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LASER VIBROMETRY BASED PRECISE
MEASUREMENT OF TAPE-SHAPED TETHERS
DAMPING RATIO TOWARDS SPACE APPLICATIONS

Andrea Valmorbida, Alice Brunello, Lorenzo Olivieri, Simone Fortuna, Giulia Sarego,
Marco Pertile and Enrico C. Lorenzini

Abstract—To mitigate the growing problem of space debris,
current international guidelines require spacecraft in Low Earth
Orbit (LEO) to implement post-mission disposal strategies to be
deorbited within 25 years from the end of their operative life.
Electrodynamic tethers are an effective and promising option for
deorbiting as they do not require fuel consumption. However, the
success of this new technology also depends on the dynamic
stability of thin tape-shaped tethers during both deployment and
deorbiting phases. This is where precise measurement of damping
characteristics of thin tape-shaped tethers comes in.

This paper presents an innovative experimental setup and
analysis methods for precisely measuring the damping ratio of a
thin (thickness 50 microns) tape-shaped tether made of PEEK
intended for use in electrodynamic tethers applications. To
capture longitudinal oscillations during dynamic tests, we
employed a laser vibrometer and explored four different methods
of experimental data analysis, comparing and describing them in
detail in the paper. We also conducted an uncertainty analysis in
line with ISO GUM. The experimental results show good
agreement among the four methods used to estimate the damping
ratio with the most precise method involving nonlinear regression
applied to all the experimental data. A Monte Carlo analysis was
carried out considering the most significant sources of uncertainty.
The smallest uncertainty interval is £1% of the estimated damping
ratio, with a 95% confidence level, using this method.

Index Terms— wmechanical characteristics measurement,
damping ratio estimation, laser vibrometer, thin tape-shaped
tethers for space applications

1. INTRODUCTION

Since the beginning of the space era, the number of artificial
satellites orbiting the Earth has continuously grown [1], mostly
in Low Earth Orbits (LEO)!, where they are utilized for
scientific and commercial missions such as the mega-
constellations OneWeb or Starlink by SpaceX [2]. However,
only 6% of objects in orbit are operative [1], with the rest being
inoperative satellites or fragments called space debris [3] that
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pose a real danger to operative satellites. The need to mitigate
the growth of orbital debris is increasingly evident [4][5][6], and
responsible conduct and self-regulation are being advocated by
the space community [7][8][9]. It is strongly recommended that
spacecraft in LEO are made to re-enter the atmosphere within 25
years of the end of their operational life (see guideline 6 of [10],
[11] and [12]).

Green deorbiting technologies and strategies alternative to
traditional chemical propulsion are under investigation [13][14]
and Electrodynamic Tethers (EDTs) are considered a promising
option [15][16][17] for their minimal impact on the space
environment [18], due to the fact that they can generate thrust or
drag forces without using propellant. Tape-shaped tethers have
been studied in detail for their greater mass efficiency in
collecting electrons from the Earth ionosphere [19] to produces
the Lorentz force and higher survivability against space debris
impacts compared to round tethers [20][21][22][23]. A thin
tape-shaped tether with the same mass of a round tether has a
larger external surface area for collecting ionospheric electrons
[19] and is less likely to be completely severed by small debris
impacts [21][23].

In this context, the team of the H2020 Future Emerging
Technologies FET-OPEN project E.T.PACK?3, of which the
University of Padova is a partner, has developed and built a
Deorbit Kit prototype based on electrodynamic tether
technology using a tape-shaped tether with two segments in
series made of different materials [24]. The determination of
tape tethers elastic and damping characteristics is important
because those properties affect the dynamic response during
deployment and the system stability during deorbiting [25].
Among the materials that can be used for tethers, PEEK
(polyether ether ketone) is an appealing material because of its
excellent mechanical and chemical resistance properties [26]. A
hundred-meter portion of a thin (50 um thickness) tape-shaped
tether made of PEEK is used as a dynamic stabilizer for
E.T.PACK [27][28] involving two benefits as follows. Firstly, it
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increases the total length of the tether: the higher the tether total
length, the more stable the tethered system [20]; secondly, it
contributes to the damping of the tape longitudinal oscillations
and eventually to bounding the system librational dynamics that
could cause the tethered system to flip upside-down (i.e., a
tethered system instability) [24].

