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Mechanical Behaviour of Tangled Metal Wire Devices

Kartik Chandrasekhar*, Jem Rongong, Elizabeth Cross
Sir Frederick Mappin Building, Mappin Street, Sheffield, S1 8JD, UK.

Abstract

Tangled metal wire (TMW) devices can be used as damping elements in ex-
treme environments where traditional materials such as viscoelastic polymers
deteriorate or become ineffective. Dynamic properties of TMW devices are
highly nonlinear because the microstructure consists of coiled metal wires that
are compressed together. This paper examines the sensitivity of their dynamic
stiffness and damping to loading conditions, in particular, pre-compression, dy-
namic amplitude and frequency of excitation. Using displacement-controlled
experiments, it is shown that properties depend strongly on pre-compression
and dynamic amplitude as would be expected in a structure comprising many
frictional contact points. Frequency dependence is shown to be negligible over
a broad frequency range that encompasses the region of interest for typical ma-
chine applications. This work identifies slow dynamic effects, with timescales
of the order of around 10 seconds, which show that quasi-static testing, which
is sometimes used for these materials, will not provide accurate estimates of
dynamic properties.

Keywords: damping, hysteresis, friction, quasi-static and dynamic behaviour

1. Introduction

Tangled metal wire (TMW) devices are made by weaving together helically

coiled wires and compressing them in a mould to produce a desired shape [T,
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2, [3]. There is growing interest in employing them as passive vibration control
elements because their performance does not degrade in extreme environments.
This has led them to be used in spacecraft [4, 5], turbomachinery [6 [7] and
cryogenic [8] applications. TMW devices have been produced using several
materials including steel [§8], titanium [J], and nickel based superalloys [10].
Remarkably, TMW devices have also been manufactured using shape memory
alloys [I1].

The vibration behaviour of TMW devices is comparable to equivalent ones
made from rubbery polymers and, consequently, they are sometimes referred to
as “metal rubber” devices. Their properties are affected by the type of wire
used [I2] and the microstructure that is created during manufacture. This mi-
crostructure is heterogeneous: X-ray scans reveal that it is formed of closely
packed, interwoven coils whose distribution and orientation are somewhat in-
consistent throughout the volume [13] [14].

As with any dampers used to tackle vibration problems, the mechanical
properties of TMW devices rely on their geometrical dimensions. Researchers
have found that if the size of the device is large compared to its microstruc-
ture, it is reasonable to assume homogeneity [14]. Therefore, stiffness can be
obtained directly from the nominal elastic modulus, and the loss factor can
be assumed to be constant. However, due to the nonlinear strain dependence,
unusual geometries that result in non-uniform strain could provide unexpected
behaviour.

Quasi-static, uniaxial load-deflection tests, conducted by many different
teams of researchers, show that stiffness increases with compression level and
that the load-deflection hysteresis loop is not symmetric. As Poisson's ratio
is typically low [I3], uniaxial compression results in increased density. It is
commonly concluded that compression increases the number of wire-to-wire
contacts.

As there are currently no reliable models that can predict dynamic perfor-
mance based on device construction, successful selection and design of an TMW

device for a particular application relies on previous experience, and a certain
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amount of trial and error. Much of the current research effort in this field is
therefore focused on developing understanding of the mechanisms that govern
behaviour, and their relationships to the microstructure. Complicating factors
that delay consensus are that performance depends on the characteristics of the
dynamic load and that there is inherent variability of the microstructure even
for nominally identical specimens. Thus, the explanations provided by different
research teams for particular behaviour can appear to be in conflict.

One area where uncertainty remains is the explanation of the way in which
energy dissipation is affected by loading. In operation, TMW devices are usually
subjected to pre-compression to ensure that they avoid tensile loads that can
cause them to disintegrate. Most researchers accept that dynamic behaviour de-
pends on the relative importance of three possible contact conditions between
adjacent wire segments: open, sliding and sticking [I5]. At very low compres-
sion levels, behaviour is dominated by open contacts (i.e. no contact) with
deformation occurring in the wires in a linear elastic manner, and therefore
energy dissipation is negligible. At very high compression levels, on the other
hand, slip at most contacts is eliminated. Loads can exceed plastic limits, caus-
ing permanent bending of wires and local deformation at wire-to-wire contacts.
Operation is this stage is generally avoided [16]. When the compression level
lies in between these extreme conditions, slip can occur at contacts between
adjacent coils.

The nature of the sliding contact has been discussed extensively. It is gen-
erally accepted that the stiffness reduces somewhat as the dynamic amplitude
is increased and that this is caused by slippage at previously sticking contacts.
There is less agreement, however, regarding the mechanism by which energy is
dissipated. Experimental results showing that the addition of oil to an TMW
device reduced the damping negligibly has led some to suggest that the damp-
ing may not be Coulombic in nature [I7], and should be represented using
a hysteretic model [I8]. However, a typical hysteresis loop for an TMW de-
vice has sharp corners at the extreme displacements indicating that a classical

hysteretic model is not appropriate [I9]. While models employing combined
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Coulomb friction and viscous behaviour have been proposed [19, 20], there is
no clear experimental evidence to show that they are any more than convenient
phenomenological models that fit specific data sets.

One of the main arguments for including damping of any kind other than
Coulomb friction has been to explain frequency dependence evident in some pub-
lished results. While most published data refers to quasi-static tests, a number
of researchers have conducted dynamic tests at different excitation frequencies
[16, 19] 211 10l 22]. Hou et al. noted a reduction in damping with increasing fre-
quency over the range 1 to 10 Hz [19]. When studying TMW bearing supports
subjected to random vibration loading, Ma et al. noted that as frequency in-
creased, the stiffness increased and the damping increased to a maximum before
decreasing [21]. Zhang et al. tested TMW specimens over a frequency range of
1 to 200 Hz and noted that with increasing frequency stiffness increased signifi-
cantly while damping reduced only slightly [I0]. Zhang, K. et al., however, from
evaluating TMW isolators at frequencies up to 3 Hz, stated that frequency did
not affect damping behaviour [22].

