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Abstract The present work aims to complete the analy-
sis of the vibrational impact generated by the Influence of
Vlbrations on DIffusion of Liquids, IVIDIL, experiment in
a global way. To do so, we have analysed all the episodes
which, along the active period between September 2009
and January 2010, accounts for simultaneous acceleromet-
ric signals coming from the Columbus (ESA) module, the
Destiny (NASA) module and the Pressurized module of the
Kibo complex, PM-Kibo, (JAXA) respectively. Signals have
been downloaded thanks to the NASA Principal Investigator
Microgravity Services, PIMS, website. Vibrational analy-
sis involved the consideration of second and higher order
statistical techniques. In addition, a comparative study of
the RMS acceleration integrated over one-third octave fre-
quency bands enabled to check if the ISS vibratory limit
requirements are everywhere accomplished. In summary it
can be concluded that, in the vibratory regime, the exper-
iment in the Columbus module is isolated enough of the
Destiny and PM-Kibo ones. In addition, concerning only the

.Columbus data, the study also concluded that the peculiar

energy exchange detected between the nominal frequency
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of the movement and its third harmonic is due to nonlin-
earities probably originated by the shaker, the module of
translational arrangement mounted on the SODI instrument.
All these results introduce an interesting generic ques-
tion: is it always correct to consider that the accelerometric
data only coming from one module can offer to the Space
Station customers a suitable global scenario of the ISS
environment?, if not, what is the real extent of these data?

Keywords Acceleration analysis - Microgravity -
Bispectrum - Trispectrum

Introduction

An important objective of the International Space Station is
to supply a quiescent environment to carry out a wide spec-
truh of scientific experiments under good enough quality
levels of microgravity (DeL.ombard et al. 2005; Tryggvason
et al. 2001). However, the unavoidable daily activity in the

Station could appreciably impact on the experiment qual-

ity. Inversely, motorized experiments as the present one, in
which a translational vibration of the test cell is needed,
could be unexpected sources of contamination, not only of
the experiments themselves but also of other close simulta-
neous ones. To gain experience in order to plan corrective
damping strategies (Worton 2004; Heese et al. 2004), the
degree of propagation of any kind of disturbance is an inter-
esting generic question to be considered mainly in the vibra-
tional range (0.01 - 300 Hz) (Jules et al: 2004). Remember
that because in this range the propagation cannot be pre-
dicted analytically, it must be investigated experimentally
(Hrovat et al. 2004; Hrovat et al. 2012).

The IVIDIL experiment assembled inside the SODI
instrument was installed by the ISS expedition 21 within the
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Glovebox rack -in the Columbus module- (Shevtsova 2010;
Shevtsova et al. 2011; Sdez et al. 2013b). The experiment
began October 2009 and finished January 2010. During this
period about fifty runs were successfully completed. Many
of them used a translational motor which shakes the IVIDIL
test cell at different frequencies and amplitudes. To com-
plete previous reports (Séez et al. 2013b; Séez et al. 2013c¢)
the objective of the present work is to focus on the propa-
gation of the shaker disturbances in the vibrational range.
This implies to extent the operational research to all hearest
modules able to generate simultaneous accelerometric infor-
mation, in particular, the ESA Columbus -SAMSes es08
sensor-, NASA Destiny -SAMSII 12103 sensor- and JAXA
PM-Kibo -SAMSII 121f05 sensor- ones. At this respect, it
is important to mention that the SAMSes es08 sensor was
located in the Glovebox rack, inside the Columbus mod-
ule, near but not on the experiment. So, there was a small
distance between the experiment itself and the sensor.

Even though the above-mentioned simultaneity is very
difficult to be achieved, we have detected three episodes
all along the life of the experiment labelled as Run 28R,
30R and 33R. The first one, the Run 28R, was active from
13th to 14th of January 2010 and corresponds to a shaking
state of 2 Hz of frequency and amplitude of the transla-
tional movement of 52 mm. The second Run 30R was active
between January 18th and January 19th of 2010 and corre-
sponds to a shaking state of the same frequency but higher
amplitude of 62 mm. Finally the third episode, the so-called
Run 33R, was active between 15th and 16th January of 2010
and corresponds to a quiescent state in which the motor
was switched off. It is also very interesting to have a clear
idea of the background, without shaker, for comparison
purposes. All accelerometric files were downloaded thanks
to the NASA Principal Investigator Microgravity Services
(PIMS website; PIMS 2004).

