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Abstract

A so-called ‘‘interaction-box’’ formalism, which has recently been introduced to describe hysteresis in dynamical sys-
tems in the case of higher harmonic generation, is further discussed and generalized to describe the phenomenon of sub-
harmonic generation. In this case, the increase in the periodicity of the response is reflected in the formation of multiple
loops in the Effect (output) vs. Cause (input) diagrams. Conversely, we show how this type of response represents a sort of
‘‘signature’’ of the system, and can thus be employed to draw general conclusions about the features of the latter. A specific
example of a nonlinear system is chosen to illustrate the approach, namely a vibrating cantilever beam with a breathing
crack. Effect vs. Cause curves are calculated for this system in the presence of higher harmonics and subharmonics.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most interesting findings in material science of recent years is that nonlinear hysteretic behaviour
appears to be the norm rather than the exception [1] although in many practical situations a nonhysteretic
and/or linear approximation may represent a very convenient and accurate description. In fact this seems
to be the case in a wide variety of examples drawn from physics, biology, medicine or even sociological sci-
ences [2–5]. Therefore, it is reasonable to attempt the development of a formalism as general as possible to
describe this type of behaviour and capture its defining properties, and to apply it to specific examples with
additional assumptions if needed. Such a formalism has been recently developed to describe the generation
of higher harmonics by means of an ‘‘interaction-box’’ [6], which is used to model a system in a totally general
fashion. In fact, one starts by assuming only that an unspecified Cause (the input) interacts with the system
being considered (the box), yielding a certain Effect (the output), regardless of the nature of the system, of
the input and of the output. More specifically, in Ref. [6] a monochromatic sinusoidal input is considered
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doi:10.1016/j.wavemoti.2006.06.003

* Corresponding author. Tel.: +39 0115647367.
E-mail address: federico.bosia@polito.it (F. Bosia).

mailto:federico.bosia@polito.it


690 F. Bosia et al. / Wave Motion 43 (2006) 689–699
and a Fourier expansion of the output performed, thus generating higher harmonics of the driving frequency.
The output vs. input curves are reminiscent of those obtained in Lissajou figures, thus showing how a hyster-
etic behaviour can be seen to derive in general from such simple assumptions, and that the entity of the
hysteresis depends only on the phase shifts associated with the various harmonic components in the expansion.
Here, the term ‘‘hysteresis’’ is used in its most general sense, indicating the lagging of a generic Effect behind its
Cause.

In this contribution, we show that such a formalism can be generalized in order to describe generation of
subharmonics as well as higher harmonics. The former differ considerably from the latter, since they have been
seen to arise only above a certain excitation threshold [7–10]. This behaviour can be found in various different
systems, ranging from acoustic wave interactions with cracked defects in solids [10], to the transfer of vibra-
tions from a sample to the cantilever of an atomic force microscope [11]. Such systems display both higher
harmonic and subharmonic generation, the latter with threshold amplitude behaviour as a function of the
input excitation. This mechanism may also be introduced in our formalism, as we show in this paper, where
the predictions are compared to those determined for the specific system of a vibrating cantilever beam with a
breathing crack.

The paper is organized as follows: in Section 2, the interaction-box formalism is presented and extended to
include subharmonic generation; in Section 3, the cantilever beam problem is presented, results are discussed
and compared to those predicted by the interaction-box approach.

2. Including subharmonics in the interaction-box formalism

Without even the need of specifying the field of application or the nature of the input, let us assume that the
cause is a sinusoidal signal C = A sinxt, where A is its amplitude, x its circular frequency and t the time.
Generalizing the formalism of Ref. [6], we assume here that due to interaction with the ‘‘box’’ after the
disappearance of any transient phenomena, the output will be given by
EðCðtÞÞ ¼ E0 þ
X1

m;n¼1

Emn sin
n
m

xt þ umn

� �
: ð1Þ
Both higher harmonic and subharmonic components are present in the expansion, with amplitudes Emn and
phases umn. When restricting the subharmonic generation to the order 1/2, i.e., m = 1, 2 only, and setting
E1n = En, E2n = En�1/2, u1n = un, and u2n = un�1/2, Eq. (1) becomes
EðCðtÞÞ ¼ E0 þ
X1
n¼1