The lack of agreement regarding performance is significant, as the differing
viewpoints cast doubt on any model that is used to represent TMW. Successful
models so far have typically been fitted models (for example, see the work by
Zhang, B. et al. [20]) for particular specimens and input amplitudes. These are
limited in value since the parameters in the fitted models, in general, cannot
be extended to other TMW devices. The aims of this paper therefore are to
investigate the effects of pre-compression, dynamic amplitude and excitation
frequency on a set of test specimens and to relate these findings to conclusions
made previously.

It should be noted that an extensive study involving these parameters has
previously been performed by Zhang et al. [I0]. In that work, a dynamic
mechanical analysis (DMA) machine was used to take measurements. While
the results from that study are valuable, particularly because they used a large
number of nominally identical specimens to give statistical information such

as the standard deviation in properties, a particular limitation was the type
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of loading that the equipment could deliver. Tests were conducted under a
form of load control, where the actuator provided nominally sinusoidal forcing
and the peak amplitude was adjusted to meet set levels. The key difference in
the work described here is that closed loop waveform control is applied to the
displacement signal. The advantage of this approach is that it allows like-for-
like comparisons to be made as the frequency and amplitude of the loading is

altered.

2. Methodology

TMW devices are typically designed to have a particular relative density.
The relative density, p is a measure of ratio of the mass of the specimen divided
by the volume of the wires within the microstructure relative to the mass of
a solid block of same geometry to its volume. As Zhang et al. demonstrated,
specimen variability for TMW devices are considerable, with mechanical prop-
erties varying as much as 10% [10]. Whilst the results by Zhang et al. [I0] bears
significance, the main objective of this paper is to understand the underlying
principles that dictate the mechanical behaviour of TMW devices. To achieve
this, displacement controlled quasi-static, low frequency dynamics, and high
frequency dynamics tests are carried out on the TMW devices in an effort to
observe and understand the changes in the mechanical properties of the TMW
devices over a range of inputs. The quasi-static response of the TMW devices
helped form the dynamics test plan.

The results presented in this paper consist of 4 washer shaped specimens
made of Grade 304 stainless steel wires with a nominal wire diameter of 0.15
mm. Wire-drawing was performed on the initially helical spiral wires, of nominal
coil diameter of 1 mm. The drawn wires were then woven, and compressed in
a mould. Two specimens had a relative density of 0.18, whereas the other two
had a relative density of 0.23. The specimens had an average outer diameter of
18.4 mm, an average inner diameter of 7.79 mm, and an average height of 5.96

mm. In general, the practice of manufacturing TMW devices involves producing



several TMW devices, testing them, and observing if they fit the design criteria.
If they do not pass the test, they are disposed.

Figure [I] shows one of the specimens considered in this research work.

Akt
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Figure 1: Tangled metal wire device

Hysteresis curves of linear systems have traditionally been associated with a

130 nominal stiffness coefficient and a loss factor. As it has been briefly discussed in
the literature survey of Section [} and will be seen in more detail in this paper,

the hysteretic behaviour of TMW devices is nonlinear and the hysteresis curves

are asymmetrical. As there are no standard guidelines regarding the analysis

of nonlinear hysteretic systems, the behaviour of TMW devices were analysed

135 in terms of an average stiffness coefficient, and an effective loss factor. The

procedure to obtain these quantities is listed below.

1. The origin for the force and displacement values was reset half way between
the maximum and minimum values.
2. The force-displacement hysteresis curve was “split” into 100 distinct ver-
140 tical slices across the span of the displacement axis. A mean value was
then obtained for each slice.
3. The elastic part of the curve was estimated by fitting a polynomial through
the average values for each slice generated in Step 2. This can be seen
as the solid black curve in Figure 2] The stiffness at any point is the

145 derivative of the polynomial equation, and the average stiffness coefficient
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was defined as the stiffness at the midpoint of the hysteresis curve. The
order of the fit was based on the overall shape of the hysteresis curve. In
the work presented here, a 5" order polynomial was considered adequate.
It was noted that higher order polynomials were more sensitive to variance
in the data.

4. The energy dissipated per cycle (area between the loading and unloading
curves) and potential energy (shown in Figure [2 as the shaded grey area)

were calculated by trapezoidal numerical integration.

A (Xmax > Fmax )

Force

Displacement

(Xmin- Fmin)

Figure 2: Example of a hysteresis curve with origin beginning at the midpoint of force-

displacement data

The loss factor 7 is a measure of the damping capacity of a material and is

commonly defined as,

n= % (1)

where the numerator, AW is the energy loss per cycle and U is the maxi-
mum energy stored during the cycle. However, this cannot be used directly with
a TMW specimen that is subject to vibration around a pre-compressed equi-
librium condition because the hysteresis loops may be unsymmetrical. Instead,

by considering the stored energy either side of equilibrium, with reference to

Figure 2, it is possible to write,
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where F(x) is the function of force, F', with respect to displacement, x. Note
that U is now the average peak stored energy. In this work, the values of AW

and U were obtained numerically using trapezoidal integration.3

3. Quasi-static behaviour

The term quasi-static used in this paper refers to loading rates on a material
where inertial and rate-dependent forces can be ignored. Steady state, quasi-
static tests were carried out on washer shaped TMW specimens using a 5 kN

hydraulic test machine.

3.1. Fxperiment

The MTS system applies displacement controlled compressive loading using
a hydraulic ram. Data acquisition captured the force and displacement time
histories at a rate of 800 samples per second.