Second order statistical analysis involves the considera-
tion of relevant statistical properties of the signals in both,
time and frequency domains. In order to know if the dis-
turbances produced by the SODI shaker significantly alter
the ISS vibratory limit requirements (Rogers et al. 1997),
RMS values have also been evaluated. Finally, to investi-
gate the nonlinear peculiarities of the shaker disturbances in
the present vibrational range, here up to 200 Hz, high order
statistical analysis -in particular, the bi and trispectra- have
also been considered.

Numerical Procedures
The accelerometric signals are sampled at 500 Hz and prop-
erly filtered with a cut-off frequency of 200 Hz. The gain of

the sensor located in the ESA Columbus module is 8.5 while
that the gain of the other two sensors located in the NASA
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Destiny and JAXA PM-Kibo modules are 10. The length
of each signal is about 18 hours, the same duration as each
complete IVIDIL ‘s run. Data units are in g and in order to
eliminate possible instrument bias we have systematically
demeaned all the raw signals before attempt any mathemat-
ical manipulation. The positions and locations/orientations
of the SAMS sensors against the International Space Station
Absolute coordinate system (SSA: X4, Y4, Z4) are detailed
in Fig. | and Tables 1 and 2 (Jules et al. 2005). Hereafter
we will always use the absolute coordinate system, in this
way the X, direction will coincide with the most relevant
direction of the present study, the shaking one (Séez et al.
2013¢).

Time Domain Analysis

A ten seconds interval average acceleration plot is used as a
standard representation of long length data files, despite that
in this case it must be taken into account that only average
tendencies could be detected. The statistical analysis starts
with the consideration of the corresponding histograms in
order to investigate the kind of distribution associated. Men-
tion here that the Gaussianity is a very important character-
istic because nonGaussian distributions would evidence the
existence of nonlinearities. To test the Gaussian nature of the
signals, the literature offers different strategies, as the pre-
sented by Thomson et al. (1997), in which the probability
distribution and the fitted Gaussian curve are plotted in log-
arithmic scale. In the present case we choose another option
also very popular in statistics, the quantile-quantile plot,
in which the normal behaviour is visualized by a straight
line. Additional statistic information is provided by the first
quartile, Q1, the third quartile, Q3, the interquartile range
(IQR, Q3 - Q1), and the outliers. The outliers here are the
percentage of points excluded of the upper, U, and lower,
L, whiskers (calculated here as (Q3 + 1.5 (Q3 - Q1)) and
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‘Fig. 1 The International Space Station Absolute coordinate system
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Table 1 SAMS coordinate systems during the experiment

Location (in) Orientation (degrees)

Sensor X4 Y4 Za Roll  Pitch yaW

ESO8
121103
121105

47571
191.54
466.8

235.22
-40.54
-292.06

16027 0O 90 -90
13525 0 30 -90
21458 90 -90 0

(Q3 - 1.5 (Q3 - Q1)), respectively) (McGill et al. 1978;
Nelson 1989). °

Frequency Domain Analysis

Frequency characterization firstly considers the power spec-
tral density because this positive real function is very illus-
trative in the understanding of how the power carried out by
each signal is distributed in the frequency domain. Hanning
windows have been used in all calculations. Based on these
calculations and using the Parseval theorem, we also calcu-
late the RMS acceleration level integrated on each one of
the thirty-three one-third octave bands between 0.1 and 200
Hz (Rogers et al. 1997). In microgravity, this set of bands
is used to define the International Space Station vibratory
limits requirements (Jules 2002), that is to say,

0.01 and 0.1Hz; agms < 1.8ug )]
0.1 and 100Hz; armys < 18f pg 2)
100 and 300Hz; apmys < 1800ug 3)

being f the value of the centre of the band considered.
Also, to investigate the degree of correlation at each fre-
quency between couples of different signals coming from
the three different modules we use the coherence func-
tion. This magnitude, similar to the cross-correlation in the

Table 2 Relationship between the axes from SAMS sensor and the
SSA coordinate systems during the experiment

Unit vector in Analysis Coordinates

Sensor Axis Xa Ya Za
ESO8 X Esos 0 0 -1
ZESsos 0 -1 0
12103 XFo3 0 -0.866 -0.5
Yros 1 0 0
Zro3 0 -0.5 0.866
121105 XFos 0 0 1
Yros 1 0 0
ZFos 0 1 0

time domain, is defined in the frequency domain as the
cross-spectral density function of both signals normalized
by the product of the corresponding power spectral density
functions (Heinnzel et al. 2002).

