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Abstract

The physical mechanisms of energy dissipation in foam to metal interfaces must be understood in
order to develop predictive models of systems with foam packaging common to many aerospace
and aeronautical applications. Experimental data was obtained from hardware termed “Ministack”,
which has large, unbonded interfaces held under compressive preload. This setup has a solid
aluminum mass placed into two foam cups which are then inserted into an aluminum can and
fastened with a known preload. Ministack was tested on a shaker using upward sine sweep base
acceleration excitations to estimate the linearized natural frequency and energy dissipation of the
first axial mode. The experimental system was disassembled and reassembled before each series
of tests in order to observe the effects of the assembly to assembly variability on the dynamics.
Additionally, Ministack was subjected to upward and downward sweeps to gain some
understanding of the nonlinearities. Finally, Ministack was tested using a transient input, and the
ring down was analyzed to find the effective stiffness and damping. There are some important
findings in the measured data: there is significant assembly to assembly variability, the order in
which the sine sweeps are performed influences the dynamic response, and the system exhibits
nontrivial damping and stiffness nonlinearities that must be accounted for in modeling efforts.
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1. INTRODUCTION

1.1. Motivation

Electronic and electromechanical components are packaged in foam to prevent excessive vibration
amplitudes during transportation and operation. Solid foams are used to package defense
components per MIL-STD 2073 [1]. This packaging leads to foam/metal interfaces, which have
long been recognized as significant contributors to energy dissipation and nonlinearities in the
system. The mechanisms for energy dissipation in these systems include friction, impacts, and the
large inherent material damping common in most foams. Standards, such as MIL-STD 810G [2],
require qualification of military components under vibration environments in their packaging. To
be able to model and understand how systems containing foam to metal interfaces will respond to
various vibration environments, it is important to understand the energy dissipation mechanisms
and their effect on the dynamics. Currently, modeling capabilities to capture the dissipative
behavior of metal parts in foam are being developed. Physical experiments are crucial to validate
these models and gain an understanding of the physical phenomena required for future modeling.

1.2. Experimental Excitation Methods

In order to gain information about the dynamics of a physical system, vibration experiments can
be run in a laboratory and then the collected data can be analyzed. There are three main types of
excitations that can be used to excite the nonlinearities in a system: random, harmonic, and
transient. They each provide varying levels of useful information and will be further discussed in
the following paragraphs.

Random vibration provides a broadband excitation that inputs energy over a wide range of
frequencies simultaneously. An advantage to this method is that it is possible to excite multiple
modes of a system simultaneously, so system identification can happen quickly and efficiently.
However, random vibration inherently linearizes the frequency response function (FRF) generated
from its data. Therefore, it is not a good tool for extracting nonlinear information from a system,
and will not be used in this study [16].

Harmonic excitation puts a single frequency at a time into a system. By stepping or sweeping
through a series of frequencies, it is possible to determine a FRF for the system. The shape of the
FRF can give some indication of the presence of stiffness nonlinearities by noting which direction
distinct peaks lean. Additionally, if the harmonic excitation is run at different levels, a comparison
can be made between the relative amplitudes and frequencies of the peaks at each level. This gives
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information about the amplitude dependence of stiffness nonlinearities (shifts in the natural
frequencies) and damping nonlinearities (changes in the amplitude of the FRF). Although
harmonic excitation can provide a rich set of data to analyze, the necessity of running multiple
frequencies at multiple amplitudes makes it a time consuming method [16]. To make testing more
efficient it is possible to optimize the sweep rate based on the dynamics of the system and the
acceptable error [17]. The time for the sweep, ty, can be calculated as:

Q> f2
> s
tb = 1o * In (fl) (1)

where Q is the maximum amplitude of the transfer function, [J is a factor relating to the error, f,
is the natural frequency, f; is the lower frequency of the sweep, and £ is the upper frequency.

The final method is transient or shock excitation. Transient excitations can be used to extract
nonlinear information of a system for a wide frequency bandwidth. By analyzing the ring down
of the data, it is possible to extract backbone curves, which provide effective stiffness and damping
characteristics based on amplitude. In addition to being useful for modeling purposes, the
backbone curves can also be used to identify the type of nonlinearity in the system. The advantage
of a shock excitation is that a single shock can be used to produce information about the system,
making it an efficient testing method [16].

1.3. Nonlinear Feature Extraction

There are many types of nonlinearities that can be present in physical systems, and even multiple
varieties of nonlinearities can be present in a given system. It is useful to be able to identify when
nonlinearities are present in a system. When tasked with developing a model for a system, it is
important to know whether or not the nonlinearities are significant and need to be included in order
to predict accurate responses.

1.3.1. Visual Inspections of Frequency Response Functions of Harmonic Data

The first step in analyzing the data from a harmonic excitation is to compute the FRF, which is a
ratio of the response to the input. The FRFs contain a lot of useful information.

One of the more critical pieces of information from this response data is the natural frequency-the
frequency at which the highest peak in the response occurs.

A visual inspection of the FRFs can provide information about the types of nonlinearities present.
If the peaks of the FRFs at the different excitation amplitudes shift, then there is a stiffness
nonlinearity present. If the frequencies decrease with increasing amplitude, it is a softening
system. If the frequencies increase with increasing amplitude, it is a stiffening system. If the
amplitudes of the peaks of the FRFs change with amplitude, that would indicate the presence of
nonlinear damping in the system.

12



In a linear system, the order or direction of the sine sweeps is irrelevant to the response of the
system. However, if the response stiffness and/or damping for a given amplitude depend on the
order of tests (i.e. starting at a low amplitude and increasing vs starting at a high amplitude and
decreasing) it indicates that the loading history plays an important role in the equilibrium response
of the system. This is a clear indication of nonlinearities in the system. Therefore, due to multiple
equilibrium positions in a nonlinear system, the sweep direction will produce different FRFs.

1.3.2. Hilbert Transforms of Harmonic Data

A Hilbert transform is a linear operator that analyzes the real parts of a given set of data and will
return the data as a complex data set. It has been found to be a useful tool to detect and identify
nonlinearities in experimental response data. If the system is linear, then the FRF of the
transformed data and the original data set will be equivalent. If the system is nonlinear, then the
FRFs of the transformed data and the original data set will differ. The differences in the FRFs will
indicate not only that there is a nonlinearity, but what type of nonlinearity is present. More
information about this can be found in [18].

1.3.3. Backbone Curves from Resonance Decay Responses

Backbone curves can offer insight into the nonlinear behavior of systems. The approach used in
this study is based on the work of Londono et al. [19]. The approach is based on estimations of
the instantaneous frequency and an envelope of the decaying response after a transient excitation.
The steps are further explained in the following paragraphs.

The first step in the technique is to determine the instantaneous frequencies as a function of time.
The technique suggests using the zero crossings of the decay response. The instantaneous
frequency at the crossing point, t? , can be computed such that

f = —tl)™ (1)

The frequency is estimated from the inverse of the period along one complete cycle and is assigned
to the crossing time in the center of the period.