Based on recommendations from other researchers, the maximum applied

strain on the specimens was restricted to 0.1, although noting that pre-conditioning

exercises were performed on all specimens to nominal strains of 0.12. Therefore,
compression was applied to a maximum of 0.6 mm, at a rate 0.006 mm/s. The
specimens were then unloaded at the same rate. There were small changes to
the specimen height after the first quasi-static loading and unloading cycles.
These changes were partially attributed to flattening of the uneven TMW sur-
faces. Previous research, reported by Chandrasekhar et al. [23], had shown
much more drastic changes in specimen dimensions than those observed in this
present research. In the original work, specimens were tested with no prior
pre-conditioning, and also with no knowledge of previous loading histories. The
pre-conditioning exercises on each of the tested specimens helped to curtail di-

mension changes. Since the specimens had already undergone compression to
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higher loads, applying lower strains to the specimen produced more repeatable
results.

The tests were carried out three times to ascertain repeatability of each spec-
imen. For the first load/unload cycle, a pre-compression force of 20 N was ap-
plied for each specimen. This ensured that there was complete contact between
the surfaces of the hydraulic ram and specimens tested. For the succeeding set
of experiments on each specimen, the starting position of the hydraulic ram
and the compression displacements were maintained, noting that there was a

negligible change in specimen dimensions after the first cycle.

3.2. Results and Discussion

A typical displacement time history from the quasi-static testing carried out
is shown in Figure [3] for relative density, p = 0.18, Specimen 1. It can be seen
that after each load increment, the specimen was allowed to dwell for 10 seconds
to allow properties to stabilise. Figure[d]illustrates the corresponding force time
history for the same specimen. Noise on the raw force signal was noticeable but
as the standard deviation was approximately 0.8 N, it was decided that the data
collected were acceptable for these investigations. It should be noted that the
measured signal which was considered to contain noise may have also contained
the response of the specimens undergoing local slip within the microstructure.
As the experimental procedures for the rest of the specimens are identical, the

respective time histories of displacement and force are not shown.
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Figure 3: Quasi-static displacement time history for p = 0.18, Specimen 1

0 100 200 300 400
Time, s

Figure 4: Quasi-static force time history for p = 0.18, Specimen 1

After each load increment in Figure [4] relaxation occurs in an exponential
manner, and as the loads are increased, the magnitude of the relaxation in the
a0 force signal increases. This can be explained by the fact that the compressive
forces cause the number of contacts in the microstructure to increase, restricting
the rate at which the wires reorganise their positions. The relaxation process has
a time constant of approximately 6 seconds. This time constant was considered
to be the duration for the static force response to become stable, within the
25 bounds of the noise threshold.

There is a significant decrease in force after the first unloading step, and

10
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as the specimen is unloaded further, there is a drop in the rate by which the
force reduces. The relaxation phenomenon also occurs when the specimen is
unloaded, but this occurs in the opposite direction, with a similar trend as in
the loading stage i.e. the magnitude of the relaxation and relaxation time is
higher at higher loads. It can be observed that the magnitudes of the relaxation
effects in the loading and unloading stages are different. An explanation for
this is that the wires, which store energy from the deformations, are ‘locked’
in position by friction at the contact interfaces. They can only be released if
a force greater than the friction force holding them in place is supplied. The
restoring forces are not greater than the friction forces, and hence, the specimen
‘sets’. That is, the geometric conditions of the specimen after the load has been
applied is different than the original geometric condition. It is interesting to note
here that the possibility of the contacts being released due to a different loading
input was previously noted when a specimen regained its original geometric
configuration after being accidentally dropped [23].

Figure [5] illustrates the quasi-static force-displacement hysteresis curves of
all the tests conducted on Specimen 1. The curve labelled ‘Test 1’ corresponds

to the data from Figures [3]| and [4] plotted against each other.

80

Tests2& 3
Test 1

0 0.2 0.4 0.6
Displacement, mm

Figure 5: Quasi-static force-displacement curves for g = 0.18, Specimen 1, Tests 1, 2, and 3

The 20 N pre-compression load applied to the specimen at the start of the
loading stage for Test 1 is seen in Figure The force returned to a value
of 5 N when the ram returned to its initial position. The starting point of

the compressive loading for the second, and third experiments carried out on

11
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the specimens were the same as in the first experiment even though the pre-
compressive load had reduced.

It is also seen that the loading starts and unloading stops at a force of 5
N for both Tests 2 and 3, indicating that no further change in the geometric
dimensions of the specimen had taken place. It can be seen that there is a change
in stiffness between Tests 1 and 2, which is attributed to the pre-compressive
load being applied. The results for Tests 2 and 3 indicate similar stiffness
characteristics - both in loading and unloading. Pre-compressing the specimen
to a higher load in the first load /unload cycle enforced the surface to be even,
and when unloaded and reloaded, the results were highly repeatable.

The relaxation effect mentioned previously is seen as spikes on the hysteresis
curves. As the specimen is loaded, its stiffness gradually increases nonlinearly.
However, the nonlinearity of the loading curve is moderate, when compared to
the unloading curve. The largest changes in stiffness occur when the specimen
is at its greatest deflection.