Material properties can be measured through various
methods, which may lead to inconsistent data, especially for
damping ratio values [29]. Due to their shape, thin tape-shaped
tethers present a small bending and torsional rigidity and, for this
type of measurement, are usually hanged vertically by clamping
the upper end and tensioned by adding a weight to the lower end
[30][22]. For vertical setups, particular care shall be given to the
suspension structure, whose stiffness and damping shall be well
separated from the parameters of the tape sample [29].
Mechanical parameters are reconstructed from static and
dynamic measurements; in the latter case, laser vibrometers [31]
or piezometric transducers [32] are employed. Once
displacement data is collected, the Young’s modulus calculation
is straightforward; on the contrary, different methods can be
employed to derive the damping ratio [32]. Low-friction testing
facilities, as the one described in [33], can also be employed to
estimate the elastic modulus and the damping coefficient of tape-
shaped and round tethers for space applications [34] but
requiring a more complex setup.

This paper, which is an extension of the proceedings paper
[35], describes the use of a laser vibrometer to measure precisely
the damping ratio of a thin (i.e., a thickness of 50 um) tape-
shaped tether made of PEEK used for space tether applications.
The outline of this article is as follows. Section II introduces the
proposed approach, providing a comparison with other
approaches for damping properties measurement. Section III
introduces the experimental setup and the measurement systems
employed in this work. Section IV presents the data analysis
methodology, describing four methods used for calculating the
damping ratio, and introduces the uncertainty analysis. Lastly,
the experimental results are shown and commented in Section
V, followed by the final remarks in Section VI.

This paper adds new and substantial contributions to Ref.
[35]. It provides additional context and references related to the
topic in section I, introduces the proposed approach and
compares it with other approaches in section II. Section III
presents further technical and metrological details, an additional
method of data analysis of the experimental data, and
computation of error risk from Monte Carlo simulations. In
section V, the new method's results are compared with other
methods, and uncertainty intervals for the four analysis methods
are computed and compared. As a general contribution, this
paper provides a detailed and thorough uncertainty evaluation
according to the ISO guide for a complex case important for
future space applications, which serves as an example applicable
to other cases and applications, considering relevant uncertainty
sources and their analysis.

The novel contributions of this work relies in different
elements combined together: 1) the use of a laser vibrometer to
measure without contact the damping properties of a thin tape-
shaped tether as a valid alternative to a traditional approach
based on traction machines; 2) the experimental setup employed
to induce and capture the longitudinal vibrations of the tape; 3)
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a comparison between 4 methods to analyze the experimental
data; and 4) a meticulous uncertainty analysis carried out
according to standards (ISO-GUM) in order to properly compare
the results of the 4 analysis methods. All these elements bring to
a precise measurement of thin tape-shaped tethers damping ratio
with an uncertainty interval of 1% of the estimated damping
ratio with a confidence level of 95%.

1. PROPOSED APPROACH

We present an experimental setup based on laser vibrometry
and analysis methods of the experimental data to measure
precisely the damping properties of thin (tens of microns) tape-
shaped tethers that are used for space tethered systems.
Specifically, the tape made of PEEK employed for the
E.T.PACK project has a cross section of 50 um x 25 mm; in
addition, PEEK has a maximum yield stress of 120 MPa*.

The authors of [36] developed a system to measure the
structural damping coefficients of test samples with a cylindrical
shape (10 mm in diameter and 100 mm in length) and made of
different types of glasses. An automatically-actuated hammer is
used to induce flexural dynamics on the cylindrical sample and
two measurement systems are employed and compared to
measure its vibration: a laser doppler vibrometer and a
microphone. Analyzing laser vibrometer data, the damping
ration was estimated by the experimenters with an uncertainty in
the range +6% - +£18% at 20 confidence level, depending on
the glass type. The experimental setup proposed in [36] can not
be applied to measure the damping properties of a thin tape.