The second step in the technique described in [19] is to estimate the instantaneous amplitude over
the decay response in order to extract the response envelope. This can be accomplished by tracking
the peaks of the signal within each zero-crossing time interval. Once the peaks have been
determined, a polynomial interpolation can be used to determine the instantaneous amplitude at
the same times that the instantaneous frequencies have been found.
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The dissipative characteristics of the system can be determined by investigating the envelope of
the decaying response. The effective damping of the system can be calculated as

§10 = ooy (InAo) = In (A(t)) @

where w, (t)) is the instantaneous angular frequency in rad/s, Ag is the initial amplitude, and A(t})
is the instantaneous amplitude of the response.

Once the instantaneous amplitudes, frequency, and damping have been calculated, the effective
stiffness and damping can be estimated using properties of the system. The effective stiffness
kefrective CanN be estimated as

keffectivei = CUiz *m (3)

where m is the mass of the system. The effective damping c.sfecriveCan be estimated as
Ceffectivei = 2*xmx Etf (tlo) * w?(tlo) (4)

1.3.4. Estimating Energy Dissipation

The amount of energy dissipation in a system can be estimated from the frequency response function.
The maximum amplitude of the transfer function gives Q, the amplification factor of the input at the
natural frequency. The amplification factor, Q, can then be used to calculate the energy dissipation of
Ministack using Eq. 5 derived in [15] as

n*Q*Af,
— 5
fii )

where f, is the natural frequency of the first axial mode in Hz, Ay is the amplitude of the excitation in g’s,
and Q is the amplification factor of the response. Previous studies [3-12] have shown that when energy
dissipation is plotted versus the input acceleration on a log-log plot, the data should be a straight line,
indicating a power law relationship between energy loss per cycle and the input acceleration. When the
system has contact friction, 2 is the theoretical value of the exponent for the equation fit to the data [3].
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2. EXPERIMENTAL SETUP

To create a system with a dominant axial mode that exercises the large foam to metal interfaces, a solid
aluminum mass was placed in foam cups and then inserted into an aluminum can, as illustrated in Figure
1. A preload was then applied to the steel disk on the top of the foam cups using a press, and then a
threaded steel ring was tightened to secure the preload. The aluminum can has an inner diameter of 4
inches, an outer diameter of 5 inches and a depth of 6 inches. The can was welded to a square plate that
has nine bolt holes (Figure 1) to allow the specimen to be attached to a shaker. The plate has a recess in
the bottom (not shown) of it to accommodate a uniaxial accelerometer to control the input acceleration.
A triaxial accelerometer was placed on top of the solid internal mass cylinder to measure the response of
the system. The steel disk has a hole in the middle to allow for the accelerometer cable to exit the
specimen.

Figure 1: Test Specimen

2.1. Foam Specimen Details

The foam specimens are made from 20 pound per cubic foot closed cell PMDI foam. The foam specimens
are in two parts, a top half which has an access hole for attaching an accelerometer and a bottom half
which has a solid bottom. The two halves are cup-like in nature with an outer diameter of 4 inches and
an inner diameter of 3 inches. The bottoms and sides of the cups are all half an inch. The surface of the
foam specimens are friable.

Two different cup depths were used in the experiment. One set of foam specimens has an interior depth
of 2 inches. Nominally, the solid mass would fit exactly in the specimens yielding parallel load paths
through the solid mass and through the foam. However, with machining tolerances, there are cases where
the load path is either through the foam alone or through the mass alone in addition to the cases of
parallel load paths. During the experiments, some interesting behavior was observed in terms of the
natural frequency of the system under different preloads (Section 3.1.4). The responses were not as
initially expected. The deviation from expected behavior was attributed to the load paths not being
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parallel as assumed. Therefore, a second set of foam specimens was designed to ensure that the preload
path goes through the solid mass to gain more insight into the behavior. The second set of foam
specimens has an interior depth of 1.875 inches. Nominally, there would be a 1/4 inch gap between the
two pieces of foam, thus ensuring a load path through the solid mass even with variations due to
machining tolerances.

2.2. Solid Mass Details

Three solid masses of different diameters were used in the experiments to determine the effects of
snugness of fit on the energy dissipation characteristics of the system. The nominal, or no gap, specimen
has a diameter of 3 inches, so that it fits snugly in the foam specimens. The 1/16™ inch gap specimen has
a diameter of 2.9375 inches so that there is a gap between the solid mass and the foam. The final
specimen has a diameter of 2.875 inches. All three solid masses are 4 inches in length and made from
6061-T6 Aluminum. They have a recessed area at the top that can accommodate a triaxial accelerometer.

2.3. Specimen Assembly

The solid mass was placed in both halves of the foam cups, with markings on the cups being lined up to
help limit the variability in alignment from assembly to assembly. Then, the cups were placed in the can,
with markings on the cups and the can being aligned to help with the repeatability of assembly. The steel
plate was placed on top of the foam and solid mass assembly in the can, after which a load cell was placed
on top of the assembly. A preload was applied using a press until the reading on the load cell is
approximately the nominal preload. The retaining ring was tightened to maintain the preload, the press
was released, and Ministack was ready for testing.

In this study, three preloads were used: 400lb, 700lb, and 1000lb. Varying the preload enabled
determination of what effect, if any, the preload had on the natural frequencies and energy dissipation of
the specimen.

2.4. Equipment Details

Two main types of accelerometers were used in these experiments: uniaxial and triaxial. The uniaxial
accelerometer used in this experiment is an Endevco 2220. It can measure responses in the frequency
range from 1Hz to 10kHz and accelerations up to 1000g. Two different triaxial accelerometers were used,
because a larger measurement range was needed for some of the specimens. The first was an Endevco
6510. It can measure responses in the frequency range from .04Hz to 10kHz and accelerations up to 500g.
The second triaxial accelerometer used was the PCB 356A30. It can measure responses in a frequency
range from 0.5Hz to 10kHz and accelerations up to 1000g.
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The tests were performed on Unholtz-Dickie T1000 and T2000 shakers. The shakers are capable of
providing excitations from 10Hz to 3000Hz in a sinusoidal mode. They have a 2 inch stroke and can input
forces up to 25,000Ibs.

2.5. Test Specifications and Data Collection

In order to determine the natural frequencies and energy dissipation constant for the specimen, a sine
sweep was run from 500 to 3000Hz. Four different amplitudes, 1g, 2g, 5g and 10g were chosen to
determine the effects of excitation amplitude on the response of the test article. On some of the
specimens, the sine sweeps were run from both 500 to 3000Hz (an upward sine sweep) and 3000 to 500Hz
(a downward sweep) at the four different amplitudes. The sweeps were performed at a rate of 3 octaves
per minute (an octave represents a doubling of frequency). This sweep rate was chosen using equation

2
ty, = % * InBfRA2E0Ef,RIER (1. AQof 50, a natural frequency of 900, and an error of
*Jo

1% were chosen. These values are conservative, so would lead to lowest value for the sweep rate. Based
on the calculations, a sweep rate of 3.11 octaves per minute would yield natural frequency and damping
values. For ease of representation and added conservatism, the sweep rate was rounded down to 3
octaves per minute for this study. Finally, some specimens were subjected to a transient excitation
tailored to the natural frequency of Ministack, and the ring down response was measured and analyzed.