An explanation for the observed results is as follows: while the material is
being incrementally deformed, new contacts are created within the microstruc-
ture, and each wire interface possesses a contact force. Some part of the mi-
crostructure deforms elastically, whereas other parts deform in a plastic-like
(or quasi-plastic) manner. The quasi-plastic behaviour is seen as a result of
the friction locking of the wire interfaces following the application of a load,
plasticity occurring at the contact interfaces, as well as plasticity in the indi-
vidual wires due to bending and torsion. Since the loading is shared in the
microstructure, the overall stiffness increase is gradual. The microstructure at
maximum displacement has more contacts and contact forces when compared
to the undeformed state. When the loads are released, the spring-like nature
of the elastic wires cause part of the microstructure to go back to its original
state. This causes the number of contacts, and contact forces, to drop rapidly.
This in turn causes the stiffness to drop. In parallel to this process, the part
of the microstructure that is quasi-plastic also begins to unload. However, as

this process is slower, the rate of change of the number of contacts, and contact

12



275

270

forces, decreases as the specimen is unloaded, thereby causing the reduction in

stiffness to be gradual.

Figure [6] shows the quasi-static test results for the remaining specimens. It

is clear the hysteretic path followed by each specimen is nearly identical.

80
150
60
z Z 100
840
(o] (o]
[T [T
50
20
0 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Displacement, mm Displacement, mm
(a) (b)
120
100
80
z
o 60
o
£ 40
20
0
0 0.2 0.4 0.6
Displacement, mm

(c)

Figure 6: Quasi-static force-displacement curves of all tests performed on: (a) p = 0.18,

Specimen 2, (b) p = 0.23, Specimen 1, and (c¢) p = 0.23, Specimen 2

Table [I] summarises the average coefficients of stiffness calculated for the
results shown in Figures [§ and [} Note that the stiffness coefficients were not
computed for the first tests of each TMW specimen since the hysteresis curves

were not complete, as seen in Figures 5] and [6}

13
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Relative | Specimen | Average Stiffness,
Density, p ID N/mm
Test 2 Test 3
1 73.9 72.3
0.18 2 77.6 76.7
1 152.1 154.0
0.23
2 95.2 96.6

Table 1: Estimated average coeflicients of stiffness of quasi-static tests performed on the

respective specimens

It is noted that the differences in the average coefficients of stiffness for the
specimens with the higher relative density (p = 0.23) are considerable. These
differences are attributed to the variability in the microstructural conditions
that occur when the TMW devices are woven before they are compressed in the
mould. Therefore, it is expected that devices produced under similar conditions

may have varying mechanical properties.

4. Dynamic Behaviour

Rate-dependent or inertial effects alter the properties of many damping ma-
terials. To understand the significance of these factors, testing was carried out
under different loading conditions. This section examines both the low frequency
(where frequencies are below 20 Hz), and high frequency (where frequencies

range between 50 Hz and 400 Hz) behaviour of TMW devices.

4.1. Hypotheses being tested

Prior to the dynamics experiments, the following hypotheses for the average

dynamic stiffness and loss factor were proposed.

4.1.1. Average dynamic stiffness

For the average dynamic stiffness, it was hypothesised that:

14



295

300

305

310

315

320

1. An increase in the number of contacts, and formation of new contact
forces as the pre-compression increases leads to an increase of the average
dynamic stiffness coefficient for a given dynamic displacement.

2. When a specimen is maintained at a given pre-compression, wires are
forced to travel a greater distance as the dynamic strain is increased.
This results in a reduction of the average dynamic stiffness coefficient for
the specimen.

3. It has been established that when a specimen is externally loaded, the mi-
crostructure densifies. When densification occurs for any given wire under
consideration within the microstructure, it requires that other neighbour-
ing wires cooperatively adjust their positions for the wire under considera-
tion to occupy a new space/void within the microstructure. This is a slow
relaxation process that is proportional to the density of the microstructure
[24]. An increase in the frequency causes the wires to oscillate at faster
rates. This reduces the time for the slow relaxation processes to take

place. Therefore an increase in specimen stiffness should be observed.

4.1.2. Loss factor

When TMW devices are at equilibrium, the contacts within the microstruc-
ture remain in a “stick” state. As loading occurs, a transition between “stick”
to “slip” occurs. This transition may not occur across the entire microstruc-
ture simultaneously, with some regions slipping more than others. Under the
assumption that the primary energy dissipation mechanism in TMW devices is

friction, it is hypothesised that:

4. An increase in the static displacement causes the formation of several new
contacts between the wires in the microstructure. When the specimen
is subjected to oscillatory motion, the contacts begin to move relative to
each other, and sliding takes place. This should cause an increase in the
loss factor. However, if the specimen is pre-compressed beyond a critical
threshold, the large number of contacts within the microstructure may

restrict sliding, and so the loss factor will drop. Furthermore, referring

15
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to Equations [I| and [2} as the dissipated energy increases by O(z) and the
strain energy increases by O(z?), the loss factor will eventually reduce
after a critical static displacement level is surpassed.

5. As the dynamic displacement increases whilst the static compression is
maintained, the contacts are forced to slide over a longer distance. As
stated in the previous hypothesis, once a critical dynamic displacement is
exceeded, the loss factor may reduce due to the relationship between the
dissipated energy and the strain energy.

6. The short term relaxation effects occurring within the microstructure in-
troduce a lag into the response of the microstructure. This lag aids in
increasing the loss factor. However, as the frequency is increased, the
rapid motion of the microstructure will mitigate the effects of the lag, and

thus, the loss factor would reduce.

4.2. Low Frequency Behaviour

The MTS test system discussed in Section |3| was also employed for this
work. The system was used to apply prescribed displacements with a sinusoidal
waveform at four frequencies: 1 Hz, 3 Hz, 10 Hz, and 20 Hz. The amplitudes of
the static and dynamic strains that were applied during these tests are shown
in Table[2| Testing was conducted using displacement control as with the quasi-

static testing.