Another approach to measure the damping properties of
materials consists in employing a traction machine to produce a
cyclic force profile to a test sample (usually with a dumbbell
shape) and measures the corresponding cyclic elongation profile
[371[38]. The damping coefficient C of the test sample is
estimated by evaluating the areas of the hysteresis cycles on the
force-elongation graph according to the following equation:

a
|, @

where a is the area of one hysteresis cycle in the force-
elongation graph, 2 is the frequency of the cyclic force profile
and X, is the amplitude of the resulting cyclic elongation profile.
Using this approach, the damping coefficient is estimated based
on three quantities evaluated from the force and elongation
profiles of the samples. When testing tape-shaped tethers with a
thickness of tens of microns, there are two problems related to
this approach. Firstly, the yield force of a thin tape is much
lower than the yield force of a thicker dumbbell-shaped sample
made of the same material and the test would require a pull
machine that operates with a very fine resolution at a dynamic
range that is about 1% of the usual pull machines operating at
tens of kN. Secondly, the amount of material that absorbs the
energy during the hysteresis cycles is small for a thin tape when
compared to a thicker dumbbell-shaped sample. As a
consequence, the resulting areas of the hysteresis cycles are very
small, the impact of measurements noise on both the applied
force and the resulting elongation is high, and the estimation of
the damping factor is poor.

In contrast, the proposed approach estimates the damping
ratio by accurately measuring without contact the longitudinal
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free oscillations of longer samples of tape using a laser
vibrometer with a 1 pm resolution (see later on). It has fewer
sources of uncertainty when compared to the pull machine
approach, leading to an overall reduced uncertainty.
Additionally, apart from the laser vibrometer and the acquisition
system that can be used for many other applications, the
experimental setup consists of simple and low-cost mechanical
and electrical components, as described in detail in Section III.

Although the proposed measurement method is applied to a
tape-shaped tether made of PEEK used in space applications, it
can also be applied to tapes of different materials and for other
applications where a precise measurement of the damping ratio
is required. In addition, all the experimental tests shown in the
paper were conducted at ambient temperature, i.e., 20 °C +
1°C, and the measured value of the damping ratio is valid for
that temperature range. The damping properties of material can
vary with temperature and a similar measurement apparatus can
be used in a thermal-vacuum chamber in the temperature range
expected for a specific application, but the chamber will need to
be vertical and relatively large.

The estimation of the elastic modulus E of the tape-shaped
tether made of PEEK is also required. To this aim, an analog
probe indicator with resolution of 10 um was used to first record
the elongation Ax; of a portion of tether vs. the applied force F;
during static tests. A linear least-square regression analysis of
the experimental points (Ax;, F;) was then employed to estimate
the elastic constant of the system K and its standard uncertainty.
The PEEK Young’s modulus E was then calculated as F =
KLy/A.s, where A is the tether cross section area and L is the
sample length. A more detailed description of the experimental
setup and the methodology of analysis for this application,
including the uncertainty analysis, can be found in [35].

IIT. EXPERIMENTAL SETUP

Fig. 1 shows the experimental setup used to measure the
damping ratio { of the tether during dynamic tests; a schematic
representation of the same setup is depicted in Fig. 2. An
external supporting structure blocks one end of the tape tether
through an upper clamp (panel B of Fig. 1); the other tip of the
tape tether is connected to a lower tip mass through a second
clamp (panel C of Fig. 1). The external supporting structure is
realized with Aluminum beam profiles and allows to change
easily the tape tether length to be tested. In addition, a ballast
mass is connected to the tip mass through a wire and an
electromagnet energized by an external power supplier (panel C
of Fig. 1). When the electromagnet is de-energized and the
ballast mass is released, the tip mass starts oscillating and a laser
vibrometer is used to measure the resulting oscillation.

Specifically, the laser vibrometer used is a heterodyne
interferometer by Polytec composed of two modules: an optical
module that emits a class II Helium Neon laser beam with a
wavelength of 632.8 nm and an electronic module that provides
a velocity channel and a position channel as output. The
sensitivity of the vibrometer was set at 25 mm/s/V for the
velocity channel and 1.28 mm/V for the position channel. Both
position and velocity channels were acquired at a frequency of
25 kHz employing the acquisition board National Instrument
(NI) 9215 through a NI Chassis CompactDAQ 9174 connected
to the desktop PC of the laboratory. The acquisition board
measures the input voltage in the range +10 V using a 16-bit
ADC. The resolution of the laser vibrometer for the position
measurement is of the order of the laser wavelength, while the

resolution of the position measurement due to the acquisition
system is 0.38 um; therefore, the resolution of the measurement
system composed of the laser vibrometer and the acquisition
system is less than 1 um.