A triaxial accelerometer measured data in the three mutually perpendicular directions at the top of the
solid mass. A uniaxial accelerometer attached to the baseplate was used to control the input to the
structure. The data measured at the triaxial accelerometer at the top of the solid mass and the control
accelerometer at the base were used to calculate transfer functions between the responses of the three
different axes at the top of the solid mass and the input accelerations.

2.5. Test Matrix

A configuration is comprised of one set of the two lengths of foam cups, one of the three solid masses,
and one of the three preloads. An upward sweep test series was run for all possible combinations.
Between series of tests on each configuration, the setup was disassembled and then reassembled. This
reassembly allows for determination of the assembly to assembly variation of the response of the test
article. The test sequences are enumerated in Table 1. In all assemblies in Table 1, the sequence of tests
was always repeated to determine if vibrating the specimen changed the dynamic characteristics. The
final test assembly 3 was run to see if the order in which the amplitudes were applied affected the
dynamics.

Table 1 Test Sequence for Upward Sweep Test Series

Assembly Number Sweep Series Amplitudes

1 1g, 2g, 5g, 10g, 1g, 2g, 5g, 10g
2 1g, 2g, 5g, 10g, 1g, 2g, 5g, 10g
3 10g, 2g, 5g, 1g, 10g, 5g, 2g, 1g
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Additional tests were run on the configuration of cups that consisted of the full length cups, the nominal
solid mass, and 700lb preload. The first was a series of upward and downward sweeps at the four
amplitudes used for the upward sweep test series. The tests are enumerated in Table 2.

Table 2 Upward and Downward Test Sequence

Excitation Amplitude (g) No. Upward Sweeps No. Downward Sweeps
1 3 3
2 1 1
5 1 1
10 1 1

The second series of tests were shock pulses applied in the following order: 8.5g, 12g, 17g, 24.5g, 35g.
That sequence was then repeated, followed by a sequence in reverse order twice.
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3. TEST RESULTS

3.1. Axial Tests: Sinusoidal Excitation

For the axial testing, the test article was oriented so that the plate on the bottom of specimen is placed
flat on the shaker, as shown in Figure 2. This orientation means that the specimen was being excited in
the direction of the load path for the preload. The energy dissipation is expected to come from the foam
rubbing against the metal interface as well as the interface between the two sets of foam for the cases
when there is contact. In this set of tests, the sine sweeps were upward (i.e. starting at a low frequency
and going to a high frequency) only.

Figure 2: Test Article on Shaker in Axial Testing Orientation

3.1.1. Effects of Amplitude

This subsection shows the resulting transfer functions for the three test sequences in Table 1 on the
configuration with the foam cup depth of 2 inches and the solid mass diameter of 3 inches (i.e. no gap).
In this configuration, the load path goes through both the foam and the solid mass and the solid mass fits
snugly into the foam cups. The results for the test sequences shown in Figure 3 and Figure 4 show that
the natural frequency decreases and the amount of energy dissipation increases as the excitation
amplitude increases. The frequency shifts suggest that the foam to metal interface loses stiffness at high
excitation levels, likely due to micro- or possibly macro-slip. The impacts and the friction between the
contact interfaces introduce nonlinear energy dissipation observed at higher excitation levels.

When starting the test series at 1g and increasing the amplitude to 10g, the natural frequency from the
second run is lower than the first; and the amount of energy dissipation is lower. These phenomena are
seen in the data in Figure 3 and Figure 4. When starting the test series at 10g and decreasing the amplitude
down to 1g, there is no appreciable difference in the natural frequency and energy dissipation as seen in
Figure 5. One hypothesis for this behavior could be attributed to the higher amplitude sine sweeps
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causing wear or loss of preload in Ministack. Going from the 1g to 10 g sweeps and repeating, the settling
position of the solid mass after the 10g run may be different than the initial 1g run. This could explain why
the stiffness and the damping in the transfer functions during the second runs shifted a noticeable
amount. It should also be noted that the magnitude of the response of the system changes a nearly
imperceptible amount from assembly to assembly, which indicates a consistency in the assembly process.
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Figure 3: Transfer Functions for a Specimen Preloaded to 700lbs Through Foam and
Solid Mass, Assembly 1.
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Figure 4: Transfer Functions for a Specimen Preloaded to 700lbs Through Foam and
Solid Mass, Assembly 2.
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Figure 5: Transfer Functions for a Specimen Preloaded to 700lbs Through Foam and
Solid Mass, Assembly 3.

3.1.2. Effects of Sweep Direction

The configuration for this series of tests is a set of foam cups that are 2 inches in depth, the solid mass
that is 3 inches in diameter (i.e. the “no gap” specimen), and a preload of 700lbs. The specimens are
then subjected to a series of upward and downward sweeps, which are enumerated in
Table 2. Nonlinear systems can have multiple equilibrium points for a given frequency of response based
on the original state of the system. For this reason, the sine sweeps were executed in both upward and
downward in frequency to observe if there is a difference between the frequency response functions
(FRF), which would be an indication of the nonlinearity of the system. Two different specimens were
tested, and each of them were disassembled and reassembled one time to assess the assembly to

assembly variation.

It is observed that there is a distinct difference in the FRFs between sweeping up in frequency and
sweeping down in frequency as shown in Figure 6. This difference in the observed behavior is likely due
to the nonlinear system having multiple equilibrium conditions for each frequency based on the previous
state of the system. The data show that as the excitation amplitude increased, the FRF is skewed to the
left to an increasing degree, indicating a nonlinear softening stiffness. Additionally, the damping increases
with the excitation level, indicating nonlinear damping properties present in the foam to metal interfaces
as well.
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Figure 6: Transfer Functions for a Specimen Preloaded to 700lbs Through Foam and
Solid Mass, Upward and Downward Sweeps.

3.1.3. Hilbert Transform

The Hilbert transform can be a powerful tool for determining both the existence and type of nonlinearity
in a system by comparing the FRF of a signal before and after a Hilbert transform. If the FRF is the same
before and after a Hilbert Transform, then the system is linear. If the two FRFs are different, then
nonlinearity exists in the system. Additionally, the nature of these differences can be an indicator of the
type of nonlinearity present in the system.

For this study, a Hilbert transform was performed on the data from the upward sine sweeps on the
specimen with no gap, a 700lb preload, and the load path through the foam and the solid mass. The data
shown in Figure 7 shows that there is nonlinearity present in the system. Additionally, because the
transform yields a larger amplitude than the untransformed data shown in Figure 7, it indicates that the
nonlinearity present is due to nonlinear damping. The data also show evidence of softening stiffness due
to the increasing resonant frequency when looking at the transformed vs. untransformed response.

22



70 T T T T T T T T T

— 2g Untransformed
— — 2g Transformed
— 5g Untransformed s
60 |~ — 59 Transformed \ -
—— 10g Untransformed / \
— — 10g Transformed / \

50

Amplitude of H(f)
B
o

w
o

20

2000 2050 2100 2150 2200 2250 2300 2350 2400 2450 2500
Frequency, (Hz)

Figure 7: Hilbert Transforms of Sine Sweep Data on No Gap, 700lb Preload, Load Path
Through Both Foam and Solid Mass.