Static Strain | Dynamic Strain
1% 1%, 2%
5% 1%, 2%, 5%
9% 1%, 2%

1% (unloading) 1%, 2%

Table 2: Range of static strains and dynamic strains examined

16
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4.2.1. Experiment

An example of the displacement time history of the experiments can be seen

in Figure[7]

o
-

Displacement, mm
> 5 &6 o o
= w N - o

o
3

S
=)

s
2

200 400 600 800 1000 1200 1400
Time, s

Figure 7: Displacement time history of dynamic test data

The specimens were allowed to relax between each load increment for 10
seconds. The applied strain rate for the ramp load in between experiments
was 0.001/s. This allowed a comparison to be made regarding the changes in
properties before and after the core dynamic testing.

In order to allow the specimen to stabilise, the test was run for a number
of cycles, depending on the frequencies being tested. These can be summarised
in Table Approximately, the last 20 cycles for each excitation frequency
were considered for the subsequent analysis. This allowed the analysis to be

performed on only the steady-state behaviour.

17
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Frequency, Hz | Number of cycles
1 50
3 100
10 150
20 200

Table 3: Number of cycles at the different frequencies tested

At each level of static strain shown in Figure [7] the four frequencies being
tested, as well as the various applied dynamic strains, can be seen. It can
be seen that as the frequency was increased, the peak value of the dynamic
strain reduced for any given applied static strain. This was attributed to the
test system exceeding its rated loading capacity. Digital low pass filtering was
applied to the displacement and force data to eliminate high frequency noise
greater than 10 times the excitation frequency.

The hysteresis curves resulting from the low frequency testing were also
nonlinear and asymmetrical, and the results were analysed using the approach

described in Section 2l

4.2.2. Results and Discussion

The average dynamic stiffness and loss factors were studied as a function of
dynamic amplitude, over the range of static and dynamic loading.

The results for the average stiffness can be observed in Figure[§] Note that,
“SS” in the legends stands for static strain. Hence, for example, SS1 stands for

1% static strain.

18
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Figure 8: Average stiffness variation with dynamic strain over range of static strains and
frequencies for (a) p = 0.18, Specimen 1, (b) g = 0.18, Specimen 2, (¢)p = 0.23, Specimen 1,
and (d) p = 0.23, Specimen 2

The results from Figure[§](a) - (d) show that there are three sets of data that
lie on three distinct curves. For a given static strain, results lie approximately
along a single curve irrespective of frequency. As the dynamic strain is increased,
the average stiffness coefficient is seen to reduce. On the other hand, for a given
dynamic strain, the average dynamic stiffness coefficient increases with static
strain.

The average stiffness behaviour for all specimens show similar trends. Over-
all, from the results seen in Figure [8} it can be concluded that the most im-

portant parameters affecting the average dynamic stiffness coefficients were the
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static (pre-compression) and dynamic strains acting on the specimens. The av-
erage stiffness was seen to rise dramatically with a reduction in dynamic strains.
Hence, the results are in agreement with Hypotheses 1 and 2. With respect to
Hypothesis 3, the effects of frequency were not seen to a significant extent, and
it can hence be assumed that there is no obvious frequency dependence, which
is a characteristic of Coulomb friction systems. A set of experiments was also
performed on the specimens during the unloading process. It was found that
the mechanical properties remained consistent (to within 1%).

A comparison of a dynamic hysteresis loop and the equivalent quasi-static
one is presented in Figure 0] It can be seen that the dynamic hysteresis loop
is slightly thinner, aligning more with the pre-relaxation behaviour seen for the
quasi-static hysteresis loop (identified by the inward-pointing spikes in the loop).
This indicates that the time periods involved in the dynamic testing (defined

by excitation frequency) were above those required for relaxation.

80

— Quasi-static
70 || ——Dynamic

0 0.1 0.2 0.3 0.4 0.5 0.6
Displacement, mm

Figure 9: Comparison of quasi-static and dynamic stiffening behaviour at a static strain of

5% and dynamic strain of 5%

Figure [10| (a) - (d) show the loss factor as a function of dynamic strain for

all the specimens.
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Figure 10: Loss factor variation with dynamic strain over range of static strains and frequencies
for (a) p = 0.18, Specimen 1, (b) p = 0.18, Specimen 2, (c)p = 0.23, Specimen 1, and (d) p =
0.23, Specimen 2

The damping behaviour of all specimens are shown to follow similar trends
to each other. It can be seen that the static strain has a small effect on the
loss factor. For example, focussing on p = 0.18, Specimen 1, Figure [10] (a), and
considering results at 3 Hz, the loss factor increases from 0.432 to 0.485, and
then drops to 0.476 as the static strain is increased from 1% through 5% to
9%. This agrees with Hypothesis 4 and is the expected behaviour for Coulomb
friction damping.

The results observed are in agreement with Hypothesis 5. The higher travel

of the wires with increased dynamic strain causes an increase in the loss factors.

21



410

415

420

425

At high dynamic amplitudes, the loss factor can be seen to reach a plateau. If
dynamic amplitudes are increased further, it is expected that loss factors would
reduce - in line with expected behaviour for Coulomb friction. This type of
behaviour has previously been suggested by Ponomarev [25] (although in that
particular work, different loading regimes were considered).

Considering Hypothesis 6, Figure [I0] shows that excitation frequency does
not appear to have a significant effect on the loss factor over the range consid-

ered.

4.3. High Frequency Behaviour

High frequency testing (50 - 400 Hz) was carried out on the same speci-
mens discussed thus far, allowing direct comparisons to be made between the

experiments.

