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Abstract

In many complex engineering systems, significant nonlinear effects can be ascribed to the connections be-
tween coupled subsystems. For this reason, when analyzing the dynamics of the coupled assembly it is
possible to assume that the subsystems behave linearly and that the nonlinear effects are only due to the con-
nections. In order to analyze this possible scenario, an experimental setup is developed. It is composed of
two linear beams coupled through two nonlinear connecting elements. Measurements are performed on each
component of the assembly to build the corresponding linear and nonlinear numerical models. Experimental
tests are also performed on the coupled system to obtain its nonlinear normal modes and compare them to
the numerical results obtained from a nonlinear substructuring procedure in the modal domain.

1 Introduction

Many systems in nature are nonlinear, thus when dynamic analyses are performed it is often necessary
to include the nonlinearities to obtain accurate results. In some engineering scenarios, the most relevant
nonlinear effects are due the connections between coupled subsystems, as it happens with bolted joints [1]
and wire rope isolators [2]. In these cases, it is possible to neglect the nonlinearities of the connected
subsystems and account only for the nonlinearity of the connections. One possible way to analyze the effects
of nonlinear phenomena occurring in a system is by computing its Nonlinear Normal Modes (NNMs).

NNMs represent an extension of Linear Normal Modes for nonlinear systems [3], and are defined as the “non-
necessarily synchronous periodic motion of a conservative nonlinear system” [4]. They can be computed
using different methods: shooting and pseudo-arclength continuation [5], Harmonic Balance (HB) [6] and
Modal Derivatives (MDs) [7], to name a few. Besides, different procedures have been proposed to measure
the NNMs of a structure [8, 9].

This work aims at analyzing the dynamic behavior of an experimental setup composed of two beams con-
nected through two Nonlinear Connecting Elements (NLCEs). This assembly has been designed at the Uni-
versity of Wisconsin-Madison in order to have a system whose main nonlinear effects are due to the presence
of the NLCEs. In fact, the NLCEs are specifically designed to have a nearly cubic nonlinear behavior such
that the beams can be assumed to behave linearly. Experimental tests are performed on each subsystem to
characterize its dynamics. For the beams, since they can be considered as linear, FRFs alone allow to identify
their dynamics in terms of resonance frequencies. In contrast, each NLCE is tested in order to measure its
NNMs by performing the experimental procedure proposed by Peeters et al. [9] and by Ehrhardt et al. [8].
Also, the dynamic behavior of the complete assembly is evaluated and one of its NNMs is measured.
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The measurement campaign on the components of the assembly provides the experimental data that are used
as reference to build the linear and nonlinear numerical models of the beams and of the NLCE:s, respectively.
These models can then be used to perform substructuring analyses and build the model of the complete
assembly to retrieve its nonlinear dynamic behavior. Dynamics Substructuring approaches [10] are very
useful since they allow to tackle problems either in physical [11], modal [12] and frequency [13] domains,
enabling the use different types of models, either numerical [14] and experimental [15, 16]. These techniques
can be applied to different cases: the dynamic behavior of complex systems can be obtained starting from
the known dynamic behavior of its component substructures (coupling) [17]; also, it is possible to obtain
the behavior of one substructure from the known behavior of the complete structure and that of the residual
substructures (decoupling) [18, 19]. However, substructuring techniques are based on the assumption that
the component substructures are linear. This represents a strong limitation when the considered subsystems
are known to behave nonlinearly [20]. Thus, nonlinear effects must be included in the analyses if accurate
results are needed.

Different attempts have been made to include the nonlinearities in the substructuring procedure. Chong and
Imregun [21] suggest two different approaches named construction and extraction to model the behavior of
the nonlinear substructures and proceed with the coupling in the modal domain. Kalaycioglu et al. propose
an iterative frequency-based approach based on the method introduced by Ozgiiven in [22] to deal with
structural modifications for linear systems. In particular, in [23] the nonlinear FRFs of a coupled system are
computed using those of the original system and the dynamic stiffness matrix of the nonlinear modifying
system. Hughes et al. [24] developed an interface reduction technique on a nonlinear model in which two
beams are bolted together at each end in order to decrease the computational time and obtain highly reliable
results. Andersson et al. [25] analyze the effects that nonlinearities at the interface between substructure
have on the dynamics of the assembly by reducing each subsystem with component mode synthesis. The
nonlinear coupling procedure in the modal domain, outlined in [26, 27] and inspired by the work of Kuether
and Allen [28], is used to obtain the NNMs of the coupled assembly. The experimental results on the
assembled system are then compared to the numerical results provided by the nonlinear coupling procedure,
in order to assess the accuracy of the method.