3.1.4. Effects of Preload

In assessing the effects of preload on the dynamics of the system, two parameters are studied: the natural
frequency and the normalized energy dissipation.

3.1.4.1. Effects of Preload on Natural Frequency

The first parameter studied is the natural frequency. Figure 8 through Figure 10 show the distribution of
the natural frequency of the specimen as a function of input acceleration and preload for specimens with
the preload path through the foam and solid mass. Each marker in the figure corresponds to one sine
sweep on an assembly. It should be noted that in Figure 8, the data from the 400Ib preload yields natural
frequencies that are in an identical range to the 700lb preload, and thus the data from the 400lb preload
may be difficult to see on the graph.
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Figure 8: Distribution of Natural Frequency per Preload with No Radial Gap and Preload
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2700
2500

S
2300 J—l I

2100

»> | >
(>

»>
> (HEE

# 400lb Preload

M 700lb Preload

A 1000lb Preload

Natural Frequency, Hz

[ = [o =
w Ul ~ (e}
o o o o
o o o o

900

700

0 2 4 6 8 10 12

Input Acceleration, g

24



Figure 9: Distribution of Natural Frequency per Preload with a 1/16” Radial Gap and
Preload through the Foam and Solid Mass.
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Figure 10: Distribution of Natural Frequency per Preload with a 1/8” Radial Gap and
Preload through the Foam and Solid Mass.

When the preload goes through the foam and solid mass, the spread of the natural frequency is consistent
regardless of preload. The value of the natural frequency varies with the preload, but it is not consistent
across the various gap sizes. Contrary to expectations, the preload has no predictable effect on the natural
frequency. The deviation from expected behavior was attributed to the load paths not being parallel as
assumed. Due to tolerance stack ups, there are cases where the load path goes through the foam alone
and cases where the load path goes through the solid mass alone.

Figure 11 through Figure 13 show the distribution of the natural frequency of the specimen as a function
of input acceleration and preload for specimens with the preload path through the solid mass only.
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Figure 11: Distribution of Natural Frequency per Preload with No Radial Gap and Preload
through the Solid Mass Only.
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Figure 12: Distribution of Natural Frequency per Preload with a 1/16” Radial Gap and
Preload through the Solid Mass Only.
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Figure 13: Distribution of Natural Frequency per Preload with a 1/8” Radial Gap and
Preload through the Solid Mass Only.

When the preload goes through the solid mass only, the specimens with a 400lb preload have the largest
spread in the values of natural frequency and the 700lb preload has the smallest, regardless of gap size.
The natural frequencies for the specimens with a 400lb preload were lower than those of other preloads,
but there is no consistency in the value of the natural frequencies for the other preloads. It is possible
that once a threshold preload value is achieved, increasing the preload has no appreciable effect on the
natural frequency. As when the preloads went through the solid mass and foam, the preload cannot be
used to predict the natural frequency of the specimen. The 1/8” gap data yields results that are closest
to the expected results, due to little or no effect of friction on the outer walls of the cylinder. With the
large gap size, the system is approximately a simple oscillator along its axis between two rigid supports.
In the other, smaller gap, cases the sidewall effects may be non-trivial.

When the preload goes through the foam and mass, the preload has no statistically significant effect on
the variance of the natural frequency, indicating gap size does not affect the repeatability of the assembly
process. When the load path goes through both the mass and the foam, the snugness of fit has an impact
on the natural frequency. The smaller gap case has higher natural frequencies than the no gap case and
the larger gap case has lower natural frequencies than the no gap case. When the load path goes through
the mass alone, the natural frequency is higher in the case where there is no gap than in the cases where
there are gaps. These results suggest that the snugness of fit has a larger effect on the stiffness of the
system when the load path goes through the mass and the foam than when the load path goes through
the mass only. Additionally, the uncertainty of the natural frequency is larger in the case of the preload
going through the mass and the foam, likely due to the variation in the foam.
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3.1.4.2. Effects of Preload on Energy Dissipation

The second parameter studied is the energy dissipation. Figure 14 through Figure 16 show the distribution
of the energy dissipation of the specimen as a function of input acceleration and preload for specimens
with a load path through the foam and solid mass. A power line is fit to the data to determine the
coefficient of the energy dissipation equation.
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Figure 14: Distribution of Normalized Energy Dissipation per Preload with No Radial Gap
and Preload through the Foam and Solid Mass.
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Figure 15: Distribution of Normalized Energy Dissipation per Preload with a 1/16” Radial
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The amount of energy dissipation when the specimens that are preloaded through the foam and solid
mass are fairly consistent. As done in previous studies [3-12], the normalized energy dissipation is plotted
vs the input acceleration on a log-log plot. The data show the anticipated straight line, indicating a power
law relationship between energy loss per cycle and the input acceleration. In the fitted results, the slope
ranges from 1.65 to 1.89, where 2 is the theoretical value which would be obtained for a linear system
with contact friction [3].

Figure 17 through Figure 19 show the distribution of the energy dissipation of the specimen as a function
of input acceleration and preload for specimens with a load path through the solid mass only. Again, a
power line is fit to the data to determine the coefficient of the energy dissipation equation.
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Figure 17: Distribution of Normalized Energy Dissipation per Preload with No Radial Gap
and Preload through the Solid Mass Only.

30



0.1

¢ 400lb Preload

0.01 m 700Ib Preload

1000lb Preload
B —— Power (400lb Preload)
0.001 =

y = 3E-05x1-9658 —— Power (700Ib Preload)

Normalized Energy Dissipation

v
7 = 3E-05x18069 Power (1000Ib Preload)
0.0001

0.00001

Input Acceleration, (g)
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Gap and Preload through the Solid Mass Only.
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The amount of energy dissipation observed when the specimens are preloaded through the solid mass
only and to a level of 700Ibs or 1000lbs are consistent. The amount of energy dissipation of the 400lb
preloaded specimens is either greater in the case of the 1/16” radial gap, or lower in the case of the other
two solid mass sizes. Similar to the case of preload through the foam and solid mass, the data for the
preload through the solid mass only show the anticipated straight line, indicating a power law relationship
between energy loss per cycle and the input acceleration. The slope ranges from 1.75 to 1.97 in the fitted
results. In both types of load paths, with the exception of the specimens with the 1/16” gap, energy
dissipation increases with increasing preload. This result suggests that the increasing preload makes the
energy dissipation more efficient, likely due to higher levels of load even as the preload is lost.

3.1.5. Effects of Snugness of Fit

As with assessing the effects of preload, when assessing the effects of snugness of fit on the dynamics of
the system, two parameters are studied: the natural frequency and the normalized energy dissipation.

3.1.5.1. Effect of Snugness of Fit on Natural Frequency
The first parameter studied is the natural frequency. Figure 20 through Figure 22 show the distribution

of the natural frequency of the specimen as a function of input acceleration and gap size for specimens
with the preload path through the foam and solid mass.
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Figure 20: Distribution of Natural Frequency per Gap Size with a 400lb Preload through
the Foam and Solid Mass.
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Regardless of the load path, the snugness of fit has no statistically significant effect on the variance of the
natural frequency, indicating gap size does not affect the repeatability of the assembly process. When
the load path goes through both the mass and the foam, the snugness of fit has an impact on the natural
frequency. With the exception of the 400lb preload, when the gap size is 1/16 inches, the natural
frequency is higher than when there is no gap. With the exception of the 400lb preload, the natural
frequencies are lower when the gap size is 1/8™ inches than either of the other two gap sizes.