4.8.1. Experimental Setup

In order carry out these experimental investigations, a bespoke test structure
was designed with the aid of finite element analysis. This structure had to
hold the specimen at a set pre-compression and allow dynamic excitation to
be applied via an electrodynamic shaker. It was designed so that its lowest
natural frequency was above 2.5 kHz. This ensured that the maximum distortion
of measured signals caused by structural resonances was less than 1%. The
schematic of the test structure, including the vibrating components can be seen
in Figure[L1] For clarity, the moving (vibrating) components of the test structure

are indicated with a textured grey colour.
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Figure 11: Schematic showing the final setup for the high frequency test structure

The structure comprised four cylindrical support pillars, which connected an
upper cylindrical ring support, and the structure base, as shown in Figure
The base was attached directly to a DataPhysics V20 electrodynamic shaker. A
cylindrical shaft connected the shaker armature to a force transducer, which was
then attached to a moving (vibrating) plate. Bias springs, which were placed
between the moving plate and the base of the structure, provided restoring
forces to specimens. As the plate moved, the deformation of the springs was
identical in magnitude but opposite in direction to that experienced by the
specimen, which was placed in between the moving plate and the loading bolt.
The loading bolt was used to apply pre-compression to the bias springs and
the specimen. The moving plate had a recess on one side to accommodate an
accelerometer. Some mass was removed on the opposite side of this recess to
avoid imbalance on the moving plate as it oscillated.

The results from Section indicated that the TMW devices were sig-
nificantly stiff, especially at lower dynamic amplitudes. The choice of the bias
spring stiffness coefficient was considered very important in the experimental

setup. If a spring with a very low stiffness coefficient were to be chosen, the
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specimen would not have been able to be pre-compressed, whereas if the stiff-
ness coefficient was too high, the system response would have been dominated
by the springs.

The line diagram in Figure illustrates the flow of data during testing.
Data from the accelerometer was fed into a 2% order low pass Butterworth
filter with a cut-off frequency of 1500 Hz. The filter output was then passed to
a CompactRIO 9024 input, which was used as a PI controller. Note that the
Butterworth filter was only applied to the signal being fed into the control loop,
and the filtering procedure on the acquired data was a separate task, which will
be discussed in Section

There were two outputs of the CompactRIO system. The first was the PI
controller output, which was sent into the input channel of a Data Physics
PA300E 300 W power amplifier. The other output fed the generated ideal sine
waveform into the data acquisition system, in the form of a PicoScope 4423
digital oscilloscope. The two other signals which were fed into the PicoScope
device were the unfiltered signals from the accelerometer and force transducer,
respectively. The ideal sine wave and unfiltered accelerometer signal were used

to tune the PI controller. Data acquisition was carried out at a rate of 50 kS/s.

Sensors

Force Accelerometer | Acceleration
transducer feedback

v ¢ Reference
Signal Signal signal

Amplifier

PI output

i i PI controller
conditioner conditioner

Fre l l a
Picoscope '
4423 g/l/

User defined amplitude,
frequency, and PI gains

Figure 12: Line diagram of controller and data acquisition system
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4.3.2. Experiment
465 In addition to the study of high frequency behaviour, other characteristics
that were investigated included the behaviour at different static compressions,
and dynamic amplitudes, similar to those discussed in Section [4.2.1
The TMW specimens were tested at six frequencies, between 50 Hz and
400 Hz. The range of frequencies (50 - 400 Hz) was a limit imposed due to a

w0 combination of:

e the accelerometer used: the acceleration amplitudes for the required dis-

placement amplitudes were very low below 50 Hz.

e the PI controller: the controller performance deteriorated above 400 Hz.

Table 4] summarises the static amplitudes, frequencies, and dynamic ampli-

a5 tudes tested at the corresponding frequencies.

Static Strain Frequency, Hz | Dynamic Strain
50 1%, 2%
80 1%, 2%
1% (for higher 7 _ ) 100 1%, 2%
o (for higher p specimens
200 0.5%, 1%, 2%
3% (for lower p specimens)
300 0.25%, 0.5%, 1%
400 0.1%, 0.25%, 0.5%
50 1%, 2%, 5%
80 1%, 2%, 5%
100 1%, 2%, 5%
5% (for all specimens)
200 0.5%, 1%, 2%
300 0.25%, 0.5%, 1%
400 0.1%, 0.25%, 0.5%

Table 4: Range of static and dynamic strains examined for the respective frequencies tested
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The pre-compression applied to the specimens was estimated from the static
deflection of the bias springs. There were some important justifications made

from Table [}

e For the lower relative density specimen, it was noted that with an applied
pre-compression strain of 1%, the applied dynamic strains caused a loss
of contact between the loading bolt and the specimens being tested. To
avoid this, the applied pre-compression was increased to 3% only for the

lower relative density specimens.

e At a static strain of 1%, dynamic peak-to-peak amplitudes of up to 2%
were tested between 50 Hz and 100 Hz. This ensured that there was no
loss of contact between the TMW specimens and the loading bolt holding

them in place.

e The dynamic amplitudes were decreased as the frequencies increased be-
cause of shaker limitations, although there were overlaps of two dynamic

amplitudes for successive frequencies tested.

As with the previous sections, the aim here was to extract the mechanical
properties of the TMW devices being tested. However, the presence of the
moving plate and the bias springs, illustrated in Figure had an influence the
force signals being measured by the force transducer. In order to mitigate these
effects, the equation of motion for the moving parts of the test structure had to

be manipulated. This equation of motion can be described using Equation

Mmpad + Fspr + Fspec = Fft (3)

where a is the acceleration signal captured by the accelerometer, my,, is the
mass of the moving plate (measured to be 99.93 g using an electronic weighing
scale with resolution 0.01 g), Fip, and Fjpe. are the restoring forces of the bias
springs, and specimen being tested, and FY, is the force trace recorded by the

force transducer. In order to remove the inertial forces of the moving plate, and
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the restoring forces of the bias springs, and hence extract the properties of the

specimen, Equation [3| was rearranged to give,

Fspec = Fft — Mmpa — Fspr (4)

It was assumed that the entire mass of the moving plate contributed to
the dynamic response recorded. It should be noted that in Equations [3] and
the inertial term of the specimen mass has been omitted (i.e. %mspeca).
This omission was justified by the fact that the specimen mass was significantly
smaller than the mass of the moving plate.

