nonlinear problems,
Chaos, Solitons & Fractals 26 (3) (2005) 827-833.

[9] XM. Ma, L.Z. Chang, Y.T. Pan, Accurate solutions to
nonlinear vibration of cantilever beam via homotopy pertur-
bation method, Procedia Engineering 15 (2011) 4768-4773.

[10] S.S. Ganji, D.D. Ganji, M.G. Sfahani, S. Karimpour, Application
of AFF and HPM to the systems of strongly nonlinear oscillation,
Current Applied Physics 10 (2010) 1317-1325.

[11] A. Ayazi, H. Ebrahimi Khah, D.D. Ganji, The investigation
and application of two approximate analytical methods for
the solution of nonlinear differential equation of beam elastic
deformation, Journal of Theoretical and Applied Physics 5-2
(2011) 53-58.

[12] V. Marinca, Application of modified homotopy perturbation
method to nonlinear oscillations, Archives of Mechanics 58
(3) (2006) 241-256.

[13] J. Lin, Application of the modified homotopy perturbation
method to the two dimensional sine-gordon equation, Int. J.
Contemp. Math. Sciences 5 (20) (2010) 985-990.

[14] S.H. Chowdhury, A comparison between the modified
homotopy perturbation method and adomian decomposition
method for solving nonlinear heat transfer equations, Journal
of Applied Sciences 11 (8) (2011) 1416-1420.

[15] G. Adomian, Solving Frontier Problems of Physics: The
Decomposition Method, Kluwer Academic, Dordrecht, 1994.

[16] D.D. Ganji, G.A. Afrouzi, H. Hosseinzadeh, R.A. Talar-
poshti, Application of HPM to the second kind of nonlinear
integral equations, Physics Letters A 371 (2007) 20-25.

[17] M.M. Hosseini, M. Jafari, A note on the use of adomian
decomposition method for high-order and system of non-
linear differential equations, Communications in Nonlinear
Science and Numerical Simulation 14 (2009) 1952-1957.

[18] G.C. Wu, Adomian decomposition method for non-smooth
initial value problems, Mathematical and Computer Model-
ling 54 (2011) 2104-2108.

[19] R. Rach, A. Baghdasarian, G. Adomian, Differential equa-
tions with singular coefficients, Applied Mathematics Letters
47 (2-3) (1992) 179-184.

[20] AM. Wazwaz, The modified decomposition method for
analytic treatment of differential equations, Applied Mathe-
matics and Computation 173 (1) (2006) 165-176.

[21] D.D. Ganji, M.J. Hosseini, J. Shayegh, Some nonlinear heat
transfer equations solved by three approximate methods,
International Communications in Heat and Mass Transfer 34
(2007) 1003-1016.

[22] J.H. He, Variational iteration method - a kind of non-linear
analytical technique: some examples, International Journal of
Non-Linear Mechanics 34 (4) (1999) 699-708.

[23] AJ. Choobbasti, A. Barari, F. Farrokhzad, D.D. Ganji,
Analytical investigation of a fourth-order boundary value
problem in deformation of beams and plate deflection theory,
Journal of Applied Sciences 8 (11) (2008) 2148-2152.

[24] D.D. Ganji, G.A. Afrouzi, R.A. Talarposhti, Application of
variational iteration method and homotopy-perturbation

method for nonlinear heat diffusion and heat transfer
equations, Physics Letters A 368 (2007) 450-457.

[25] J.H. He, An improved amplitude-frequency formulation for
nonlinear oscillators, International Journal of Nonlinear
Sciences and Numerical Simulation 9 (2) (2008) 211-212.

[26] A.E. Ebaid, Analytical periodic solution to a generalized
nonlinear oscillator: application of He's frequency-amplitude
formulation, Mechanics Research Communications 37 (2010)
111-112.

[27] S. Durmaz, S.A. Demirbag, M.O. Kaya, Approximate solu-
tions for nonlinear oscillation of a mass attached to a
stretched elastic wire, Computers and Mathematics with
Applications 61 (2011) 578-585.

[28] S. Ghafoori, M. Motevalli, M.G. Nejad, F. Shakeri, D.D.
Ganji, M. Jalaal, Efficiency of differential transformation
method for nonlinear oscillation: comparison with HPM and
VIM, Current Applied Physics 11 (2011) 965-971.

