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Abstract

In this paper, simple approximate non-dimensional expressions, and the corresponding displacement amplitudes for the
jump-up and jump-down frequencies of a softening and hardening lightly damped Duffing oscillator with linear viscous
damping are presented. Although some of these expressions can be found in the literature, this paper presents a full set of
expressions determined using the harmonic balance approach. These analytical expressions are validated for a range of
parameters by comparing the predictions with calculations from direct numerical integration of the equation of motion.
They are also compared with similar expressions derived using a perturbation method. It is shown that the jump-down
frequency is dependent on the degree of nonlinearity and the damping in the system, whereas the jump-up frequency is
dependent primarily upon the nonlinearity, and is only weakly dependent upon the damping. An expression is also given
for the threshold of the excitation force and the nonlinearity that needs to be exceeded for a jump to occur. It is shown that
this is only dependent upon the damping in the system.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The Duffing oscillator has been studied for many years, as it is representative of many nonlinear systems [1].
For this type of system there are frequencies at which the vibration suddenly jumps-up or down, when it is
excited harmonically with slowly changing frequency. The frequencies at which these jumps occur depend
upon whether the frequency is increasing or decreasing and whether the nonlinearity is hardening or softening.
Between these frequencies, multiple solutions exist for a given frequency of excitation, and the initial
conditions determine which of these solutions represents the response of the system.

Although the Duffing oscillator has been studied at length, to the authors’ knowledge, analytical
expressions for the jump frequencies and the amplitudes of vibration at these frequencies for both a softening
and hardening system do not appear together in a single publication, which is rather surprising since it has
been almost 90 years since Duffing’s original publication [2]. There have been two approaches to this problem:
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analytical and numerical. The analytical approach has included the use of classical perturbation methods such
as the method of multiple scales, which can be applied to weakly nonlinear systems, for which the jump
frequencies are close to the undamped natural frequency of the linear system (nonlinear term set to zero). The
other analytical method used is harmonic balance, which can be applied to both weakly and strongly nonlinear
systems. Nayfeh and Mook [1] and Kevorkian and Cole [3] used the method of multiple scales to determine the
jump-down frequency and the peak amplitude of the response, and additionally Kevorkian and Cole have also
determined the jump-up frequency and the corresponding amplitude of vibration for a hardening system.
Magnus [4] has used the harmonic balance method (HBM) to determine the jump-down frequency and the
peak amplitude of a hardening system, but did not consider the jump-up frequency. Unfortunately, all the
publications describing these studies have different notation, so that the results cannot be compared in a
straightforward manner.

Perturbation methods are quite accurate in predicting the jump-up frequency, because even when there is
strong nonlinearity, the jump-up frequency is close to the undamped natural frequency of the linear system.
However, this is not the case for the jump-down frequency and it is shown in this paper that the results derived
using these techniques are inaccurate for strong nonlinearity. In particular the maximum response is predicted
to be the same as the linear system, which is not the case when there is strong nonlinearity.

Since the advent of computers, researchers working on the Duffing oscillator have mainly used a numerical
or a hybrid analytical-numerical approach. Peleg [5], studying a hardening isolation system with friction and
viscous damping, has proposed implicit equations for both the jump-down and jump-up frequencies, and the
amplitude of the response at these frequencies by locating the loci of the vertical tangents to the response
curve. Murata et al. [6] examined a hardening system described by Duffing’s equation. Using catastrophe
theory, they determined the jump frequencies numerically and presented their results graphically. Friswell and
Penny [7], and Worden [8] computed the jump-up and jump-down frequencies of the Duffing oscillator with
linear damping. In both studies, the HBM was used to obtain the frequency response curves. Friswell and
Penny [7] used a numerical approach based on Newton’s method, including terms up to the ninth harmonic, to
compute the jump frequencies, while Worden [8], used a first order expansion and set the discriminant of a
cubic polynomial in the square of the amplitude to be equal to zero, and solved the resulting equation
numerically. Remarkably the difference between Friswell and Penny’s results and Worden’s first order
approximation never exceeded 0.34% for the parameters chosen in his study. Carrella [9] using the HBM to a
first order expansion has found closed form expressions that, with parameters used in [7,8], yield values which
differs from those found by Friswell and Worden by less than 1%.