All the experimental tests presented in this paper and
concerning the damping ratio estimation were conducted with a
tape of length Ly = 1.5 m and a tip mass with mass myy =
1.627 kg. The tape tether cross-section area A. =
25mmx50 um = 1.25107%m?.

- Supporting structure

Tape tether B

~ Lower clamp ——

Tip mass

Electromagnet

~ External power
supply

Laser Vibrometer -

Ballast mass

Fig. 1. Experimental setup used for the damping ratio
estimation of the tape tether (panel A), with details of the tether
connections to the supporting structure (panel B) and to the tip
mass with the electromagnet (panel C).
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Fig. 2. Schematic representation of the experimental setup used
for the damping ratio measurement (panel A) and effects of the
ballast mass release (panel B). A laser vibrometer measures the
displacement x(t) of the tip mass after the release of the ballast
mass.
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IV. METHODOLOGY OF ANALYSIS

The measurement chain and data analysis steps followed for
the determination of the tape tether damping ratio { are
summarized in Fig. 3. The damping ratio estimation is based on
dynamic tests and four types of analysis methods of the
experimental data are considered and compared.

tether oscillation
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EXPERIMETAL DATA PARSING
MATLAB

I

| DAMPING COEFFICIENT |

Fig. 3. Block diagram showing the measurement and data
analysis chain for the determination of the tape tether damping
coefficient. Additional details are provided as supplementary
material of this paper.

B. Damping ratio estimation

Referring to Fig. 2, the laser vibrometer measures the
displacement of the tip mass x(t) after the release of the ballast
mass. A frequency analysis of the signal x(t) through a Fast
Fourier Transform (FFT) of Matlab® allowed us to first identify
the component of x(t) associated with the longitudinal
oscillation of the tape, x;(t), and then to extract x;(t) by
applying a band-pass filter to x(t). The use of a band-pass filter
is required because the tape and the tip mass experience not only
an oscillation along the tape longitudinal axis, which is the
vibrating mode of interest, but also other oscillations, mainly a
pitch oscillation of the tip mass. The system was designed to
reduce those oscillations as much as possible, but it was not
possible to cancel them out completely. However, their
frequencies are well separated from the longitudinal frequency
and consequently they can be filtered out.

Fig. 4 shows the frequency spectrum, computed through the
FFT, of a typical time profile of the tip mass displacement x(t)
measured by the laser vibrometer. The frequency spectrum of
x(t) reveals the presence of different peaks corresponding to the
various vibrating modes of the system. Among them, the peak
between 12 Hz and 13 Hz corresponds to the longitudinal
oscillation of the tape and is of interest for the estimation of the
damping ratio { of the tape tether. In addition, the peak between
4 Hz and 5 Hz corresponds to the pitch oscillation of the tip
mass.

The system composed of the tape tether with the tip mass
can be modelled as a mass-spring-damper system where the
mass is almost completely that of the tip mass (the mass of the
tether is about 1 gram and is negligible compared to the mass of
the tip mass) and the spring and damper are associated with the

tape tether itself. The natural frequency of the longitudinal
oscillation of the tape is:

Eppek Acs
Ly mpy
where Epgpx = 3.74 GPa is the Young’s modulus of the PEEK

estimated through static tests as described in [35].
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Fig. 4. Typical time profile of the tip mass displacement x(t)
measured by the laser vibrometer (panel A), the corresponding
frequency spectrum computed through FFT analysis (panel B),
and the filtered signal (panel C).

Because the various peaks in the amplitude spectrum are
well separated in frequency, it is possible to extract the
longitudinal oscillation of the tape x;(t) from the total measured
displacement of the tip mass x(t) by filtering. Specifically, a
low-pass Butterworth digital filter with a cutoff frequency of
400 Hz was first applied to remove the high-frequency noise.
After that, a high-pass elliptical filter with a cutoff frequency of
10.6 Hz was employed to remove those oscillations associated
with the tip mass pitch motion and the vibration of the
supporting structure.