En sinðnxt þ unÞ þ
X1
n¼1

En�1=2 sin n� 1

2

� �
xt þ un�1=2

� �
: ð2Þ
Here, as in Ref. [6], C and E can be any relevant quantities characterizing the system, e.g., load and displace-
ment, or stress and strain. To account for the subharmonic threshold behaviour, the condition En�1/2 = 0 if
E1 < Q may be added, where Q represents the threshold in the input. In general, Q is expected to be a function
of the driving amplitude and frequency [12]. A complete cycle of the cause occurs for (2k � 1/
2)p 6 xt < (2k + 3/2)p, with k integer, whereas a complete cycle of the output occurs for (2k � 1/
2)p 6 xt < [(2k + 1) + 5/2]p, i.e., the generation of subharmonics of order 1/2 doubles the period of the
output.

In accordance with the procedure adopted in [6], we rewrite the Effect E (C(t)) as a function of the normal-
ized input x = C/A = sinxt = sins, and cos s ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p

. Consequently, for subharmonic oscillations
sin
xt
2
¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p

2

s
cos

xt
2
¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p

2

s
ð3Þ
and similarly for sin3xt/2, cos3xt/2 etc. Here, the ± signs are valid depending on the specific value of t consid-
ered in the cycle. In the case of harmonic generation, it is convenient to subtract the average value Eav of the
output during a whole cycle from the output itself, and the resulting quantity can be rewritten as
DEðxÞ ¼ EðxÞ � EavðxÞ ¼ GðxÞ � HðxÞ; ð4Þ
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where
GðxÞ ¼
XN

n¼1

XN

i¼n

cniP ixn and HðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p

ð5Þ
with Pn = En cosun, Qn = En sinun if n is odd; Pn = En sinun, Qn = En cosun if n is even and cni and gni are
numerical coefficients that vanish if i has a different parity from n. In particular, for the first five harmonics
(N = 5) we have [6]
cni ¼

1 0 3 0 5

0 �2 0 �8 0

0 0 �4 0 �20

0 0 0 8 0

0 0 0 0 16

0
BBBBBB@

1
CCCCCCA

gni ¼

1 0 1 0 1

0 �2 0 4 0

0 0 �4 0 �12

0 0 0 �8 0

0 0 0 0 16

0
BBBBBB@

1
CCCCCCA

ð6Þ
When both higher harmonics and subharmonics of order 1/2 are present, the calculations are rather more
cumbersome (and are omitted here for brevity), and the output can be expressed as
DE = G ± H ± I ± J + K+(K�) + L+(L�), where
IðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p

2

s XN 0
n¼1

XN 0
i¼n

jniRixn�1 ð7Þ

JðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p

2

s XN 0
n¼1

XN 0
i¼n

jniSixn�1 ð8Þ

KþðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� x2Þð1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2
p

Þ
2

s XN 0
n¼1

XN 0
i¼n

kniSixn�1 ð9Þ

K�ðxÞ ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� x2Þð1�
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1� x2
p

Þ
2

s XN 0
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XN 0
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kniSixn�1 ð10Þ

LþðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� x2Þð1�
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1� x2
p

Þ
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XN 0
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kniRixn�1 ð11Þ

L�ðxÞ ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� x2Þð1þ
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with Ri = Ei�1/2 sinui�1/2, Si = Ei�1/2 cosui�1/2 if i is even; Ri = Ei�1/2 cosui�1/2, Si = Ei�1/2 sinui�1/2 if i is
odd. Here, the appropriate ± signs must once again be/chosen according to the xt value considered, and
kni and jni are numerical coefficients that vanish when i has a different parity from n. For example, if only
the first three subharmonics of order 1/2 are present (N 0 = 3), we have
jij ¼
1 0 1