The primary aim of this paper is to re-visit the analytical approach in the determination of the jump
frequencies and the corresponding vibration amplitudes of the Duffing oscillator. Using the HBM, in which
the response is approximated by a single harmonic, a consistent approach is used to determine these for both
softening and hardening systems with linear viscous damping. The results are presented in tabular form for
ease of reference. A comparison is made between these results and those in the literature determined using the
method of multiple scales. The limitation in the multiple scales method in determining the jump-down
frequency is also discussed. The secondary aim of the paper is to provide a link, in terms of a reference trail,
between the earlier analytical work and the later numerical studies.

In some recent work, Malatkar and Nayfeh [10] determined the minimum excitation force required for the
jump phenomenon to appear. Their key results are also presented in this paper, but in a modified and
simplified form, which is consistent with the analysis for the jump frequencies.

2. Calculation of the jump frequencies

Duffing’s equation is given by [1,2]
mix 4 cx + kix + k3x® = F cos(w?) ()

which is the equation of motion of a single degree-of-freedom system of mass m, suspended on a parallel
combination of a dashpot with damping coefficient ¢, and a spring with nonlinear restoring force, k;x +ksx>,
excited by a harmonic force Fcos(wt). If k3>0 the system is hardening and if k3 <0 the system is softening.
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It is convenient to write Eq. (1) in non-dimensional form as

V' 420 +y + 0y = cos(Qr) ()
where
k3 x? k
y=£, “:3—xoa = ¢ ) 0)32—1, T = Wol, Q:3
X0 ky 2mamy m wo

with xy defined as xo = F/kilj,—0—0 and (e) =d/dt(e). Note that the term « is the product of two
factors, one related to the degree of nonlinearity, ks/k;, and the other related to the square of the amplitude of
the applied force. It can also be thought of as the ratio of the force due to the nonlinear stiffness at
displacement x, to the force due to the linear stiffness at displacement x,. It is important to note that as the
amplitude of the force increases (decreases) then o increases (decreases) and the non-dimensional displacement
of the system y decreases (increases).

In this article, the relationship between the jump frequencies and o is determined. The amplitude of
vibration at the jump-up and jump-down frequencies is also given. It should be noted that a change in « can be
interpreted as either a change in the degree of nonlinearity or a change in the amplitude of excitation.

Applying the HBM and assuming a solution of the form y = Y cos(Qt + ¢), with the term containing
cos 3Qt neglected, leads to the frequency—amplitude relationship

Gay‘ +(1 -9 Y)Z +402Q*Yr =1 (3)
This can be expanded and arranged as
19—6oc2 Yo+ %fx(l — Y@+ (1 - Y —1=0 (4a)
or alternatively as
Y2Qt — 1?2 @xﬁ +2(1 — 252)>92 + Y? Gwz + 1)2 —1=0 (4b)

Worden [8] considered a hardening system only. He set the discriminant of Eq. (4a), which is a cubic
polynomial in the square of the amplitude Y, equal to zero and found the bifurcation points numerically; these
are the jump frequencies. In this paper, the approach taken by Magnus [4] and Hagedorn [11] is followed, and
Eq. (4b), which is quadratic in Q°, is considered instead. Solving for Q, the two positive solutions are

(5a,b)

(1 —4 YZ{Z(I _ CZ) _ 3MY4C2)1/2> 172
Y

0, = Gayu(l oL

In this paper i is assumed that damping is small such that {*> <1 so Egs. (5a,b) reduce to

3 1 3 12\ 2
015 ~ (1 $larie (W—Mz(l +Z“Y2)) ) (6a.,b)

These equations yield real values of Q provided that

1—4Y2g2<1+%w2>>o (7a)
and also
1+§ayzi i—4g2 1+§O(Y2 1/2>0 (7b)
4 Y? 4 -

Egs. (6a,b) are used to plot the frequency response curve for the range of Y that satisfies the inequalities of
Egs. (7a) and (7b). This is shown in Fig. 1 for a softening system (two cases), a linear system and a hardening
system, with the damping ratio set to { = 0.02. The values of o used are discussed below. The jump-down
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Fig. 1. Frequency response curves for the Duffing oscillator. The dashed lines denote unstable solutions. The crosses denote the responses
at the jump-up frequencies and the circles denote the maximum values of the response, which occur approximately at the jump-down
frequencies. Expressions for the jump-up and jump-down frequencies, and the response amplitudes at these frequencies are given in Table
1. For all the simulations { = 0.02; for the softening systems o = 0.9¢,, and 1.1a,, where o, = —4/34“2, and for the hardening system
o = —50,,. Note that there is no jump-down frequency, when o = 1.1a,,,.

frequency is approximately when the curves described by Egs. (6a,b) are equal, which occurs when the peak
displacement is a maximum; this coincides with the so called backbone curve given by Q7 ;... = 1 + 3/40 Y2,
The amplitude of vibration Y, at the jump-down frequency can be determined by setting the inequality in Eq.