Figure 23 through Figure 25 show the distribution of the natural frequency of the specimen as a function
of input acceleration and gap size for specimens with the preload path through the solid mass only. When
the preload goes through the solid mass only, the specimens show no appreciable difference in the
distribution of natural frequencies and the values of the natural frequencies.
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Figure 23: Distribution of Natural Frequency per Gap Size with a 400lb Preload through
the Solid Mass Only.
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Figure 24: Distribution of Natural Frequency per Gap Size with a 700lb Preload through
the Solid Mass Only.
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Figure 25: Distribution of Natural Frequency per Gap Size with a 1000lb Preload through
the Solid Mass Only.

When the load path goes through the mass only, the snugness of fit has no appreciable effect on the

variance of the natural frequency. Additionally, the natural frequency is higher in the case where there is
no gap than in the cases where there are gaps. These results suggest that the snugness of fit has a larger
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effect on the stiffness of the system when the load path goes through the mass and the foam than when
the load path goes through the mass only. Additionally, the uncertainty of the natural frequency is larger
in the case of the preload going through the mass and the foam. For modeling implications, if the item
does not fit snugly in the foam, it is not critical to know how loose it is to determine the natural frequency
of the foam/item system when the load path is through the part alone.

3.1.5.2. Effect of Snugness of Fit on Energy Dissipation

The second parameter studied is the energy dissipation. Figure 26 through Figure 28 show the distribution
of the energy dissipation of the specimen as a function of input acceleration and preload for specimens
with a load path through the foam and solid mass. A power line is fit to the data to determine the
coefficient of the energy dissipation equation. The amount of energy dissipation when the specimens
that are preloaded through the foam and solid mass is greater for the specimens that include a radial gap
than the specimens that contained no radial gap. In all cases the energy dissipation coefficient is close to
2.
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Figure 26: Distribution of Normalized Energy Dissipation per Gap Size with a 400lb
Preload through the Foam and Solid Mass.
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Figure 27: Distribution of Normalized Energy Dissipation per Gap Size with a 700lb

Preload through the Foam and Solid Mass.
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Figure 28: Distribution of Normalized Energy Dissipation per Gap Size with a 1000Ib
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These results show that the presence of a gap (but not necessarily the magnitude of the gap) has an effect
on the energy dissipation. The amount of energy dissipated when the specimens are preloaded through
the foam and solid mass is greatest when there is a radial gap. One hypothesis for this could be that when
there is no gap between the foam and solid mass, the large amount of sliding friction prevents the mass
from moving within the container. However, when this large frictional interface is removed with a radial
gap, the mass has less resistance to motion and is more likely to impact with the top and bottom surfaces
of the foam; these impacts likely dissipate energy differently than sliding friction alone. There will still be
some friction along the length of the mass, due to contact along the sides. Additionally, the mass is able
to slide laterally with the cross-axis motion of the shaker, introducing a different frictional interface.
Finally, the mass and foam are no longer confined as they are when the mass snugly fits in the foam,
allowing for additional motion and deformation of the foam and mass due to the lack of confinement. In
summary, there are additional mechanisms of energy dissipation that occur when there is a radial gap, so
it is not surprising that there is more energy dissipation in those cases. For modeling implications, these
results suggest that it is important to understand the amount of friction that occurs between the
contacting surfaces but also the coefficient of restitution for impacts.

As done in previous studies [3-12], the normalized energy dissipation is plotted vs the input acceleration
on a log-log plot. The data show the anticipated straight line, indicating a power law relationship
between energy loss per cycle and the input acceleration. In the fitted results, the slope ranges from
1.65 to 1.89, where 2 is the theoretical value of for a linear system with contact friction [3].

Figure 29 through Figure 31 show the distribution of the energy dissipation of the specimen as a function
of input acceleration and preload for specimens with a load path through the solid mass only. A power
line is fit to the data to determine the coefficient of the energy dissipation equation. The amount of
energy dissipation when the specimens that are preloaded through the solid mass only are preloaded to
700lbs or 1000lbs is larger for the case of the specimen with the 1/8” radial gap. The amount of energy
dissipation of the 400Ilb preloaded specimens is greater in the case of the 1/16” radial gap. In all cases
the energy dissipation coefficient is close to 2.
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3.1.6. Effects of Load Path

The effects of the load path on the experiments are considered for the natural frequency, the energy
dissipation and the amplitude and sweep order. The following paragraphs will discuss the data and their
implications.

The load path has no effect on the natural frequency (data shown in Section 3.1.4 and 3.1.5). The spread
of natural frequencies and the values of the natural frequencies are consistent regardless of load path.
The consistency of the natural frequencies indicates that the stiffness of the oscillator is primarily
governed by the stiffness of the solid mass. The consistency of the variation of the natural frequency
when the load path goes through the foam and when it goes through the solid mass only indicates that
the variation of natural frequency has to do with the variations in assembly. The implication to modeling
is that the uncertainty from the assembly process dominates the uncertainty in the natural frequency,
and the material uncertainty in the foam plays a smaller role.

The load path has an effect on the energy dissipation (data shown in Sections 3.1.4 and 3.1.5). The
exponent of the curves fitted to the normalized energy dissipation is larger, and closer to two, when the
load path is through the solid mass only rather than through the foam and solid mass. There is more
energy dissipation when the preload is through the solid mass only and not through the foam interfaces.
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This result indicates that the energy dissipation mechanism is more efficient when the load path does not
go through the foam interface. It is likely that there is some separation and reconnection of the foam
interface during vibration causing the less efficient energy dissipation than if the foam interface did not
exist.

The load path has an effect on the significance of the sweep order of the test (data shown in Section 3.1.4
and 3.1.5). When the load path is through the foam and the solid mass, there is a change in the natural
frequency and the energy dissipation amount for the same amplitude the second time through the sweep
series when starting at 1g and going to 10g. However, when the sweep series starts at 10g and goes to
1g, there is no change in the natural frequency and the energy dissipation. When the load path goes
through the solid mass only, there is a change in the natural frequency and energy dissipation regardless
of the order of the sweeps. This result suggests that at the higher amplitudes there is a loss of preload.
The loss of preload is larger and consistent in the foam, so when the load path goes through the foam,
there is no more change after the specimen is exposed to a 10g sine sweep. However, when the load path
goes through the solid mass only, the system continues to change, indicating that the loss of preload
continues to change as the system is vibrated at different levels.
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3.2 Lateral Tests: Sinusoidal Excitation, Upward Sweep Only

Figure 32: Test Article on Shaker in Bending Testing Orientation
3.2.1 Effects of Amplitude

This subsection shows the resulting transfer functions for the three test sequences in Table 1 on the
configuration with the foam cup depth of 2 inches and the solid mass diameter of 3 inches (i.e. no gap).
In this configuration, the load path goes through both the foam and the solid mass and the solid mass fits
snugly into the foam cups. The results for the test sequences shown in Figure 33 through Figure 35 show
that the natural frequency decreases and the amount of energy dissipation increases as the excitation
amplitude increases. The frequency shifts suggest that the foam to metal interface loses stiffness at high
excitation levels, likely due to micro- or possibly macro-slip. The impacts and the friction between the
frictional interfaces introduce nonlinear energy dissipation observed at higher excitation levels.