0 1 0

0 0 �2

0
B@

1
CA kij ¼

0 1 0

0 0 2

0 0 0

0
B@

1
CA ð13Þ
An important conclusion of these calculations is that in general four values of DE exist for any given value of x

when 1/2-order subharmonics are present, vs. two values of DE in the case m = 1 (only higher harmonics), i.e.,
we obtain two hysteresis loops instead of one. Clearly, this is because when subharmonics are present in the
system response, the output contains a smaller frequency than the input, and therefore the multiplicity of DE

vs. x is in all cases greater than one, even when no hysteresis is present.
Figs. 1–3 depict the behaviour of DE(t) vs. the rescaled time s = xt + u, and the Lissajou-type plots of

DE(t) vs. C(t) (i.e., the response of the system), for a generic nonlinear viscoelastic system such as that



Fig. 1. Examples of the output DE of an interaction-box with respect to the rescaled time s and the normalized sinusoidal input x = C/A
when only the second harmonic (E2) is present in addition to the fundamental one (E1). (a) E1 = 1, E2 = 0.5, u1 = 0, u2 = p/2, no
hysteresis (degeneracy); (b) E1 = 1, E2 = 0.5, u1 = 0, u2 = p, hysteresis present. Both DE and s are in arbitrary units.
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considered up to this point, in various instances. In Fig. 1, besides the fundamental frequency only the first
higher harmonic component is present with a phase value entailing: (a) no hysteresis and (b) hysteresis,
respectively. In the latter case, characteristic loops appear in the DE(C) graph, as already shown in [6].
In Fig. 2, where only the first 1/2-order subharmonic adds to the fundamental frequency with phase values
entailing: (a) no hysteresis and (b) hysteresis, respectively, the doubling of the period can be observed.
Fig. 3 shows a response containing both the first higher harmonic and the first subharmonic component:
(a) without hysteresis, (b) with 1/2-order subharmonic hysteresis, and (c) with additional second harmonic
hysteresis.

Some general remarks can be made about the system response graphs:
Clearly, due to the periodicity of the input and output signals, in all cases closed curves are obtained; when

n higher harmonics are present, up to n closed loops can appear in the response, the number of which depends
on the specific amplitudes and phase values of the harmonics.

When subharmonics of various orders are present, the graph is multiple valued with a multiplicity that is at
most twice the ratio between the fundamental frequency and that of the lowest-order subharmonic (e.g., in the
case of 1/2-order subharmonics, the multiplicity is at most 4).

The threshold behaviour linked to subharmonic generation can be visualized in an numerical/experimental
situation by a sudden doubling of the multiplicity in the system response curves when the threshold is
exceeded.

These features, though fairly evident, can be exploited to rapidly characterize a dynamical system from the
analysis of simple ‘‘output vs. input’’ graphs. Clearly, when an increasing number of higher harmonic and
subharmonic components are present, each having generic phase values, the system response graphs become



Fig. 2. Examples of the output DE of an interaction-box with respect the rescaled time s and to the normalized sinusoidal input x = C/A
when only the first 1/2-order subharmonic is present. (a) E1 = 1, E1/2 = 0.3, u1 = 0, u1/2 = p/4, no hysteresis (degeneracy); (b) E1 = 1,
E1/2 = 0.3, u1 = 0, u1/2 = p, hysteresis present. Corresponding points on associated graphs are indicated with increasing numbers (1 . . . 4).
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more and more complex, until quasi-chaotic curves are obtained, and little can be said about the specific har-
monic or subharmonic components present. One such example is given in Fig. 4, where five higher harmonics
and three 1/2-order subharmonics are present.

3. Application of the formalism to a vibrating cantilever beam with a breathing crack

As a specific example of an application of our treatment, we consider a cracked cantilever beam clamped at
one end and driven by a perpendicular sinusoidal force at the other. The crack ‘‘breathes’’, i.e., opens and clos-
es continuously during vibration and thus causes a variation in the stiffness of the structure, and therefore a
nonlinearity. Experimental studies on such a system [13] show that subharmonic generation (i.e., period dou-
bling) is observed in the case of a strongly damaged structure.