(7a) to be an equality, to give
1/2
2 30\ /2

Eq. (8) can be substituted into either Eq. (6a) or (6b), or the expression for the backbone curve, to give the
equation for the jump-down frequency

12
1 30\ /2
Qci“*zlﬁ(l-f-(l-l—“—gz) ) )

Eqgs. (8) and (9) are similar to those given by Magnus in his book [4], but with different notation, and with
higher powers of { neglected compared to unity. They are different to the expressions given by Nayfeh and
Mook [1] and Kevorkian and Cole [3], who used the perturbation method (PM) to determine the jump-down
frequency and the amplitude of vibration at this frequency. The expressions given by Nayfeh and Mook, and
Kervorkian and Cole are the same, but with different notation. These are given in Appendix A for
convenience.

The expression for the jump-down frequency and for the amplitude of vibration at this frequency given in
Egs. (8) and (9) are more general than those determined using the method of multiple scales given in Appendix
A, because they allow for a stronger nonlinearity. To make the comparison between the two approaches it
must be assumed that 3« /4(2 <1, which is quite restrictive if the damping is light. However, if this assumption
is made, then the jump-down frequency is given by Q; ~ 1 + 3a/ 32¢? and the amplitude at the jump-down
frequency is given by Y, ~ 1/2{, which are the same as the expressions derived using the perturbation
method. This maximum amplitude is the same as that for a linear system. It can be seen that, for this to be
true, then the degree of nonlinearity alone is not important, but it is how it compares with the damping in the
system, i.e., it is the ratio of 3a/4(> and how this ratio compares with unity which is important. This fact is not
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clear when the system is considered using the PM alone; it only becomes clear when the system is analysed
using the HBM, and the results compared with those from the perturbation method, as outlined above.

Eq. (8) is valid for both a softening and hardening system. However, for the softening system, o is negative
so the term in the right inner brackets in Eq. (9) can become negative resulting in Q, becoming complex. For
2, to be real for a softening system, the following condition is necessary:

oL =0y, (10)

where o, = —4/ 3¢%. If this condition is not met then a jump-down does not occur because the two frequency
response curves do not meet.

The differences between the predicted jump-down frequency and the amplitude of vibration at this
frequency when using the HBM and the PM can be seen in Fig. 2a and b. In Fig. 2a the independent variable is
/¢ and varies from —4/3, which is the minimum value for a jump to occur for a softening system, to 5 x %. It
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Fig. 2. Comparison between the harmonic balance method (HBM) and perturbation method (PM) and in calculating the jump-down
frequency and the amplitude of vibration at this frequency: (a) jump-down frequency; solid line—HBM, dashed line—PM; and (b) non-
dimensional amplitude of vibration, solid line—HBM, { = 0.02, dotted line...PM, { = 0.02, dashed-dotted line—HBM, { = 0.05, dashed-
dotted line—PM, { = 0.05.
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can be seen that as the ratio of the nonlinear parameter to the square of the damping ratio increases, the PM
becomes more inaccurate. In Fig. 2b it can be seen that the PM predicts that the peak amplitude is
independent of nonlinearity, which is clearly not the case for strong nonlinearity, which can be seen in Fig. 1.
The accuracy of the HBM in the determination of the jump frequencies is discussed later.

To determine the frequency at which the jump-up occurs, it is noted that this frequency is only weakly
dependent upon damping [4,10]. Thus the amplitude of vibration at the jump-up frequency Y, can be
determined by setting { = 0 in Egs. (6a,b) and solving dQ;/dY = 0 for Y, to give

N3
Y, ~(2) — 11
<3> Jor|!/3 (an

Eq. (11) can be combined with Egs. (5a,b) to give the jump-up frequency

1/2

3\ 4/3
Q, ~ (1 + (5) |a|1/3> (12)

In general |o| <1 so that Eq. (12) simplifies to

LN s

where the — sign is for the softening system when o <0, and the + sign is for the hardening system when o> 0.
Eq. (13) is the same as the result given by Kevorkian and Cole [3], which is discussed in Appendix A. The
jump-up and jump-down frequencies, and the corresponding responses at these frequencies are summarised in
Table 1. It should be noted that the jump-up frequency is dependent only upon the nonlinear parameter o, but
the jump-down frequency is dependent upon the ratio o/¢>.