[29] S.E. Ghasemi, M. Hatami, D.D. Ganji, Analytical thermal
analysis of air-heating solar collectors, Journal of Mechanical
Science and Technology 27 (11) (2013) 3525-3530.

[30] S.E. Ghasemi, M. Hatami, Gh.R. Mehdizadeh Ahangar, D.D.
Ganji, Electrohydrodynamic flow analysis in a circular
cylindrical conduit using least square method, Journal of
Electrostatics 72 (2014) 47-52.

[31] M. Hatami, D.D. Ganji, Heat transfer and nanofluid flow in
suction and blowing process between parallel disks in
presence of variable magnetic field, Journal of Molecular
Liquids, http://dx.doi.org/10.1016/j.molliq.2013.11.005.

[32] M. Hatami, D.D. Ganji, Heat transfer and flow analysis for
SA-TiO, non-Newtonian nanofluid passing through the
porous media between two coaxial cylinders, Journal of
Molecular Liquids 188 (2013) 155-161.

[33] M. Hatami, J. Hatami, D.D. Ganji, Computer simulation of
MHD blood conveying gold nanoparticles as a third grade
non-Newtonian nanofluid in a hollow porous vessel, Com-
puter Methods and Programs in Biomedicine, http://dx.doi.
org/10.1016/j.cmpb.2013.11.001.

[34] M. Hatami, R. Nouri, D.D. Ganji, Forced convection analysis
for MHD Al,Os-water nanofluid flow over a horizontal plate,
Journal of Molecular Liquids 187 (2013) 294-301.

[35] E.W. Gaylord, Natural frequencies of two nonlinear systems
compared with the pendulum, J. Appl. Mech. 146 (1959)
145-146.

[36] Y. Khan, Q. Wu, H. Askari, Z. Saadatnia, M. Kalami-Yazdi,
Nonlinear vibration analysis of a rigid rod on a circular
surface via Hamiltonian approach, Mathematical and Com-
putational Applications 15 (5) (2010) 974-977.

[37] S.S. Ganji, D.D. Ganji, A.G. Davodi, S. Karimpour, Analy-
tical solution to nonlinear oscillation system of the motion of
a rigid rod rocking back using max-min approach, Applied
Mathematical Modelling 34 (2010) 2676-2684.

[38] S.S. Ganji, D.D. Ganji, H. Babazadeh, N. Sadoughi, Appli-
cation of amplitude-frequency formulation to nonlinear
oscillation system of the motion of a rigid rod rocking back,
Mathematical Methods in the Applied Sciences 33 (2010)
157-166.


http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref7
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref7
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref7
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref7
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref8
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref8
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref8
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref9
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref9
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref9
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref10
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref10
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref10
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref11
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref11
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref11
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref11
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref11
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref12
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref12
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref12
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref13
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref13
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref13
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref14
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref14
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref14
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref14
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref15
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref15
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref16
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref16
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref16
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref17
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref17
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref17
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref17
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref18
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref18
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref18
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref19
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref19
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref19
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref20
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref20
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref20
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref21
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref21
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref21
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref21
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref22
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref22
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref22
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref23
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref23
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref23
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref23
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref24
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref24
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref24
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref24
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref25
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref25
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref25
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref26
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref26
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref26
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref26
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref27
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref27
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref27
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref27
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref28
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref28
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref28
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref28
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref29
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref29
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref29
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref30
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref30
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref30
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref30
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref31
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref31
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref31
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref31
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref31
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref32
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref32
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref32
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref32
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref32
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref33
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref33
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref33
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref34
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref34
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref34
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref34
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref35
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref35
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref35
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref35
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref36
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref36
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref36
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref36
http://refhub.elsevier.com/S2212-540X(14)00055-8/sbref36

	Study on motion of rigid rod on a circular surface using MHPM
	Introduction
	Statement of the problem
	Fundamentals of modified homotopy perturbation method (MHPM)
	Solution with MHPM
	Results and discussion
	Conclusions
	References