The mathematical treatment adopted herein to predict the generation of higher harmonics and subhar-
monics is reported in detail in [14,15] and an extensive parametric study can be found in [16]. The
approach is based on a discretization of the dynamic equilibrium beam equation using the finite element
method. The stiffness of the cracked element is assumed to vary linearly with the element curvature
between that of a fully open state and that of a fully closed state. The solution is assumed in the form
of Eq. (1) with m = 1. . .4, i.e., containing both higher harmonics and subharmonics of up to the fourth
order, and the amplitudes of the components are determined using the harmonic balance method. The
beam considered herein is similar to that described in the experimental analysis in [13], and is shown



Fig. 3. Examples of the output DE of an interaction-box with respect to the rescaled time s and the normalized sinusoidal input x = C/A
when both the first harmonic and 1/2-order subharmonic are present. (a) E1 = 1, E2 = 0.5, E1/2 = 0.3; u1 = 0, u2 = p/2, u1/2 = p/4; (b)
E1 = 1, E2 = 0.5, E1/2 = 0.3; u1 = 0, u2 = p/2, u1/2 = p; (c) E1 = 1, E2 = 0.5, E1/2 = 0.3; u1 = 0, u2 = p, u1/2 = p. No hysteresis
(degeneracy) occurs only in case (a), when the phase of the subharmonic component assumes the appropriate value.
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in Fig. 5. Its length is l1 = 230 mm and its transversal square cross-section is S = 400 mm2; the specimen
material is steel, with a Young’s modulus of Y = 2.06 · 1011 N/m2, a density of q = 7850 kg/m3 and a
modal damping coefficient of g = 0.02. A monochromatic Cause, i.e., a sinusoidal force applied at the
tip, is considered. The Effect is chosen as the tip deflection. In the conventional Euler–Bernoulli approach,
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Fig. 4. Example of DE(x) when five harmonic and three 1/2-order subharmonic components are present: E1 = 1, E2 = 0.3, E3 = 0.2,
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Fig. 5. Cantilever beam sample with a breathing crack of length d, forced by a sinusoidal Cause C(t).
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four boundary conditions must be imposed, i.e., zero deflection and first spatial derivative of the deflection
at the clamped end, zero torque and a shear force (the sinusoidal Cause) applied at the free end. The
crack is located in the specimen at one third of the total beam length, at a distance l0 = 77 mm from
the clamp, and is perpendicular to the longitudinal beam axis, as shown in Fig. 5. The nonlinearity
can be increased by varying the crack depth d.

Simulations are performed using as in Section 2 a sinusoidal Cause C = A sinxt with amplitude A = 10 N
and frequency f = x/2p = 61 Hz. The sample is discretized using 20 finite elements. The variation of the ampli-
tudes of generated higher harmonics and subharmonics are computed for various values of the crack depth,
for a constant driving amplitude.

Results for the growth of higher harmonic components and appearance of subharmonic components as a
function of the crack depth d, i.e., the system nonlinearity, are reported in Fig. 6. The appearance of higher
harmonics E2, E3 and E4 and an offset E0 (a zero frequency component, corresponding to the presence of a
negative offset in the deflection of the free end) is observed even for a weak nonlinearity (d < 30%) in
Fig. 6a. The amplitudes of the fundamental vibration E1 and of the second harmonic E2 are the strongest com-
ponents and remain virtually constant for increasing values of d; the offset E0 increases for crack depth values
of up to about d = 35%, then levels off; the other two higher harmonic components initially grow, then
decrease between d = 35% and d = 50% and d = 60%, respectively, then begin to increase once more. The



Fig. 6. Predicted amplitudes (in mm) for a sinusoidally excited cracked cantilever vs. crack depth d: (a) fundamental and higher
harmonics; (b) 1/2-order subharmonics; (c) 1/4-order subharmonics.
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Table 1
Generated higher harmonic and subharmonic amplitudes En (in mm) and phases un for two different percentage values of crack depth d in
a cracked cantilever beam

n 0 1/4 1/2 3/4 1 5/4 3/2 7/4 2 9/4 5/2 11/4 3 13/4 7/2 15/4 4

d = 10%
En 0.01 0.84 0.29 0.01

un �0.01 �0.95 0.62

d = 80%
En 0.11 0.06 0.07 0.08 1.01 0.09 0.13 0.29 0.59 0.11 0.05 0.03 0.01 0.01 0.01 0.01 0.01

un �1.21 �0.84 �0.48 �0.01 0.27 0.63 0.99 1.47 �1.39 �1.02 �0.64 �0.48 0.07 0.44 0.79 1.18