When starting the test series at 1g and increasing the amplitude to 10g, the natural frequency from the
second run is approximately the same as the first; and the amount of energy dissipation is lower. This
phenomena can be seen in the data in both Figure 33 and Figure 34. Conversely, when starting the test
series at 10g and decreasing the amplitude down to 1g, there is no appreciable difference in the natural
frequency and energy dissipation as seen in Figure 35. One hypothesis for this behavior could be
attributed to the higher amplitude sine sweeps causing wear or loss of preload in Ministack. Going from
the 1g to 10 g sweeps and repeating, the settling position of the solid mass after the 10g run may be
different than the initial 1g run. This could explain why the stiffness and the damping in the transfer
functions during the second runs shifted a noticeable amount. It should also be noted that the magnitude
of the response of the system changes a nearly imperceptible amount from assembly to assembly, which
indicates a consistency in the assembly process.
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Figure 34: Transfer Functions for a Specimen Preloaded to 700lbs Through Foam and
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3.2.2 Effects of Preload

As with the axial tests, in assessing the effects of preload on the dynamics of the system, two parameters
are studied: the natural frequency and the normalized energy dissipation.

3.2.2.1 Effects of Preload on Natural Frequency
The first parameter studied is the natural frequency. Figure 36 through Figure 38 show the distribution

of the natural frequency of the specimen as a function of input acceleration and preload for specimens
with the preload path through the foam and the solid mass.
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When the preload goes through the foam and the solid mass, for the preload of 400lbs and 1000lbs the
variation of the natural frequency is fairly consistent regardless of the gap size. For the 700lb preload, the
variation of the natural frequency is consistent with the other preloads for the no gap case and the 1/8”
gap case. Forthe 1/16” gap case, there is significantly more spread in the values of the natural frequency.
It is not clear why this combination produced a response that is out of family with the rest. Since this is
the only combination of preload, load path, and gap size where this occurred, this results suggests that
there was something unique about the foam cups used for this assembly. Perhaps the slip-stick friction
at the foam-foam interface of this particular set of specimens led to this out of family response.

There is overlap in the values for the natural frequency among all of the preloads, suggesting that the
preload cannot be a reliable predictor of the system stiffness and therefore the natural frequency.
Additionally, although there are shifts in the natural frequency as the amplitude of excitation is increased,
it is within the variation of natural frequency seen at a given input acceleration. Therefore, the changes
in natural frequency seen due to amplitude changes can be accounted for in models within the uncertainty
for the value of the natural frequency itself.
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Figure 39 through Figure 41 show the distribution of the natural frequency of the specimen as a function
of input acceleration and preload for specimens with the preload path through the solid mass only.
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Figure 39: Distribution of Natural Frequency per Preload with No Radial Gap and Preload
through the Solid Mass Only.
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Figure 40: Distribution of Natural Frequency per Preload with a 1/16” Radial Gap and
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Preload through the Solid Mass Only.
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When the preload goes through the solid mass only, the variation of the natural frequency is consistent
regardless of the preload and gap size. There is overlap in the values of the natural frequency among all
of the preloads, reinforcing what was seen in the other experiments in this study, suggesting that the
preload is not a significant factor in the system stiffness and therefore the natural frequency. Additionally,
the natural frequencies do shift some with amplitude of excitation, but the values are within the spread
of the natural frequencies at a given input acceleration.

Regardless of load path, the preload cannot be used to predict either the value of the natural frequency
or the uncertainty in the prediction of the natural frequency. Additionally, the lack of spread in the natural
frequencies suggests that the natural frequency is relatively insensitive to assembly to assembly variation.
For modeling purposes, it is important to characterize the modes of the system, but the slight shifts in
natural frequency due to the nonlinearities of the system can be accounted for in the uncertainties of the
values of the natural frequencies themselves.

3.2.2.2 Effects of Preload on Energy Dissipation

The second parameter studied is the energy dissipation. Figure 42 through Figure 44 show the distribution
of the energy dissipation of the specimen as a function of input acceleration and preload for specimens
with a load path through the foam and solid mass. A power line is fit to the data to determine the
coefficient of the energy dissipation equation.
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and Preload through the Foam and Solid Mass.
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For the case of the load path going through the foam and solid mass, the amount of energy dissipation is
greater for the 700lb and 1000lb preload than it is for the 400lb preload. This result suggests that the
amount of preload influences how much the foam dissipates energy. For modeling implications, it is
important to know the preload and the relationship between preload and energy dissipation.

With the exception of the specimen with the 1/16” gap and 700lb preload, the amount of energy
dissipation increased with increasing amplitude. This is hardly surprising because some of the energy
dissipation is likely due to micro- and macro-slip between the solid mass and the foam. There is going to
be more slip, and therefore more energy dissipation, as the input acceleration increases. It is not clear
why the 1/16” gap and 700Ib preload combination produced a response that is out of family with the rest.
Since this is the only combination of preload, load path, and gap size where this occurred, this results
suggests that there was something unique about the foam cups used for this assembly.

As with the axially loaded experiments, the energy dissipation is plotted as a function of the input
acceleration on a log-log plot. With the exception of the specimen with the 700Ib preload and the 1/16”
gap solid mass, there is a clear linear trend, indicating a power relationship between the amounts of
energy dissipated and the input acceleration. This result agrees with theory [3] and previous studies [3-
12]. The theoretical value for the exponent of the power relationship is 2. For the specimens with the
load path going through the foam and solid mass, the exponents range from 1.28 to 1.64, which is lower
than the theoretical value and the results from the same configurations tested axially. The lower value
for the exponent suggests that the energy dissipation mechanism is not solely friction, which is what the
value of 2 is based on.

Figure 45 through Figure 47 show the distribution of the energy dissipation of the specimen as a function

of input acceleration and preload for specimens with a load path through the solid mass only. A power
line is fit to the data to determine the coefficient of the energy dissipation equation.
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When the load path goes through the solid mass only, the energy dissipation is greater in the cases with
the 700Ib and 1000Ib preload than the cases with the 400lb preload. This result reinforces what was seen
in the previous experiments, suggesting that the preload is an important parameter in predicting energy
dissipation. One of the possible mechanisms for energy dissipation is material damping of the foam, so
the preload could have an influence on how much material damping is present.

When the load path goes through the solid mass only, the energy dissipation increases with increasing
input amplitude. This result reinforces what we have seen in the previous experiments. The larger
amplitude of input leads to greater micro- and macro-slip, and therefore the amount of energy that is
dissipated.