In Section 2 the experimental setup is presented, along with the mechanical properties of the single com-
ponents. In Section 3 the test procedure for each component is described and the identification process is
outlined. In Section 4 the results for the complete assembly are presented and the comparison between the
numerical and experimental results is provided.

2 Experimental Setup

The measurement campaign is performed on the the assembly shown in Figure 1(a). It is composed of two
beams of 910 mm x 30 mm x 6.35 mm made of steel, connected together through two Nonlinear Connecting
Elements (NLCEs). Since the system is hung from the frame through bungees, it can be considered as
unconstrained.

The most important element of this system is the NLCE, shown in Figure 2(a). It has to be significantly
nonlinear such that the nonlinearities of the beams can be neglected and they can be assumed to behave
linearly. The NLCE is composed of a C-shaped element and a T-shaped element, connected together by a
thin plate made of spring steel, as shown in Figure 2. The NLCE dimensions are listed in Table 1. The
nonlinear behavior of the NLCE depends on the nonlinearity introduced by a thin plate clamped at both
ends which experiences a large displacement at mid-span, similarly to the case of a beam clamped at one
end in [23]. Experimental tests are performed on each component of the assembled structure in order to
build the corresponding numerical models that fit the experimental data. Once the properties of either linear
substructures and the NLCEs are identified, the whole system can be modeled in Matlab. The beams are
modeled using 65 Euler-Bernoulli finite elements of equal length, as shown in Figure 1(b). Every node has
two degrees of freedom, the one related to the vertical displacement and the one accounting for the rotation.
The NLCEs are modeled as a nonlinear cubic springs (orange lines) and are placed in accordance with their
position in the real assembly.
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Table 1: Dimensions of the NLCE

b d hup hdown l w tb tp
1257 20 15 150 30 5 0.2 [mm]

3 Experimental characterization of components

The dynamics of each component is experimentally analyzed in order to have reference data to build the
corresponding numerical models. Since the beams can be assumed to behave linearly, their FRFs are exper-
imentally evaluated to identify the resonance frequencies. On the other hand, the nonlinear behavior of each
NLCE needs to be investigated through a more sophisticated analysis, that involves the measurement of their
response at several excitation levels.

3.1 Experimental Tuning of Beam Models

The FRFs are evaluated for each beam to have an estimate of their resonance frequencies. Tests are performed
by applying a burst random excitation using a shaker (Modal Exciter 2100E11), measuring the response
through a laser vibrometer (Polytec PSV 400) and the applied force through a piezoelectric force sensor
(PCB 208C04). Figure 3 shows in blue the drive point FRF measured on one beam, where four different
resonance frequencies are found in the range between 0 and 500 Hz.

Their geometric dimensions and the weight are known, thus it is possible to adjust the value of the Young
Modulus such that the resonance frequencies of the numerical model match the measured ones. Using the
Euler-Bernoulli theory, the expression of the i-th resonance frequency for the beam is:

ET
= k2 = 1
wi =k 5 (1)

where [ is the moment of inertia, A is the area of the section, F is the Young Modulus, p is the density and
k; is the wavenumber. This last term, for the case of a beam unconstrained at both ends, can be found by
solving:

cos(k;l)cosh(k;l) =1 ()

The value of Young Modulus can then be evaluated for each measured resonance frequency by solving Eq. 1.
Averaging the results it is possible to find that £ ~ 214 Gpa. The comparison between the numerical and
experimental FRFs of the upper beam is shown in Figure 3.

1 19 57 66
67 85 123 132
(a) Assembled System. (b) Structure of the unconstrained system. The

horizontal lines represent the linear beams, the two
vertical lines represent the two NLCE:s.

Figure 1: Experimental setup, composed of two beams connected through two NLCEs.
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(a) Real NLCE. (b) 3D model of the NLCE.

Figure 2: Nonlinear connecting element.
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Figure 3: Comparison between the numerical and experimental FRF of one beam.

3.2 Experimental Identification of the Nonlinear Connecting Element

Each NLCE is considered as a substructure during the substructuring procedure [26], thus it is necessary
to measure their NNMs. After having measured the NNMs of interest, they are used as reference to find
the coefficients of the cubic law that suitably approximates the NLCEs’ behavior. The whole experimental
procedure to obtain the NNM is here explained and partial results are shown for the left NLCE (Figure 1(a));
the same procedure is applied also to the right NLCE. As first, the response to a low amplitude burst random
excitation is measured using a laser scanner vibrometer to estimate the linear frequency corresponding to the
mode of interest, which is around 43 Hz. The set of measurement points is shown in Figure 4, where points
on red lines (1-20) refer to the T-shaped element, points on the blue line (21-30) to the thin plate and points
on the green lines (31-40) to the C-shaped element.