Fig. 7. Simulated results for a cracked cantilever beam excited sinusoidally, for two different crack depths d: (a) output E vs. time over two
periods, d = 10%; (b) output E vs. input C, d = 10%; (c) output E vs. time over two periods, d = 80%; (d) output E vs. input C, d = 80%.
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decrease in amplitudes is an indication that energy is being transferred to previously absent subharmonic
vibration modes.

This observation is confirmed by results reported in Figs. 6b and c: subharmonic components emerge for
above-threshold values of the nonlinearity, i.e., of the parameter d in this case. In the case of the particular
specimen considered, we find that the first subharmonic to appear is the 7/4x component for d = 31.4%,
followed by a 3/4x component for d = 32%. The first 1/2-order subharmonic appears for d = 33%. It is inter-
esting to notice how in this system the thresholds for the appearance of 1/2-order and 1/4-order subharmonics
are practically coincident (Figs. 6b and c). The threshold values are consistent with the behaviour highlighted
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in Fig. 6a, i.e., an initial decrease in higher harmonic amplitudes for above-threshold d values. Once the sub-
harmonic modes are generated, they continue to grow in amplitude with increasing crack depth values.

Fig. 7 illustrates the system response E(t) for two values of the crack depth d, one above and the other
below the subharmonic generation threshold. The system Effect is plotted both as a function of time and
as a function of the chosen sinusoidal Cause C(t). The two cases are considered for a crack depth of
d = 10%, where only the fundamental frequency and the second and third harmonics are present, and for
d = 80%, where various subharmonic components are also present. The overall higher harmonic and subhar-
monic amplitudes En and phases un in the two cases are reported in Table 1. It is interesting to observe how the
increasing nonlinearity modifies the signal from a behaviour similar to that highlighted in Figs. 1–3, towards
increasingly complex figures, as discussed in Section 2, indicating a significant amount of damage present in
the considered beam. This can be an useful indicator of the state of integrity of this and other structures, i.e.,
the sudden transition from below to above the subharmonic threshold vibration can be easily detected by plot-
ting Effect vs.Cause graphs, and taking the doubling of the number of solutions as a preliminary on/off signal
of significant structural deterioration. Finally, for increasing crack lengths, the system tends towards an
increasingly chaotic behaviour, and the analysis of the system response by means of Effect vs. Cause graphs
loses its significance, as the contribution of the various frequencies becomes hard to discern.

4. Conclusions

In this paper, we have generalized the interaction-box formalism to describe subharmonic as well as higher
harmonic generation in physical systems. We show how Output vs. Input graphs are modified by an increase
in the periodicity of solutions, and how general conclusions may be derived from the simple analysis of such
graphs. Indeed, both the nonlinear and the hysteretical properties of nonlinear systems are analysed in a
straightforward, even visual manner, contrary to e.g., standard spectral analysis, where the hysteretical prop-
erties of the system are usually not considered. The proposed approach is totally general in its formulation,
and can therefore be applied to systems where any number of harmonics and subharmonics is present. The
predictions of the modified formalism has also been compared to a specific example, i.e., a vibrating cantilever
beam with a breathing crack. It is known that in many cases subharmonic vibrations display a threshold
behaviour for increasing forcing amplitudes; in this example, we show this threshold behaviour appears also
for increasing system nonlinearity, i.e., for increasing values of the crack depth. Results highlight a similar
threshold dependence for both 1/2-order and 1/4-order subharmonic components. The analysis of Effect vs.
Cause graphs provides a simple tool for monitoring damage progression in vibrating structures. The appear-
ance of subharmonic vibrations, i.e., a doubling of the multiplicity of the E vs. C curves can for example be
taken as a preliminary on/off indication of the loss of structural integrity of components under test.
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