As with all of the other experiments, the energy dissipation is plotted with respect to the input
acceleration on a log-log plot. The data show a clear linear trend, indicating a power relationship between
the amount of energy dissipated and the input acceleration. This result agrees with theory [3], previous
studies [3-12], and the other experiments in this study. When a trendline is fit to the data, the resulting
exponents have values ranging from 1.34 to 1.76, which is lower than the theoretical value of 2, but agrees
with the values of the specimens preloaded through the foam and solid mass when excited laterally.
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3.2.3 Effects of Snugness of Fit

As with assessing the effects of preload, when evaluating the effects of snugness of fit on the dynamics of
the system, two parameters are studied: the natural frequency and the normalized energy dissipation.

3.2.3.1 Effect of Snugness of Fit on Natural Frequency
The first parameter studied is the natural frequency. Figure 48 through Figure 50 show the distribution

of the natural frequency of the specimen as a function of input acceleration and gap size for specimens
with the preload path through the foam and solid mass.
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With the exception of the 700Ib preload, the snugness of fit has no statistically significant effect on the
variance of the natural frequency, indicating gap size does not affect the repeatability of the assembly
process. The variance of the natural frequency for the 1/16” gap specimens is significantly larger than for
the no gap and 1/8” gap specimens. For some reason there was significant variation in the stiffness and
thus likely the assembly process. Since this is unique to the circumstances of preload, solid mass size and
loading direction, it suggests that the variation is due to the foam cups and not the solid mass. There is
overlap of the natural frequencies among the different gap sizes, suggesting that the preload is not a valid
predictor of the natural frequency of the system.

Figure 51 through Figure 53 show the distribution of the natural frequency of the specimen as a function
of input acceleration and gap size for specimens with the preload path through the solid mass only. When
the preload goes through the solid mass only, the specimens show no appreciable difference in the
distribution of natural frequencies and the values of the natural frequencies.
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Figure 51: Distribution of Natural Frequency per Gap Size with a 400lb Preload through
the Solid Mass Only.
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Figure 52: Distribution of Natural Frequency per Gap Size with a 700lb Preload through
the Solid Mass Only.
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When the load path goes through the solid mass only, the snugness of fit has no appreciable effect on the
variance of the natural frequency. For modeling implications, if the item does not fit snugly in the foam,
it is not critical to know how loose it is to determine the natural frequency of the foam/item system when
the load path is through the part alone.

3.2.3.1 Effect of Snugness of Fit on Energy Dissipation

The second parameter studied is the energy dissipation. Figure 54 through Figure 56 show the distribution
of the energy dissipation of the specimen as a function of input acceleration and preload for specimens
with a load path through the foam and solid mass. A power line is fit to the data to determine the
coefficient of the energy dissipation equation. The amount of energy dissipation when the specimens
that are preloaded through the foam and solid mass is greater for the specimens that do not include a
radial gap than the specimens that contained a radial gap.
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Figure 54: Distribution of Normalized Energy Dissipation per Gap Size with a 400lb
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These results show that the snugness of fit has an effect on the energy dissipation. The amount of energy
dissipated when the specimens are preloaded through the foam and solid mass is greatest when there is
no gap between the solid mass and the foam. The amount of energy dissipation was lowest in the cases
when the radial gap was 1/16” and somewhere in between when the gap was 1/8”. This differs from
when the energy was applied axially. One hypothesis for the difference is that when the specimens are
excited laterally, there is less opportunity for impacting, which is an effective energy dissipation
mechanism. Therefore, there are fewer energy dissipation mechanisms when the excitation energy is
applied laterally. Thus, the foam being in contact all the way around the solid mass leads to better energy
dissipation than when there is a gap.

As done in previous studies [3-12], and previously in this study, the normalized energy dissipation is
plotted with respect to the input acceleration on a log-log plot. With the exception of the 1/16" gap, 700lb
specimen, the data show the anticipated straight line, indicating a power law relationship between energy
loss per cycle and the input acceleration. In the fitted results, the slope ranges from 1.28 to 1.64, where
2 is the theoretical value for a linear system with contact friction [3]. These values are well below the
theoretical value of 2. This result suggests that there is not perfect contact friction around the solid mass
and that the mechanism for energy dissipation is more complex than that.

Figure 57 through Figure 59 show the distribution of the energy dissipation of the specimen as a function
of input acceleration and preload for specimens with a load path through the solid mass only. A power
line is fit to the data to determine the coefficient of the energy dissipation equation.
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The results of the experiments where the load path is through the solid mass alone are similar to those
when the load path goes through the solid mass and the foam. This supports the hypothesis that due to
the lateral excitation, there is less opportunity for impacting when the excitation is applied axially which
can contribute to energy dissipation.

As done in previous studies [3-12], and previously in this study, the normalized energy dissipation is
plotted with respect to the input acceleration on a log-log plot. The data show the anticipated straight
line, indicating a power law relationship between energy loss per cycle and the input acceleration. In the
fitted results, the slope ranges from 1.34 to 1.76, where 2 is the theoretical value of the for a linear system
with contact friction [3]. As seen in the previous case, these values are well below the theoretical value
of 2. This result suggests that there is not perfect contact friction around the solid mass and that the
mechanism for energy dissipation is more complex than that.

3.2.4 Effects of Load Path

The effects of the load path on the experimental results are considered for the natural frequency, energy
dissipation, and amplitude and sweep order. The following paragraphs contain a discussion of the data
and their implications.

There is very little difference between the natural frequencies when the load path goes through the solid
mass and the foam. This suggests that the preload on the foam does not significantly change the stiffness
of the foam. Also, the system’s stiffness is dominated by the stiffness of the solid mass, so small changes
in the stiffness of the foam will not significantly change the overall stiffness, and thus the natural
frequency.

Under lateral loading, there is little difference in the energy dissipation of the system when the load path
goes through the solid mass and the foam or the solid mass alone. The friction that causes the energy
dissipation is consistent regardless of the load path when the system is loaded laterally. Some of the
impacts that occur during axial loading do not occur under lateral loads, so the energy dissipation is almost
exclusively due to friction, micro- and macro-slip. This leads to more consistent energy dissipation than
when impacts are present.

The load path has an effect on the significance of the sweep order of the test. When the load path is
through the foam and the solid mass, there is little change in the natural frequency but significant change
in the energy dissipation amount for the same amplitude the second time through the sweep series when
starting at 1g and going to 10g. However, when the sweep series starts at 10g and goes to 1g, there is no
change in the natural frequency and the energy dissipation. When the load path goes through the solid
mass only, there is a change in the natural frequency and energy dissipation regardless of the order of the
sweeps. This result suggests that at the higher amplitudes there is a loss of preload. The loss of preload
is larger and consistent in the foam, so when the load path goes through the foam, there is no more
change after the specimen is exposed to a 10g sine sweep. However, when the load path goes through
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the solid mass only, the system continues to change, indicating that the loss of preload continues to
change as the system is excited with vibration at different levels.

3.3 Loss of Preload During Testing

During the vibration process a certain amount of preload is lost. This loss of preload is due to the specimen
experiencing forces that are great enough to overcome that preload during excitation. To determine the
amount of preload lost, the exact value of the preload is recorded during assembly, and then the amount
of load required for disassembly is then recorded. The difference between the pre- and post-test load
values is the amount of preload lost. Table 3 summarizes the load data collected during testing. The
variability in the load is consistent regardless of the preload value. This small amount of variation means
that the uncertainty in the preload is fairly small. The variability in the amount of load for disassembly
was significantly larger than the amount of variability in the preload values. This observation means that
the amount of preload lost in each test is highly variable and a significant factor in the uncertainty. The
variation in the amount of preload lost is the same for the 400 and 1000 pound preloads, but it is higher
for the 700 pound preload. The loss of preload is probably a key factor in the change in the natural
frequency and energy dissipation seen from one sweep to the next.