Having discussed the equations of motion for the test structure, it is impor-
tant to discuss the choice of bias springs. A number of materials were considered
for this: natural rubber, wave springs, and helical bias springs. It was found
that the natural rubber and wave springs obtained for this work were highly
nonlinear, and provided high damping. Whilst the helical springs were also
nonlinear, the magnitude of the nonlinearity was significantly smaller, and the
damping provided by them was small, and measurable. A total of 8 bias springs
were used for all the experiments. Testing was carried out on the helical springs
at the frequencies and amplitudes shown in Table [4] The stiffness and damping
provided by these bias springs were calculated using the methods shown in Sec-
tion 2] These were calculated because there may have been internal resonances
of the bias springs, in addition to the resonance of the mass-spring system.

Since the bias springs and the specimens were in parallel configuration, the
stiffness results for the TMW devices were corrected by subtracting the re-
spective results. The bias spring stiffness coefficients ensured that the TMW
specimens being tested were able to be pre-compressed. It was also not too large
such that the system response would be dominated by the restoring forces of
the springs. Note that although the damping provided by the bias springs was
negligible, the calculated loss factors for the TMW devices were also corrected
by subtracting the calculated loss factors of the bias spring. Taking the above

into consideration, Equation [4 can now be expressed as,
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Fopec = Fri — mppa — 8ksprx (5)

where kg, is the calculated stiffness coefficient of each helical spring, and
x is the displacement. In order to obtain the displacement, x, the measured
acceleration signal, a was numerically integrated twice with respect to time in
postprocessing. The integrated signals were high-pass filtered to remove the
constants of integration.

The test structure was validated by testing specimens of natural rubber of
known properties. These results are not discussed here in an effort to maintain
conciseness. It was found that the Young's modulus of the natural rubber speci-
men, calculated using the stiffness estimated from the experimental results, was
within 10% of the Young's modulus measured directly on a dynamic mechanical

analyser machine.

4.3.8. Results and Discussion

With the high frequency test structure validated, the behaviour of the TMW
devices were then analysed. The displacement time history for a test performed
at 200 Hz is seen in Figure[I3] and the corresponding force time history is seen in
Figure It should be noted here that the displacements and forces measured
were low pass filtered digitally, similar to the data in Section That is,

frequencies 10 times greater than the excitation frequency were removed.
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Figure 13: Displacement time history for an experiment carried out at 200 Hz

20

_
o

Force, N
o

-10¢

0 0.01 0.02 0.03 0.04 0.05
Time, s

Figure 14: Force time history for an experiment carried out at 200 Hz

The force-displacement hysteresis curve obtained from the data shown above

is seen in Figure
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Figure 15: Force-displacement hysteresis curve obtained for the experimental results shown

in Figure [T3]and

The hysteresis curve in Figure [15| appears aesthetically similar, but a lot less
asymmetric, to the low frequency hysteresis curves reported in Section [£:2.2]
The lower hysteresis curve asymmetry observed in Figure is attributed to
the smaller dynamic amplitudes applied to the specimens. This observation
helps as an indicator that TMW devices exhibit frequency independence. The
results for the average dynamic stiffness and loss factor were once again analysed
against the applied dynamic strain. They were scrutinised with respect to the
hypotheses proposed in Section The frequency dependency, in particular,
was an important hypothesis to analyse because it did not particularly have a
distinct effect on the reported results in Section As the frequency was
extended to a much larger range in this section, the results reported here have
a much higher weighting because inertial effects were more significant at the
higher frequencies.

Figure (a) - (d) show the high frequency average stiffness results ob-
tained for a range of dynamic amplitudes and frequencies. The high frequency
behaviour is consistent with the behaviour that was previously observed in the
quasi-static and low frequency dynamic testing. It is interesting to note that
both the lower relative density TMW devices (p = 0.18) in Figure [16| (a) and

(b) behaved very similarly, in that the increase in pre-compression from 3% to
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5% did not affect the average stiffness significantly. This was attributed to the
fact that the relative increase in pre-compression for the two sets of tests was
smaller for the lower relative density specimens than the higher relative density
specimens.

Within the range of experimental uncertainty, the frequency dependency
hypothesis was, once again, not illustrated in the results, especially when con-
sidering the scale of amplitude dependence seen in the results. It is possible
that the frequency dependency was not observed in the range considered since
the excitation frequencies were much higher than the characteristic frequency
of the relaxation processes seen in the quasi-static testing results. In general,
average stiffness was shown only to depend on the static pre-compression and

dynamic amplitudes of vibration, a characteristic of classical Coulomb friction.

31



585

2000 o 583,500 2000
£ £ o $S3, 50Hz
£ o SS3, 80Hz £ :

s 0 $83,100Hz] = SS3, 80Hz
Z 1500 ' Z 1500 & $S3, 100Hz
- & $S3, 200Hz -
2 v SS3,300Hz| & v 853, 200Hz
2 v < $83,400H7 2 ) < 883, 300Hz
& 1000 4 ' i 1000 © SS3, 400Hz
= < © SS5, 50Hz =
% 7 q ® S5, 50Hz
© SS5, 80Hz h
o o o SS5, 80Hz
> - ¢ S5, 100Hz o) <
& 500 & 500 & 585, 100Hz
i %ga A $S5, 200Hz =
o al ° % v $S5, 200Hz
< % v 585,300Hz) 2 5 @ 4SS5, 300Hz
0 4SS5, 400Hz 0 ® :
0 0.02 0.04 0 0.02 0.04
Dynamic strain Dynamic strain
(a) (b)