As mentioned previously, Fig. 1 shows the frequency response curves of the Duffing oscillator calculated
using Eqgs. (6a,b). For the softening system « was set to 0.9¢,,, and 1.1a,, to illustrate the fact that if « >0, then

Table 1
Normalised jump-up and jump-down frequencies and the normalised response amplitudes at these frequencies calculated using the
harmonic balance method

Softening system Hardening system
Jump-up frequency 1 /Y3 ) 1/3\*?
Q=1-=(= & Q =14+-(2 (173
73 || u +3(3 [l
Amplitude at the jump-up frequency N3
Yu=1{3 173
3 Y
Jump-down frequency 1 30\ 12 1/2
Qu’mﬁ 1+(1+4C2>
Maximum amplitude 5 30\ /2 1/2
3a 4¢
Threshold value of |«| for a jump to occur 28 .3
o] = 525
3
Frequency at which the jump occurs for the threshold value of |«| Q=1+3"%

The jump-up frequency and corresponding amplitude are the same as those determined using the perturbation method. The jump-down
frequency and amplitude at this frequency calculated using perturbation methods are given by Q; ~ 1+ 3@/32@2 and Y, =~ 1/2(,
respectively.
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Fig. 3. Jump-down frequencies of the Duffing oscillator as a function of the ratio of non-dimensional parameters « and > which governs
the degree of nonlinearity and damping, respectively. A negative value of /(> denotes a softening system and a positive value of o/¢>
denotes a hardening system; solid line—Eq. (9) O, numerical integration { = 0.02; x , numerical integration { = 0.05; (a) and (b) denote
the frequencies at which a jump will occur for the threshold value of |«| for { = 0.02 and 0.05, respectively.

there is a jump-down, but for a<a, then a jump-down does not occur. For the hardening system the
parameter was set so that & = —5¢,,, and for the linear system o was set to zero.

The dashed lines in Fig. 1, which are evident between the jump-up and jump-down frequencies, correspond
to unstable solutions, which cannot occur in practice [1]. The jump-up and jump-down frequencies calculated
using the expressions in Table 1 are marked by ‘ x > and ‘O’, respectively.

The jump-down frequencies as a function of o/¢?, calculated using Eq. (9), and the corresponding numerical
results calculated for { = 0.02 and 0.05 are plotted in Fig. 4. It can be seen that, in this case, the jump
frequencies are dependent upon o/¢* for { < 1. It can also be seen that for the softening system as o approaches
U, 1.6 as o/>— —4/3, the value of the jump-down frequency asymptotes to 1/3/2.

Another check on the validity of the HBM in the determination of the jump frequencies, assuming the
response is given approximately by the first harmonic, is to calculate the ratio of the third harmonic to the first
harmonic of the response at these frequencies. This was done by calculating the spectrum of the respective time
series and computing the ratio numerically. The ratio did not exceed 5% for the parameters used to generate
the graphs in Figs. 2 and 3.

There are two sets of frequencies marked (a) and (b), in Fig. 3, and these are discussed in the following
section.

The jump-up frequencies as a function of « are plotted in Fig. 4 for { = 0.02 and 0.05. The minimum value
of a is a, and maximum is —5u,,. Also plotted in Fig. 3 are the responses calculated using numerical
integration for some values of «. The weak dependence on damping can be seen in the numerical results,
whereas the analytical result of Eq. (12) is, of course, independent of damping. The frequencies marked (a) and
(b) are discussed in Section 3.

3. Effect of nonlinearity and damping on the occurrence of the jump phenomena

If the nonlinear parameter || is increased from zero, the frequency response curve bends to the left or the
right depending on whether the system is softening or hardening, respectively. At a threshold value of |«|, the
frequency response curve becomes multi-valued above a certain frequency for a hardening system and below a
certain frequency for a softening system. This frequency and threshold value has been determined by Malatkar
and Nayfeh [10], who formulated the problem in a slightly different way to that presented here. They also used
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Fig. 4. Jump-up frequencies of the Duffing oscillator as a function of the non-dimensional parameter «, which governs the degree of
nonlinearity. A negative value of o denotes a softening system and a positive value of « denotes a hardening system; solid line—Eq. (12);
O, numerical integration { = 0.02; x , numerical integration { = 0.05; (a) and (b) denote the frequencies at which a jump will occur for the
threshold value of || for { = 0.02 and 0.05, respectively.