Using the filtered signal x;(t), four methods were
employed for the computation of the damping ratio {, as
described in the following. The tether with the tip mass attached
to the free end is modelled as 1 Degree of Freedom (DOF) 2™
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order underdamped system ({ < 1) with an initial displacement
with respect to the equilibrium position x;, and null initial
velocity x; o.

Method 1: logarithmic decrement
Method 1 is based on the estimation of the rate with which
the amplitude of the damped vibration x;(t) decreases. The
damping ratio { is computed using the logarithmic decrement
formula:
—In9
91
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where g, id the amplitude of x;(t) at the first peak and g, is the
amplitude of x;(t) at the r-th peak or valley, where r is the peak
or valley index (see also Fig. 5).

Method 2: linear regression on peaks and valleys envelope

Method 2 is based on a linear regression applied to the
natural logarithm of peaks or valleys of the filtered signal x;(t).
The extrema points, i.e., peaks or valleys, of x;(t) are computed
as maximum or minimum values of x;(t), respectively. The
resulting peaks and valleys are denoted as (pi, tp,i) and (vi, Eyi)s
respectively. Applying the natural logarithm to the envelope of
the peaks of a 2" order underdamped system ({ < 1), the
following equations is obtained (see also Fig. 5):

y=At + B 3)

where y = Inp, A = —{w, and B = Ina. Furthermore, w,, =
+/ k/m is the natural frequency of the system, k = EA/L is the
tape elastic constant of the system and m is mass of the tip mass.
A linear regression can be applied to the experimental values
(yl-, tp,i), with y; = Inp;, in order to calculate the values of A
and B that minimize the sum of the squared residuals r; = y; —
(A t,; + B). The value of ¢ is then computed as { = —A/w,. A
similar procedure can be applied to the valleys (vl-, ty,;) of the
signal x;(t).

A

\

Tether longitudinal displacement x; (t)

92

Fig. 5. Tether longitudinal displacement in continuous dark
blue line with the envelope of the peaks in dashed light blue line
and peaks and valleys marked by red dots used in methods 1, 2
and 3.

Method 3: nonlinear regression on peaks and valleys envelope

Method 3 is based on a nonlinear regression applied to peaks
or valleys of the filtered signal x;(t). The extrema points, i.e.

peaks or valleys, of x;(t) are computed as maximum or
minimum values of x;(t), respectively, and the resulting peaks
and valleys are denoted as (p;, t,;) and (v;, t,;), respectively.
For a 1 DOF 2%-order underdamped system ({ < 1), the
envelope of the peaks has the following expression:

p(t) = ae $¥nt = qgebt 4)
where b = —{w,, and the other parameters have been defined
previously. The Matlab® optimization toolbox was used to
compute the values of a and b that minimize the sum of the
squared residuals r; = p; — a e®®i. The value of ¢ is then
computed as { = —b/w,,, where A, L and m required for the
computation of w,,, are measured with a caliper, a ruler, and a
balance, respectively. A similar procedure can be applied to the
valleys (v;, t,,;) of the signal x; ().

Method 4: nonlinear regression of filtered experimental data

Method 4 is based on a nonlinear regression applied to the
complete data set of the signal x;(t). Indeed, the response of a
2"-order underdamped system to initial displacement x; , with
respect to the equilibrium position and null initial velocity x; o
can be written as:

x,(t) = /cf +c2-e7Sont . cos(wyt — @) %)

Where wg = w,4/1 — {? is the observed natural frequency,
C1 = X0, C2 = (R0 + { wp x10)/wq and ¢ = atan(cy/cy).
The Matlab® optimization toolbox can be used to compute the
values of xg, X; o, w, and ¢ that minimize the sum of the squared
residuals r; = x; — x;(t;), where x; is computed using (5).

C. UNCERTAINTY ANALYSIS

The uncertainty analysis was conducted according to GUM
[39]. Two kinds of uncertainties were estimated. The first one is
a repeatability extended uncertainty U; computed for each
method and due to the repetition of experimental tests in the
same operative conditions. Specifically, U, was computed as
U; = t1—%,1v—1 ‘Uz, where tan g is the coverage factor

computed from the t-Student distribution with an error risk of
5% and a number of degree of freedom N — 1, being N the
number of tests performed, and u; the standard uncertainty
computed as standard deviation of the values of { obtained from
the N experimental tests.