Being the resonance frequency of a NNM dependent on the energy, it is identified for different levels of
excitation. For a given amplitude, the frequency of the sinusoidal excitation is adjusted to attain the resonance
condition: i.e. the velocity measured by the scanner and the input signal are in-phase or 180° out-of-phase [8,

36 37 38 39 40 31 32 33 34 35

26 27 28 29 30 21 22 23 24 25

6 7 8 9 10 1 2 3 4 5

(a) Grid of points for the NLCE. (b) Points number of the NLCE.

Figure 4: Set of measurement points for the NLCE.
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Voltage [mV]

-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Velocity [m/s]

Figure 5: Resonance condition in which the measured velocity of point 11 is almost 180° out-of-phase with
respect to the input signal at the 7 excitation levels.

9]. This procedure is performed for seven increasing levels of excitation for each NLCE. Once the resonance
condition is attained, the velocity of oscillation of each measurement point is recorded for a time interval of
0.2 s (corresponding to 8 periods of oscillation at 40 Hz) and the amplitude-frequency pair of the excitation
are stored. Figure 5 shows the resonance condition for a point of the T-shaped element (point 11) at the
seven excitation levels. It is possible to see that all the curves have a similar shape, and that the velocity
signal is as close as possible to be 180° out-of-phase with respect to the voltage input (particularly evident
for the excitation at 15 mV). For high excitation levels, the non perfect overlapping is due to the practical
difficulty in getting close to the resonance condition without falling off the NNM branch. The integration
of the velocity signal leads to the displacement time series for the points of the C and T shaped elements.
Figure 6 shows the velocity and displacement signals for point 1. A high-pass Butterworth filter with a low
cut-off frequency of 20 Hz is used to remove the low frequency contents from the velocity signal due to the
presence of the bungees (red curve in Figure 6(a)). The filtered signal (blue curve in Figure 6(a)) is subjected
to distortion in amplitude up to the second peak of oscillation (= 0.04 s), thus that part is neglected for the
further steps of the procedure.

0.2
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Time [s]

(a) — measured response; — measured response after filter application; - - part of
the signal used for the NNM determination.
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(b) — integrated measured response; — integrated filtered signal; - - integrated part
of the signal used for the NNM determination.

Figure 6: Raw and high pass (AC) filtered velocity and displacement signals for node 1.

Although there is phase shift introduced by the filter, all the responses are almost harmonic at the same
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(a) Displacement signals for: — Node 1; — Node 11; — Node 31. The gray rectangle
highlights the part of the signal that is not used for the reconstruction of the NNM.
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(b) Relative displacement between set of nodes (n31,n1 — n11).

Figure 7: Oscillation signals for (ng1,n; — ni1).

frequency, thus the change in phase that they experience is the same. Considering the NLCE as two masses
connected by a cubic spring, its resonance frequency can be associated with the amplitude of the relative
displacement between the C-shaped and T-shaped elements. In Figure 6(b) it is shown the difference between
the displacement signals obtained before and after the filtering (red and blue curve, respectively). It is evident
that it is not possible to use the velocity signal as measured from the vibrometer since, being its average value
different from zero, when it is integrated it leads to a signal drift that would give erroneous results, thus the
green part of the filtered signal is used. For each of the ten values of abscissa, one point on the C-shaped
and two points on the T-shaped element are present: for instance, referring to Figure 4, one set of nodes is
(n31,n1 — ni11). The displacement signals for nodes (131,71 — n11) are shown in Figure 7(a).

The responses for the two points belonging to the T-shaped element (points 1 and 11) almost coincide; the
small difference highlights a small rotation of the T-shaped element along the = direction (see Figure 4(a)).
Besides, it is possible to see that those responses are 180° out of phase with respect to the one of the point
belonging to the C-shaped element (point 31). For the NNM searched it is expected since this is the config-
uration that leads to the maximum deformation of the nonlinear element. The frequency of oscillation for a
given excitation level is obtained by averaging the frequencies estimated by fitting the filtered velocity signal
with a sinusoidal function for each point. The amplitude of the NNM is obtained performing these steps:

Step 1: The displacement responses of pairs of points sharing the same abscissa and belonging to the T-
shaped element are averaged to cancel out the rotational effect (for instance, (u1 + u11)/2);

Step 2: The relative displacement between the point belonging to the C-shaped element and the points be-
longing to the T-shaped element (response obtained from Step 1) is computed for each abscissa value;

Step 3: The amplitude of oscillation is estimated by averaging the value of the relative maximum points
over the portion of the signal selected after the filtering (Figure 7(b)).