Higher order statistical techniques (Sdez et al. 2013a)
are applied to the multimodal distribution records in order
to correctly identify the frequency interaction mechanisms
that result from the presence of nonlinearities (Kerschen
et al. 2006; Hickey et al. 2009). It is important emphasise
that if a signal has a Gaussian probability density function
then, it has zero polispectra for all the orders higher than
two, which corresponds to the power spectrum. The Bis-
pectrum function -third order spectral analysis- is calculated
using the direct method as the average of the triple prod-
ucts of Fourier transforms over K segments in which all
the records are divided (Collis et al. 1998; Rivola 2000).
In the present study, the Fourier transforms are evaluated
using 2048 points. Non-overlapping is applied to obtain
14000 Hanning windowed segments corresponding practi-
cally to the whole signal. Bispectrum function is a complex
magnitude and it can reveal information about the mecha-
nisms which are responsible of quadratic nonlinearities, as
for example, the so-called quadratic phase coupling phe-
nomenon, QPC. The power spectrum is a function of one
frequency, but the bispectrum depends of two frequencies
(f1,£2). A peak in the bispectrum module at (f1,f2) frequen-
cies implies a frequency coupling between fl, f2 and 3

being fl1 + f2 = 3. If, in addition, the phase of the bis-’

pectrum is zero, a QPC phenomenon is detected (Fackerell
et al. 1995a; Fackerell et al. 1995b). This phenomenon
indicates that part of the energy associated with the third
frequency, f3, comes from the energy of the other two. To
check if the biphase is zero, we always use here the biphase
histogram method (Séez et al. 2013a), that is to say, we con-
struct histograms associated to the values of the biphase of
each one of the different segments considered only at the
corresponding frequency couplings.

Also, from the analysis of trispectrum function -fourth
order spectral analysis-, we investigate the presence of cubic
nonlinearities in the signals. Similarly as the calculation
of the bispectrum function, the trispectrum is evaluated as
the average of the quadruple products of Fourier transforms
over k segments (Rivola 2000). Here we select 2048 FFT
points over 1000 Hanning windowed segments. Trispectrum
is a complex magnitude that depends of three frequencies
(f1,£2,£3) and it presents many symmetries (Rivola 2000).
Here, the module is plotted by drawing spheres at every
point in the (f1,2,£3) space, with a radius proportional to
their corresponding modules. Only the maximum values are
plotted here and these maxima related four frequencies f1,
2, f3 and f4 being f1 + f2 + f3=f4 or f1 + 2 -f3 =14
for the two principal domains. If one point of the trispec-
trum accomplishes some of these relations simultaneously
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with the zero value of the phase of the trispectrum, a cubic
phase coupling occurs. Also, the triphase histogram method
is applied to check the trispectrum phase at the points, where
the trispectrum is maximum. (Séez et al. 2013a)

Results

Figure 2 presents the ten seconds interval average of the
X 4 acceleration component of the ESA, NASA and JAXA
(30R) data. Similar behaviour is exhibited by the other sig-
nals (28R and 33R). It can be seen that the acceleration
levels are in all cases stable but different. JAXA PM-Kibo
module has the lowest acceleration value while that ESA
Columbus module has the highest one. A clear perturbation,
practically at the end of the run -around the hour fifteen-, is
detected in all three subsequent signals but its presence does
not significantly affect the subsequent results at all. As men-
tioned before, we have demeaned all raw signals treated,
except the ones reported now in Fig. 2 and Table 3 because
we consider illustrative enough to highlight their global
characteristics. Hereafter all signals have been demeaned
before attempt further manipulations.

The histograms of the X4 acceleration data in the par-
ticular case of 30R are shown in Fig. 3. At first glance,
the histograms associated to NASA Destiny and JAXA PM-
Kibo modules are Gaussian (Figs. 3b and 3c) while that
the ESA Columbus one, Fig. 3a, presents a distorted belly
shape indicating the lose of Gaussianity. The activation
of the shaker seems to be the reason for this breaking of
the X4 component -ESA’s Y4 and Z4 components remain
Gaussians- . In order to quantitatively confirm the Gaus-
sianity, Fig. 4 presents the quantile-quantile plot of each
signal. Obviously, X 4 accelerometric data of ESA Colum-
bus module, Fig. 4a, does not accomplish this test because
the notorious deviations of the curve regarding the straight

Acceleration (mg)
& 5
o
3
v

2 4 6 8 10 12 14 16 18
Time (hours)

Fig. 2 Ten seconds interval average of X4 components. a ESA, b
NASA and ¢ JAXA, 30R signals
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Table 3 Basic descriptive statistics of the signals