2000 0 SS1, 50Hz 2000 0 SS1, 50Hz
£ o SS1,80Hz £ g o SS1,80Hz
ES 0 SS1,100Hz, = o SS1, 100Hz
= $ ’ = ,
61500 & $S1, 200Hz p 1500 & $S1, 200Hz
o v SS1, 300Hz 2 & v SS1, 300Hz
€ 1000 5 4 SS1, 400Hz € 100015° 4 SS1, 400Hz
% 3¢ © SS5, 50Hz % A o SS5, 50Hz

vV &
H %A © S5, 80Hz o & a o SS5, 80Hz
2 500 %2 ¢ $S5, 100Hz 2 500 8 ¢ $S5, 100Hz
3 5 o0 & $S5, 200Hz 3 8 ®o & $S5, 200Hz
z a v $85,300Hz|  Z o & v $S5, 300Hz
0 4SS5, 400Hz 0 4SS5, 400Hz
0 0.02 0.04 0 0.02 0.04

Dynamic strain

(c)

Dynamic strain

(d)

Figure 16: Average stiffness variation with dynamic strain over range of static strains and
frequencies for: (a) p = 0.18, Specimen 1, (b) g = 0.18, Specimen 2, (c) g = 0.23, Specimen
1, and (d) p = 0.23, Specimen 2

Figure |17 (a) - (d) show the high frequency loss factor results obtained for
a range of dynamic amplitudes and frequencies.

It was seen that the most important effect on loss factor was that of the
As the dynamic amplitude increased, the

Sufficiently high

dynamic amplitudes of vibration.
level of damping also increased, but at a decreasing rate.
strains were not achieved to observe the plateaus seen during low frequency
testing. The increase of static pre-compression levels, in general, caused higher
levels of damping. The frequency dependency hypothesis was not shown for

these loss factor results, and therefore, it can be stated that the specimens
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Figure 17: Loss factor variation with dynamic strain over range of static strains and frequencies
for: (a) p = 0.18, Specimen 1, (b) 5 = 0.18, Specimen 2, (c) p = 0.23, Specimen 1, and (d)
= 0.23, Specimen 2

When compared to the low frequency (< 20 Hz) tests, the differences in
mechanical properties that can be seen (i.e. average coefficients of stiffness
and loss factors) can be explained by the lower dynamic amplitudes that the

specimens were subjected to in the high frequency (> 50 Hz) tests.

5. Conclusions

TMW devices are inherently nonlinear. Nonlinearity arises both due to fric-

tion between contact points within the microstructure, as well as the nonlinear
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changes in the number of contacts, and contact areas, formed during load cy-
cles. Nonlinearity due to plasticity may also be a contributing factor. However,
this was considered not to be significant because the nominal strain levels were
restricted to a maximum of 10%.

The main result from the quasi-static tests revealed that the TMW de-
vice microstructure evolves with different loading regimes. The changes in mi-
crostructure were somewhat curtailed by the pre-conditioning exercises under-
taken, and repeatable force-displacement hysteresis curves were measured. Some
relaxation was evident in the specimens as they were subjected to changes in
compression levels. On the force-displacement curve, this effect could be seen as
spikes facing inward. Because these relaxation effects are essentially short-term,
this meant that at higher frequencies, the hysteresis curves became narrower.

For the dynamic testing, the mechanical properties were studied as a function
of the dynamic strain. The results were studied according to a number of
hypotheses. The trends observed in the high frequency results matched those
seen in the low frequency results. Increasing the pre-compression increased the
stiffness of the material, in a nonlinear manner. Increasing dynamic amplitudes
reduced the stiffness, due to larger travel of the wires in the microstructure.
This was also seen to be nonlinear. Increasing the pre-compression increased
the loss factor because there are more contacts with higher contact pressures
that can slip in the microstructure. Increasing the dynamic amplitude of the
cyclic compression also increased the loss factor due to the larger level of slip.

In general, the static and dynamic amplitudes were reported to be the fun-
damental phenomena driving the performance of the TMW devices. The TMW
devices did not show frequency dependence over the range 1 - 400 Hz. The
results in this paper show that TMW devices follow classical Coulomb friction
behaviour since they are only amplitude dependent over the frequency range
studied. This has significant connotations, since modelling of TMW devices
can be simplified without having complex frequency dependent terms that re-
searchers have previously included in their models describing TMW devices.

Note that relaxation was evident over a longer timescale than the lowest
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frequency of testing (1 Hz). That is, although the timescales of the relaxation
effects were short term (less than 10 seconds), they were considered long term
when compared to the frequencies being tested. This relaxation is thought to be
the result of reorganisation in the microstructure but happens over timescales
longer than those associated with vibrations in machinery and components.

Whilst the mechanical properties of TMW devices are, in some ways, similar
to elastomers such as butyl rubber at room temperature, key differences exist.
Although relatively linear with respect to strain amplitude, polymeric materials
display strong frequency and temperature dependence, which must be accounted
for. TMW devices, on the other hand, are affected only by the dynamic strain
amplitude. Hence, it is easier to design TMW devices for applications where
temperature and frequency regimes are uncertain, or inappropriate for a poly-
mer.

From the results shown, it is clear that if the vibration levels are small
(for example, in satellite jitter problems), TMW devices would not be effec-
tive. Therefore, when choosing TMW devices as a damping solution, one must
consider whether the dynamic strain levels lie in the range where damping is
optimised.

Further studies on the mechanical behaviour of TMW devices should focus
on better understanding the relaxation effects. These studies should also at-
tempt to explain the relaxation at low frequency dynamic loading (below 0.1
Hz). Furthermore, other loading regimes (rather than the uniaxial loading con-
sidered in this work) should be explored to determine whether the trends in the

mechanical properties are similar to those observed in this article.
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