different notation. Thus, the relevant results from their paper and how they relate to those presented here are
given in Appendix B. Malatkar and Nayfeh calculated the threshold of the applied force amplitude required
for a multi-valued frequency response curve, and hence jump-up and jump-down frequencies; they also
calculated the frequency at which this would occur. Using the PM they determined the conditions for an
inflexion to occur in the frequency response curve and found that the frequency at which this occurs Q;,aexion,
is given by

Qinflexion = 1 3% (14)

which shows that this is dependent upon the damping. The lines marked (a) and (b) in Figs. 3 and 4 indicate
the frequencies at which the inflexion given by Eq. (14) occurs, and hence the frequency at which jumps can
occur for the threshold value of «. By manipulating the expressions given in Ref. [10], which are repeated in
Appendix B, and writing them in terms of the variables used in this article, the criterion for a jump not to occur
is given by
28

loe] < 352 ’ (15)
from which it is very clear that the threshold value of |«| is proportional to the cube of the damping ratio. The
value of Y at the frequency given by Eq. (14) and the threshold value of a (when Eq. (15) is an equality) is

given by
22 /N2
r=2s (m) (16)

The maximum displacement response of the Duffing oscillator at the frequency of excitation occurs
approximately at the jump-down frequency and is given by Eq. (8). This is plotted together with the numerical
simulations as a function of « in Fig. 5 for { = 0.02 and 0.05. The threshold values of «, below which a jump
will not occur are calculated using Eq. (15) and are also marked on Fig. 5 as (a) and (b) for { = 0.02 and 0.05,
respectively.

It is interesting to note that a similar dependence of the threshold value of & on the damping ratio, as well as
the corresponding frequency at which the inflexion in the frequency response curve, can be derived by equating
the jump-down and jump-up frequencies, given by Eqgs. (9) and (12), respectively. The resulting value of « is
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given by
o= +31/2243 (17)

It can be seen, however, by comparing Eq. (15) with (17) that this second approach quantitatively
overestimates the threshold value of o determined by Malatakar and Nayfeh by 3%/2*. The corresponding
value of frequency associated with the threshold value of o can be determined by substituting for |« from

40
35+ 1
30 ]
25 ]
2T
20 ]
(a) Sy
15t -
“Xonn 7
10 Horeee e Heme
'\(b)/v ----- 2 CRNNIN—. 2 SR X
5 : : ' '
5 0 5 10 15 2
o x 1073

Fig. 5. Non-dimensional maximum amplitude of the Duffing oscillator, which occurs approximately at the jump-down frequency as a
function of the non-dimensional parameter o, which governs the degree of nonlinearity. A negative value of o denotes a softening system
and a positive value of o denotes a hardening system; solid line—Eq. (8) with { = 0.02; dashed line- - -Eq. (8) with { = 0.05; O, numerical
integration { = 0.02; x , numerical integration { = 0.05; (a) and (b) denote the threshold value of |«| for { = 0.02 and 0.05, respectively.

30 T T T

0.9 0.95 1 1.05 1.1
Q

Fig. 6. Non-dimensional displacement as a function of non-dimensional frequency for various values of « and with { = 0.02; solid line—
linear system with o = 0; dashed line- - - is given by Eq. (15) (as an equality); +, denotes the value of Y given by Eq. (16) at the frequency
given by Eq. (14); dotted line...a is given by Eq. (17) (+ ve); O, maximum amplitude given by Eq. (8) at the jump-down frequency given by
Eq. (9); *, maximum amplitude given by Eq. (8) at Q; ~ 1 + 33(/32(2; x and ¢, denote the jump-up frequencies calculated using Eq. (13)
for threshold values of o given by Egs. (15) and (17), respectively.
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Eq. (17) into (13) to give the linear dependence of frequency on the damping ratio

33/2

Qinflexion = 1 & TC (18)
which is an overestimate of the critical frequency. The reason why this, and the threshold value of « are
overestimated, is because of the approximations made in the estimates of the jump-down and jump-up
frequencies given by Eqgs. (9) and (12), respectively. The greatest error is in the estimate of the jump-up
frequency, because in the derivation it was assumed that damping has little effect on this, which is clearly not
the case when « is close to the threshold value. The estimates of the jump-down frequency are also inaccurate
when « is small because this frequency is assumed to occur at the maximum value of the frequency response
curve, which is also a relatively poor assumption in his case. These points are demonstrated in Fig. 6, which
shows three frequency response curves; one is with the threshold value of o given by Eq. (15), the other is with
the threshold value of o given by Eq. (17), and the final one is the linear system, plotted for comparison. In all
cases damping is set, so that { = 0.02. Also marked on the figure are the approximate jump-up and jump-down
frequencies and the displacement amplitudes at these frequencies calculated using the expressions derived
using the harmonic balance approach, and those calculated using the perturbation method. The quantitative
errors in these approximations are evident.