Mean Median IQR Outliers

Signals (mg) (mg) (mg) (%)

ESA 28R 0.3538 0.3437 0.9848 3.6 1075
NASA 28R -0.0238 -0.0239 0.1294 55.1071
JAXA 28R -0.0005 -0.0022 0.0685 79-107!
ESA 30R 0.3539 0.3519 0.6577 45.1073
NASA 30R -0.0288 -0.0239 0.1259 7.0 107!
JAXA 30R -0.0002 -0.0037 0.0741 6.0-107!
ESA 33R 0.3538 0.3530 0.0707 7.7 107!
NASA 33R -0.0239 -0.0240 0.1332 5.0-107!
JAXA 33R -0.0003 -0.0017 0.0706 6.7-107!

line corresponding to a normal behaviour. In the other cases,
Figs. 4b and 4c, a good correlation is observed except at
both ends. The outliers, equivalently the tails of the distri-
butions, slightly distort the complete Gaussian character of
the signals. The set of three signals labelled as 28R also
present the same tendency. In the case of 33R signals, when
the shaker is off, a Gaussian behaviour is confirmed for all
the signals.

Additionally statistical information is presented in Table
3. ESA Columbus X4 accelerometric signals have a mean
around 0.35 mg, which is higher than the mean of the
other signals. When the motor is on, the interquartile range
(IQR) of ESA Columbus signals are also increased and the
percentage of outlier is reduced.

The power spectral densities of the X4 component
of 30R signals are displayed in Fig.5. Notice that the
scales corresponding to the ordinate axes of the three
periodograms are not logarithmic to better appreciate the
intensities associated with the different frequencies. The
highest intensities that appear in ESA30R Columbus sig-
nal are associated with the shaking frequency (fy = 2Hz)

Counts (x 1 06)

2 -1.5 -1 0.5 0 0.5 1 1.5 2
Acceleration (mg)

Fig. 3 Histogram of X4 components. a ESA, b NASA and ¢ JAXA,
30R signals
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and its third harmonic (3 fo = 6Hz). Amazingly the inten-
sity of this harmonic is higher than the corresponding to the
fundamental one ( fp). This behaviour indicates that a possi-
ble nonlinear mechanism increases the 3 f; intensities at the
expense of the fj one. Tables 4 and 5 quantify all the above
mentioned details. From these tables we can see that the
shaking'and the third harmonic frequencies also appear in
the NASA Destiny and JAXA PM-Kibo signals, but the sit-
uation is different in both modules. In the case of the NASA
Destiny signal the dominant frequencies, 95.4 and 141.7
Hz, could be possibly originated by life support equipment
activities. The shaking frequency and the third harmonic
are also detected but their intensities are very weak and
the third harmonic continues being dominant. On the other
hand, the dominant frequency in the JAXA PM-Kibo signal
is the third harmonic (6 Hz), the shaking frequency is also
appreciable but its intensity is low.

401 :
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Fig. 5 Power spectral density (PSD) of X4 components. a ESA,
b NASA and ¢ JAXA, 30R signals

Table 4 Quantitative power spectral densities results for Run 30R

Intensity (g%/Hz)

Frequency'(Hz) ESA NASA JAXA

2 2.15-10~* 7.60 - 1079 8.07 - 1077

4 5.60- 1076 - -

6 3.50. 1073 7.14.1078 1.05-10°9

8 1.50- 1075 5.68 - 1079 6.85:107°

10 2.90.107* 1.10- 1078 1.64.10°

12 7.89.1078 = 3.34, 10710
14 2.04.1073 = 2.92.107°

18 2.22.1073 = 3.02.10°10
22 7.76 - 107° = 7.27:10°°

26 1211073 = —

57.4 - = 1.81-1077

73.1 3.2010~6 - -

90.5 = = 3.09-1077

95.4 = 1.95.107° -

98.24 = 5.50. 107 —

114.7 - -, 6.68- 1078

120.1 = - 5291077

141.7 = 2191073 —

153.7 - 6.23.107° —

The coherence functions for 30R signals are shown in
Fig. 6. The NASA and JAXA couple (Fig. 6¢) presents
a strong correlation around 2 and 6 Hz. The X axes are
restricted to the interval 0-50 Hz in order to clarify, as much
as possible, the plot contents, For the other cases the max-
imum value of coherence, only located at 2 Hz, drastically
decreases. This fact suggests that the mechanical couplings
between ESA - NASA and ESA - JAXA modules are weak.
Anyway, the nominal frequency of the shaker, 2 Hz in
the present cases, is always transmitted to the neighbour
modules.