These steps are performed for every group of 3 nodes and for every level of excitation (seven in total),
resulting in ten curves, each one containing seven points corresponding to the measured data. The amplitude
of the NNM is obtained for the two NLCEs by averaging the results of the ten set of points, as shown in
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(a) NNM of the left NLCE. (b) NNM of the right NLCE.

Figure 8: NNMs of the two NLCEs.
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Figure 9: Model of the NLCE (left) and coefficients of the cubic law for the two springs (right).

Figure 8. The two curves show that both the NLCEs experience an hardening behavior. In particular, for
the right NLCE, in the range between 37.2 Hz and 38.8 Hz there are not available data since the resonance
condition was difficult to maintain. The objective is to model the NLCE as a nonlinear substructure in which
two masses, representative of the T-shaped and C-shaped elements, are connected through a cubic spring.
It is then necessary to find the correct values for the parameters k; and k,,; of the cubic law such that the
numerical NNM retraces the experimental one. The linear angular frequency of the out-of-phase mode for
such a system is equal to:
ki mgme

with Meg = ————
Megq me + Me

Wn = 3)
where m,; and m, are the masses of the T-shaped and C-shaped element, respectively, as shown in the left
side of Figure 9. Thus, assuming the mode of interest to be the one of a Duffing oscillator with mass m.g
and linear and nonlinear spring k; and k,,;, the resonance angular frequency is expressed as function of the

amplitude A as [29]:
Wy = \/wg+¥A2 (4)

Hence, the parameters k; and k,,; are estimated by performing a minimization through a least-square error
method, using the experimental results as reference. The resulting coefficients are shown in the right side
of Figure 9. Figure 10 shows that the numerical NNMs are in good agreement with the experimental ones.
However, for the right NLCE, the absence of data in the range between 37.2 Hz and 38.8 Hz (see Fig-
ure 8(b)) might affect the accuracy of the obtained parameters. Also, it is worth remarking that the simplified
2DoFs model does not take into account rotational DoFs since the effect of the longitudinal spring alone is
considered.

4 Experimental nonlinear behavior of the assembly

The dynamic response of the assembled system in the free-free configuration is analyzed in order to measure
one of its NNMs. The objective is to compare the numerical result obtained performing the Coupling Proce-
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Figure 10: Comparison of the numerical and experimental NNMs.

dure (CP) described in [26] to the experimental ones. The measurement procedure aims at identifying both
the resonance frequency and the mode shape of the system at different excitation levels. The experimental
response of a set of points is measured through the scanner laser vibrometer with an excitation provided by
the shaker, as previously shown in Figure 1(a). Figure 11 shows the set of measurement points for the lower
beam and the NLCEs; the measurement points on the upper beam are not visible from this view. The mea-
surement of the NNMs for the unconstrained assembled system is performed as for the NLCEs by setting the
amplitude and by adjusting the frequency of the harmonic excitation to identify the resonance conditions.
Since the linear frequency of the mode of interest is at 41 Hz, the velocity signal of each point is filtered
using a high pass Butterworth filter with a low cut-off frequency of 20 Hz and then integrated to obtain the
displacement response, as for the NLCE. Figure 12 shows a resonance condition at a given excitation level
for a subset of measurement points for the two beams and the two NLCEs. For some points the velocity is in-
phase with the voltage input, for others the signals are 180° out-of-phase. This gives an insight of the mode
shape of the beams at the considered excitation level. For each excitation level (i.e. fixed pair of amplitude
and frequency of the sinusoidal input), the amplitude and phase of oscillation are identified and polynomial
functions are used to fit the mode shape of the assembled system. Figure 13 shows the mode shapes of the
system at each excitation level. It is possible to see that the nodal points move as the excitation increases
(from blue to red curves), thus leading to a change in the mode shapes. In particular, it is worth noticing that
the right NLCE is much more deformed than the left one.

Once the NNM of the system is measured, it is possible to compare it with the results obtained by coupling
the models of the beams through the NLCEs, assuming a rigid connection between the pairs of matching
DoFs. However, it is not possible to compare the numerical and experimental NNMs by using the FEP
diagram because the measured data cannot be expressed as function of the total mechanical energy of the
system, as it is done numerically. In fact, for excitation level, the experimental results of the NNM are
expressed in terms of the resonance frequency and the amplitude of oscillation of the measurement points.