The second kind of uncertainty is the extended uncertainty
Ug associated with the outcome of each method and each
acquisition and due to the uncertainty sources. In particular,
three main uncertainty sources were considered: a) the
displacement of the tip mass measured by the laser vibrometer;
b) the cutoff frequencies of the pass-band filter; and c) the
parameters used in each method, including the initialization
values of the parameters involved in the optimization process for
method 3. In other words, the uncertainty sources are due to the
measurement system utilized and the methods of data analysis
used to estimate the damping ratio ¢.

Considering that the mathematical model relating the
quantity being estimated, i.e., {, and the input quantities that are
considered the uncertainty sources is nonlinear, we performed a
Monte Carlo (MC) analysis with a number of trials M =

10000 to evaluate l7<-, following the Supplement 1 to the GUM
[40]. Specifically, Table I lists the uncertainty sources
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considered in the MC analysis, including the Probability Density
Function (PDF) used to generate the M values of each
uncertainty source and the parameters that define the PDF. For
a uniform PDF, the parameter a indicates the width of the
interval in which the uniform distribution is defined. The
uncertainty source due to the measurement system resolution
was not considered in the MC analysis because its contribution
is one order of magnitude lower than the vibrometer accuracy.

TABLE I
UNCERTAINTY SOURCES USED IN THE MONTE
CARLO ANALISYS FOR THE THREE METHODS

Uncertainty source PDF PDF parameter
Vibrometer accuracy’ Gaussian o = 10um
Lower cutoff Uniform ar.,/2 = 1Hz
frequency, f. 1
Higher cutoff Uniform as,/2 = 100 Hz

frequency, f. |,

Methods 1,2 and 3

tape elastic modulus E | Uniform ag =0.2GPa

tape thickness t Uniform a, =5um

tape width w Uniform a, = 0.05mm

tape length L Uniform a, =1mm

tip-mass mass m Uniform ay, =1gram
Method 4

Initial w, Uniform a,,./2 = 40rad/s

Initial ¢ Uniform ag/2 = 4-1073

Initial %; o Uniform ay,/2 = 0.5mm/s

Preliminary MC analysis revealed that the PDF of the
damping ratio {, evaluated as the frequency histogram using the
10000 values of ¢ from the MC analysis, is in general not
symmetric. Consequently, the coverage factor used for the
computation of the extended uncertainty l7( was evaluated
following the Supplement 1 to the GUM [40]. Specifically, the
following definitions are given: p is the probability associated
with the confidence level, « is half of the error risk and G; is an
approximation (obtained from the histogram) of the Cumulative
Distribution Function (CDF) of ¢. When the PDF of the output
quantity ¢ is non-symmetric, a numerical value of a different
from (1 — p)/2 may be more appropriate and it is given by the
numerical value that minimizes the function [I(a) =
G;'(p + @) — G; ' (). The values of G; *(p + @) and G; *(a)
were computed as (p + a)-quantile and a-quantile of G,
respectively for values of & in the range [0,1 — p] using the
Matlab® function prctile [41]. The value of @ that provided the
minimum of the function I7(a) was then selected for the
computation of the uncertainty interval.

V. EXPERIMENTAL RESULTS

Nine dynamic tests were carried out to prove the
repeatability of the results. In all the 9 tests, the acquisition
frequency was set to 25 kHz and the total acquisition time was
at least 10 s. The experimental results are first shown in Fig. 6
and Fig. 7 and summarized in Table II. Specifically, Fig. 6 shows
the fitting curve and the residuals of the nonlinear fitting of test
7 related to Method 3 applied to the peaks of the signal x; (t).
The results for Method 3 obtained with the valleys are similar to
the ones obtained with the peaks and are shown only in Table IT
for the sake of brevity. It can be observed that the residuals are

3 including the accuracy of the acquisition system.

concentrated around zero, meaning that the 1 DOF 2"-order
underdamped mass-spring-damper model is a representative
model of the longitudinal dynamics of the tape tether.
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Fig. 6. Curve fitting (panel A) and residual (panel B) obtained
with Method 3 (nonlinear fitting) applied to the peaks of the
experimental data for test 7. The fitting curve is drawn in solid
red line and the peaks are marked with blue dots.