4. Conclusions

In this paper approximate expressions for the jump frequencies and the corresponding displacement
amplitudes for the softening and hardening lightly damped Duffing oscillator have been presented. The
expressions derived using the HBM have been compared with those derived using a perturbation method,
which are valid at frequencies close to the undamped natural frequency of the corresponding linear system.
The fundamental assumption in the derivations is that the dominant response of the oscillator to harmonic
excitation is at the excitation frequency. In contrast to previous work the results have been presented in terms
of two parameters; o, which encompasses the degree of nonlinearity and the magnitude of the excitation force,
and {, the damping ratio of the system. It has been shown that for a lightly damped system, the jump-up
frequency is a function of «, but the jump-down frequency is a function of o/¢%. By re-writing results from Ref.
[10] in terms of the notation used in this paper, it was shown that for a jump to occur it is necessary for |a| to
reach a threshold value, and this is proportional to {*. In addition to determining the jump frequencies, the
values of the non-dimensional displacements of the system at these frequencies have also been determined. The
analytical results, which have been validated with some numerical simulations for a range of parameters, have
been presented in tabular form for ease of reference.

Appendix A. Selected results from Kevorkian and Cole [3]

In Appendix A the results given by Kevorkian and Cole which are pertinent to this paper are given. Where a
simple one-to-one mapping of variables exists between analyses, the notation adopted is as used in this work
rather than in Ref. [3].

The equation of motion for the Duffing oscillator given by Kevorkian and Cole (Eq. 3.2.142), who use the
method of multiple scales, has the form

V' +afy +y+ay® = af cos((1 + aw)r) (A.1)
where the relationship between these variables and those used in this paper are given by
2 1
ﬁzé, fza, 14+oamw=2Q (A.2a—c)

It should be noted that because of the term on the right-hand side of Eq. (A.1), the solution is only valid at
frequencies close to the resonance frequency of the linear system. Kevorkian and Cole give the jump-up
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frequency and corresponding amplitude for the hardening system to be (Eq. 3.2.178)

34/3
0 =77 2/3 (A.3)
and
b 1/3
Y = (3 f) (A.4)

By using Egs. (A.2b,c), (A.3) and (A.4) transform to those for the jump-up frequency given by Eq. (13) and
the corresponding amplitude at this frequency given by Eq. (11).

Kevorkian and Cole [3] and Nayfeh and Mook [1] both give the same expressions for the peak amplitude
and the frequency at which it occurs. They are (Eq. 3.2.180) in [3]

7
Y = 5 (A.5)
and
w= 3 y? (A.6)
8

If the appropriate substitutions are made using Eqs. (A.2a—), then the results Q; ~ 1 + 30/32¢> and
Y4~ 1/2( are found.

Appendix B. Selected results from Malatkar and Nayfeh [10]

In Appendix B the results given by Malatkar and Nayfeh [10] which are pertinent to this paper are given.
Again, if there is a simple one-to-one mapping of variables between analyses, the notation adopted is as used
in this work rather than in Ref. [10].

The critical force required for a jump to occur is given by

1/2
. 2wy
S = 8uwo (W) (B.1)
and the corresponding value of the displacement at the inflexion point in the frequency response curve is given
by
g 1/2
Ho
a=|—7— B.2
(3‘%\) "
where
F 3w}
f==, wu="{w, y:iga, a=Yx (B.3a—d)
m 2x;

Substituting for the variables given in Eqs. (B.3a—c), as well as those for xo and o given after Eqs. (2) into
(B.1) gives the threshold value for |o| as

28,
lor] = SSﬁC (B.4)

and substituting for the variables given in Egs. (B.3b—d) into (B.2) gives the corresponding value of the
displacement at the inflexion point
22 /N2
Y=—1 (= B.5
33/4 (Iocl) (B)
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Finally, the frequency at which a jump occurs for the threshold value of |« is

g=+3"y (B.6)
where
g=awy(R2—1) (B.7)
Combining Eqgs. (B.3b), (B.6) and (B.7) gives the corresponding non-dimensional frequency to be
Qinflexion = 1 £3"% (B.8)
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