Table 3: Preload and Disassembly Load Data
400lb 400lb 400lb 700lb 700lb 700lb 1000lb | 1000lb | 1000lb
preload | unload | loss of preload | unload | loss of preload | unload | loss of

preload preload preload
mean 413 251 162 719 469 251 1026 674 352
st. dev. 10 86 87 16 158 158 23 187 190
cv 0.024 0.342 0.540 0.022 0.336 0.630 0.022 0.278 0.539

3.4 Axial Tests: Shock Excitation

The configuration for this series of tests is a set of foam cups that are 2 inches in depth, the solid mass
that is 3 inches in diameter (i.e. the “no gap” specimen), and a preload of 700lbs. It should be noted that
the foam specimens used in this set of tests was a different set than the foam cups used in the sine sweep
testing. The specimens are then subjected to a series of shock pulses that were designed to excite the
natural frequency of Ministack. After the application of the shock pulse, the ring down is captured and
analyzed. From the ring down data, it is possible to determine the instantaneous effective stiffness and
effective damping, which allows for the determination of the type of nonlinearity present.

The shock pulses were applied in the following order: 8.5g, 12g, 17g, 24.5g, 35g. That sequence was then
repeated. The sequence was also repeated in the reverse order twice.
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Once the data was collected, the effective stiffness and damping could be calculated. The procedure to
calculate the effective stiffness and damping is outlined in [19] as well as in Section 1.2.1.4. The first step
was to establish an envelope for the ring down response, Figure 60 (Top). From that response it is possible
to calculate the instantaneous frequency, Figure 60 (Middle), and effective damping, Figure 60 (Bottom).
The instantaneous frequency stays constant over the time of the ring down. This result suggests that
when the excitation is transient in nature, the system stiffness does not change with amplitude as it does
with the harmonic excitation. The effective damping changes with time, increasing as the ring down ends.

After the envelope of the response, instantaneous frequency, and effective damping are calculated, it is
possible to plot the frequency versus amplitude, yielding the backbone curve, Figure 61 (Left), and
damping skeleton, Figure 61 (Right). Looking at the backbone curve, the stiffness does not change with
amplitude, which is different than what was observed in the response due to sine excitation. Investigating
the damping skeleton shows that the damping increases with amplitude, as would be expected in a system
with dry friction [19]. Again, this contradicts what was seen in the sine sweeps, where the nonlinear
damping showed an increase with increasing amplitude. A possible explanation for these phenomena is
that the dominant nonlinearity of this system is sensitive to the type of excitation.

Once the backbone and damping skeleton are calculated, it is possible to use the mass from the system

to calculate the effective stiffness and damping, which can be used as parameters for models. The
effective stiffness and damping curves can be seen in Figure 62.
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Comparing the effective stiffness and damping from the ring down effects at the 5 different excitation
amplitudes yields some interesting observations. First, the effective stiffness does not change with the
different excitation amplitudes, Figure 63 (Left). This is notable because the stiffness changed based on
excitation levels when the excitation method was harmonic. Second, the effective damping curves, while
showing a similar trend, differ depending on the excitation amplitude of the transient function, Figure 63
(Right). This result suggests that the response of the system is dependent on starting point of the system.
The loading history is important to the response, which is indicative of a nonlinear system. It should also
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be noted that damping calculated from a lower level excitation cannot be used to extrapolate to a higher
level of excitation.
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Figure 63: Effective Stiffness and Damping Estimated from the Backbone Curve for
Multiple Excitation Amplitudes.
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4. CONCLUSIONS

A series of upward sine sweeps, upward and downward sine sweeps and a transient excitation were run
on Ministack, which is a simple system representing a metal component packaged in foam. The measured
results give insight into the influence of input amplitude, snugness of fit, load path and sequence of testing
on the energy dissipation and natural frequency in the system. Additionally, the data can give estimates
of effective frequency and stiffness as a function of amplitude. For the harmonic excitation, as the
amplitude of excitation increases, the natural frequency decreases and the amount of energy dissipated
each cycle increases. The foam to metal interface seems to be responsible for this behavior due to friction,
impact, loss of preload, and material damping. The nonlinear nature of these physics presents itself in
the measured transfer functions and estimated parameters.

The first set of results show the effect of the order of the amplitudes of the sine sweeps. When the sine
sweeps start at a low amplitude and increase, the natural frequency from the second run shifts to a lower
frequency in comparison to the first run. Similarly, the amount of energy dissipation is lower on the second
run. When starting the test series at a high amplitude and decreasing the amplitude there was no
appreciable difference in the parameters. Starting the run with a 10g load case may cause the mass to
initially settle and lose some of its preload, which could explain why the order of sweep amplitude
influence the behavior.

Three different size sold masses were tested along with sets of foam cups with two different depths, which
change the load path of the preload. Regardless of the load path, the snugness of fit has no statistically
significant effect on the variance of the natural frequency, indicating gap size does not affect the
repeatability of the assembly process. When the load path goes through both the mass and the foam, the
snugness of fit has an impact on the natural frequency. The smaller gap case has higher natural
frequencies than the no gap case and the larger gap case has lower natural frequencies than the no gap
case. When the load path goes through the mass alone, the natural frequency is higher in the case where
there is no gap than in the cases where there are gaps. These results suggest that the snugness of fit has
a larger effect on the stiffness of the system when the load path goes through the mass and the foam than
when the load path goes through the mass only. Additionally, the uncertainty of the natural frequency is
larger in the case of the preload going through the mass and the foam, likely due to the variation in the
foam.

The results of this study show that the snugness of fit has an effect on the energy dissipation. Regardless
of load path, the amount of energy dissipated is greatest when there is a radial gap. It is likely that the
increased energy dissipation in the presence of a radial gap is due to mechanisms of energy dissipation
that occur when there is a radial gap in addition to the contact friction that is present when there is no
radial gap. For modeling implications, these results suggest that it is important to understand the amount
of friction that occurs between the contacting surfaces but also the coefficient of restitution for impacts.
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The results of the study show that there are several methods of extracting nonlinear features from the
data. In addition to demonstrating the insight gained from multiple analysis techniques, these
experiments demonstrate the significance of different experimental excitations and their effect on the
resulting analysis. Comparing the FRFs at different amplitudes for the harmonic excitation clearly
demonstrated that there were nonlinearities in stiffness and damping. The Hilbert transform on the sine
sweep data showed that not only were there nonlinearities present, but that they were due to stiffness
and damping. Additionally, looking at the effective stiffness and damping from the ring down from a
transient excitation, it was possible to determine that some of the nonlinearity is due to dry friction. The
results for the sine sweep and the transient data indicated different nonlinearities. This suggests that the
method of excitation can expose different aspects of the nonlinearities in the system.
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