The mean value of { over the 9 tests and for each method is
shown in Fig. 7 and listed also in Table II, along with the
associated extended uncertainty U;. As is can be seen in Fig. 7,
there is a band, the one marked with red dashed lines, that is
common to the extended uncertainties of the 4 methods,
meaning that the resulting values of ¢ obtained with the 4
methods are in good agreement.

Fig. 8 shows the results of a MC analysis applied to test 1
with Method 4 to obtain the damping ratio distribution and
compute the extended uncertainty U(. The frequency histogram
is not symmetric and the procedure described in [40] was
followed to properly compute Ug, as described in the previous
section. Fig. 9 shows the corresponding graph of the function
I7(a) with the value of a that minimizes the function marked
with a red dot.

The results of the MC analysis are shown for Method 1,
Method 2, Method 3, and Method 4 in Fig. 10, Fig. 11, Fig. 12
and Fig. 13, respectively. In addition, Fig. 14 compares the
uncertainty intervals obtained with the four methods analyzed in
this work for the 9 tests. The employment of Method 1 leads to
uncertainty intervals of { that are usually non-symmetric and
larger than the other methods. In addition, we noticed that the
frequency histogram of some tests, test 3 in particular, presents
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a bi- or three- modal shape, revealing the presence of two or
three distinct groups of individuals in the population. This means
that Method 1 is more sensitive to the uncertainty sources than
the other three methods. Concerning Methods 2 and 3, the
uncertainty intervals of { obtained with peaks and those obtained
with valleys are almost the same in all the 9 tests. In addition,
the results of the MC analysis for the 9 tests are compatible,
since the uncertainty intervals of the 9 tests share a common
interval.

Concerning Method 4, the uncertainty intervals of { are
shorter than those obtained with the other methods: this is
because in Method 3 there are fewer uncertainty sources than in
the other three methods. Moreover, the uncertainty sources for
Method 4 that are associated with the initialization of the
optimization algorithm (see Table I) involve parameters that the
optimization algorithm computes to minimize the residuals.
Those parameters converge to values that are poorly dispersed
around their respective mean values, making { less sensitive to
those uncertainty sources. In addition, Method 4 uses all the
measurements acquired with the laser vibrometers and not just
peaks or valleys as in the other three methods. On the other hand,
the computational cost of Method 4 is higher than the other three
methods since a minimization algorithm that employs all the
acquired data is employed. Regarding the uncertainty intervals
compatibility, there is a compatibility between tests from 2 to 8.

Referring to Fig. 14, there is a good compatibility between
the uncertainty intervals of ¢ obtained with Methods 2 and 4,
except for test 1 only, and also between Methods 1 and 3.

~
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""""" the extended uncertainties
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Fig. 7. Comparison between the mean values of the damping
ratio ¢ and associated extended uncertainties U; (95% of
confidence level) computed with the four methods analyzed in
the paper (see also Table II).
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Fig. 8. Histogram showing the damping ratio ¢ distribution
obtained with a MC analysis applied to test 1 and for Method 4.
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Fig. 9.Value of @ computed as indicated in Supplement 1 of the
ISO-GUM. The red dot represents the minimum of the function
I(a) = G{l(p +a)— G{l(a’). This graph refers to Method 4
applied to test 1 and with p = 0.95.

TABLE II
MEAN VALUES OF THE DAMPING RATIO { AND
ASSOCIATED EXTENDED UNCERTAINTY U, (95% OF
CONFIDENCE LEVEL) FOR THE 4 METHODS