In this particular case, it is possible to express the resonance frequency of the NNM as function of the
deformation of the right NLCE that is the nonlinear component experiencing the highest deformation. The
experimental results are compared in Figure 14(a) to the numerical results obtained by coupling the the
updated beams (Section 3.1) and the identified NLCEs (Section 3.2) using the numerical procedure outlined

Figure 11: Grid of measurements points on the bottom beam and on the NLCEs of the assembly.
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Figure 12: Resonance condition on a subset of measurement points of the assembly. For each point the plot
shows the voltage input vs the velocity. All the plots have the same x and y axis scales.

Figure 13: Mode shape comparison from low amplitude excitation (blue curves) to high amplitude excitation
(red curves).

in [26]. Using the models based on the experimental identification it is possible to see that there is an
increasing error as the deformation of the right NLCE grows. However, there is a good correlation between
the experimental and numerical mode shapes, as shown by the MAC value in Figure 14(b), which is almost
unitary up to a deformation of the right spring of 2.51 mm and it decreases to 0.91 at 4.35 mm. In particular,
the best correlation is achieved for values of deformation of the right spring inside the range for which its
parameters (k; and k,,;) are experimentally evaluated (Figure 10(b)).

Besides, an optimization of the parameters for both the NLCE:s is carried out to investigate the causes of the
error in frequency highlighted in Figure 14(a). Although the beams and NLCEs are singularly experimentally
identified, the real connection is not perfectly rigid, as it is assumed in the numerical model. Also, the error
in frequency could be due to the lack in accuracy on the estimation of the coefficients of the cubic law for
the right NLCE. In fact, as seen from Figure 14, the right NLCE experiences a deformation that is partially
in the range where there are no data for the identification (from 0.89 mm to 1.9 mm) and partially in a range
where the behavior of the NLCE is extrapolated over 2.23 mm. Thus, the optimization aims at finding the
linear and nonlinear parameters of the NLCEs’ that account also for the non-modeled local effects of the real
interface. A multi-objective optimization technique is performed to simultaneously minimize the differences
between the numerical frequencies and the experimental ones for each excitation level. The frequency-
deformation curve obtained by using the optimized coefficients (Table 2) are shown in Figure 14(a). The
optimized coefficients for each NLCE, especially for the right one, are lower than the ones experimentally
identified. This may be explained if considering an additional flexibility of the connection between the
beams and the NLCE. The different behavior between the two NLCEs can be either incidental or due to the
unequal amplitude of vibration of the two NLCEs, thus leading to different loosening of the connections. The
frequency-deformation plot obtained using the optimized parameters almost overlaps on the experimental
one with an average error in frequency of ~ 0.41%. However, using the optimized parameters instead of



3020 PROCEEDINGS OF ISMA2020 AND USD2020

50 -

45 .

Frequency [Hz]

40

| ! ! ! !
0.69 1.11 1.54 2 2.51 322 3.85 4.35

Right Spring Deformation [mm]

(a) Frequency Deformation Plot: -x- experimental; — CP with experimentally identified
NLCEs parameters; — CP with optimized NLCEs parameters.
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(b) MAC between numerical and experimental results: B using results from CP with
experimentally identified NLCEs parameters; B using results from CP with optimized
NLCEs parameters.

Figure 14: Comparison between experimental results and two sets of numerical results.

Table 2: Coefficients of the cubic law for the two NLCEs after optimization.

k; IN/m] K, [N/m3]
Left NLCE 4000 1.6 x 10°
Right NLCE 2000 1.2 x 107

the identified ones, the correlation between the experimental and numerical mode shapes decreases slightly
below 3.22 mm and it improves at 3.85 mm and 4.35 mm (Figure 14(b)).

5 Concluding remarks

The design of the experimental assembly proved to be valid in order to measure NNMs due to the presence of
nonlinearities localized at the connection between two linear subsystems. The nonlinear hardening behavior
of the specifically designed NLCEs has been successfully measured using an experimental procedure able
to track the resonance condition at different excitation levels. One NNM of the complete assembly is iden-
tified and the evolution of the mode shapes of the complete system for the different excitation levels is well
captured. Experimental results are compared to the numerical results obtained via a nonlinear substructuring
procedure. A coherent variation of the resonance frequency as function of the excitation level is obtained,
and a good correlation between the mode shapes is found. Eventually, a multi-objective optimization is
performed to improve the numerical model providing information about the causes of the error in frequency.
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