ANALYZED IN THIS PAPER
Method D damping ratio U;
{1077 (95%)

logarithmic 1 4.81 0.51
de%rement on peaks P
(p) and valleys (v) v 4.79 0.40
linear regression of 2 4.76 0.22

eaks (p? and valleys P
?v) envelope 2v 4.76 0.25
nonlinear regression
of peaks (g)) and 3p 5.18 0.35
valleys (v) envelope 3y 5.15 0.36
nonlinear regression
of filtered 4 4.76 0.18
experimental data
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Fig. 10. Comparison between the mean values of the damping
ratio ¢ and associated extended uncertainties 174- (95% of
confidence level) computed with the MC analysis for Method 1
applied to peaks (blue) and valleys (red).
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Fig. 11. Comparison between the mean values of the damping
ratio { and associated extended uncertainties Ug (95% of
confidence level) computed with the MC analysis for Method 2
appalied to peaks (blue) and valleys (red).
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Fig. 12. Comparison between the mean values of the damping
ratio ¢ and associated extended uncertainties U; (95% of

confidence level) computed with the MC analysis for Method 3
appalied to peaks (blue) and valleys (red).
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Fig. 13. Comparison between the mean values of the damping
ratio ¢ and associated extended uncertaintiesU( (95% of

confidence level) computed with the MC analysis for Method
4.
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Fig. 14. Comparison between the mean values of the damping
ratio ¢{ and associated extended uncertainties l7<- (95% of
confidence level) computed with the MC analysis for Method 1
appalied to peaks (violet), Method 2 applied to peaks (red),
Method 3 applied to peaks (green) and Method 4 (blue).

Fig. 15 shows a comparison between the semi-amplitudes of
the relative extended uncertainties (95% of confidence level) for
the four methods. Method 4 provides a relative uncertainty
interval which is less than +1%, whereas for the other three
methods the relative uncertainty interval is between +6% and

+7%.
15 T
14+ —method 1|
131 —method 2

—method 3

12 —method 4/
11r ki
10+
9

semi-amplitude of the relative uncertainty [%]

1
0 . . . .

1 2 3 4 5 6 7 8 9
Test ID

Fig. 15. Comparison between the semi-amplitude of the
relative extended uncertainties (95% of confidence level) for
the four methods analyzed in this paper.

The results of the damping ratio of a thin tape-shaped tether
presented in this paper are valid for a temperature in the range
20 °C#1 °C where the experimental tests were conducted.
Damping properties of materials are usually influenced by the
temperature. As a future development, the proposed
measurement apparatus could be adapted to operate in a thermal
vacuum chamber, as the one used in [17], to characterize thin
tapes for space applications in temperature ranges expected for
specific mission scenarios.

VI. CONCLUSIONS

In this paper we presented a novel experimental setup and
the methodology of analysis to measure precisely the damping
ratio of thin tape-shaped tethers made of PEEK. A portion of
this tape is used in the E.T.PACK project to provide dynamic
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stability to the electrodynamic tether system during both
deployment and deorbiting phases. A reliable and precise
measurement of its mechanical characteristics including the
damping ratio are important for evaluating their effects on the
dynamic response and stability of a deorbiting system based on
the green technology of electrodynamic tethers for mitigating
the growth of orbital debris.

We used an experimental setup based on a laser vibrometer
to measure without contact the longitudinal vibration of the tape
tether made of PEEK. After applying a band-pass filter to the
acquired signal to extract the vibrational mode of interest, we
employed and compared four methods to analyze the filtered
experimental data and estimate the damping ratio {. Specifically,
the vibrational mode of interest is modelled as the response of a
2" order underdamped system to non-zero initial conditions and
the four methods of analysis consist in applying: the classic
logarithmic decrement method (Method 1); a linear regression
(Method 2); a nonlinear regression (Method 3) on the extrema
points of the filtered signal; and a nonlinear regression on all the
acquired experimental data (Method 4).

In addition, following the ISO GUM, two kinds of extended
uncertainty with an error risk of 5% were estimated. The first
one is a repeatability uncertainty evaluated by repeating 9 times
the experimental tests in the same operative conditions. Method
4 is the one that provides the smallest repeatability uncertainty:
{ = 4.76-107% + 4% with a confidence level of 95%. The
second uncertainty type was estimated through a Monte Carlo
analysis using 10000 trials and is due to the main uncertainty
sources associated with the measurement system and the data
analysis technique. A comparison between the resulting values
of { computed with the four methods and with the associated
extended uncertainties showed different widths of the
uncertainty intervals. Although Method 4, that implements a
nonlinear regression on all the acquired experimental data, has
the highest computational cost, it shows a good consistency
among the results of the 9 experimental tests and is the method
that provides the smallest uncertainty interval, i.e., + 1% of the
damping ratio estimation with a confidence level of 95%.
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