Table 5 Dominant frequencies and their intensities

Jfo/ Ampl. Max. freq. Intensity

Signals (Hz) / (mm) (Hz) (g2/Hz)

ESA 28R 2/52 6 1.6 1072
NASA 28R 141.7 281073
JAXA 28R 6 6.0.107°
ESA 30R 2/62 6 3.5:1073
NASA 30R 141.7 231073
JAXA 30R . 6 1.0-1076
ESA 33R 0/0 73.1 7.3.107
NASA 33R 141.7 2.2.1073
JAXA 33R 90.5 6.0.1077
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Fig. 6 Coherence functions: a ESA-NASA, b ESA-JAXA and
¢ NASA-JAXA

Figure 7 shows the RMS acceleration of the ESA Colum-
bus signals as a function of the one third octave frequency
band for the three different days considered. Thick line cor-
responds to the ISS vibratory limit requirements. We can
see that, the RMS levels increase when the shaker is on,
cases (a) and (b), and, in these cases, clearly exceed the
limit allowed for the frequency bands containing the val-
ues of the shaking and its third harmonic. Mention that the
existence of relevant RMS values in the above-mentioned
bands have also been detected in several preliminary ground
test reports. Comparing the curves Figs. 7a and 7b, a good
reproducibility of the mechanical conditions is observed,
independently of the experiment day. Also, a more detailed
inspection shows small changes around the 5 f frequency
bands.

Figure 8 presents the RMS acceleration levels of NASA
and JAXA PS-Kibo modules. All values are always signifi-
cantly lower than the corresponding ISS limits, and for low
frequencies, minor than 20 Hz, JAXA values are bigger than

RMS acceleration (ug)

10

Frequency (Hz)

Fig. 7 RMS acceleration vs. one third octave frequency bands.
Bold line is the ISS vibratory limit requirements
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Fig. 8 RMS acceleration vs. one third octave frequency bands.
Bold line is the ISS vibratory limit requirements

NASA ones. Mention also, the high RMS values associated
with the frequency band containing 0.25 Hz principally in
ESA and JAXA signals and mostly in Run 30R (Figs. 7b
and 8b). This is probably due to structural movements of the
Station itself.

In order to analyze the nonlinear energy exchange
between the nominal frequency and its third harmonic it is
mandatory to study the bispectrum and trispectrum func-
tions, which are shown in Figs. 9 and 10, respectively.
Both figures have been built using also the X4 accelero-
metric component of the ESA 30R run. Note that Fig. 9
shows redundant information because it appears two sym-
metric regions against the diagonal line as the symmetry
axis (Courtney et al. 2010) and thus we will only consider
the peaks located within the lowest triangle region. So, the
principal bispectrum peaks that appear in this figure are
located at the frequency pairs a:(4,2), b:(6,2), c:(6,4) and
d:(10,6). We focus our attention in the first pair, which cor-
responds to an interaction between the shaker frequency and

20
& ) ESA30R
164 ® s s
* ® % s
12+
£ e ® w ® . ]
2 5 > ® ‘o
@ @ 2 o &d > © o
H @ ®c @
@ @ B o o e
0 | : :
0 4 8 12 16 20
F1 (Fz)

Fig. 9 ESA30R bispectrum. a (4,2), b (6,2), ¢ (6,4) and d (10,6)
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167 . ESA30R

RS TA

Fig. 10 ESA30R trispectrum. a (6,2,-2), b (10,6,-6) and ¢ (6,6,-6)

its second harmonic, because its addition, 2 + 4 = 6 Hz ,
could explain the power increase associated to the third har-
monic. To investigate if there are quadratic phase coupling
at the mentioned pair, we also must check if its biphase
accomplishes the condition of zero value. A detailed study
of the biphase passing through the construction of biphase
histograms has been made (Séez et al. 2013a), and the
results establish that, in the present case, this condition is not
accomplished not only for (4,2) pair but either by the oth-
ers principal pairs. So, the anomalous exchange of energy
between the first and third harmonic is not a consequence
of a quadratic phase coupling. Therefore we increase one
spectral order analyzing the trispectrum function. Results
are presented in Fig. 10. Only the triplets with the largest
trispectrum values are plotted in this figure. We can see that
the maximum trispectrum value is located at ¢:(6,6,-6) Hz.
Another relevant triplets are a:(6,2,-2) and b:(10,6,-6). As
before, only (6,6,-6) and (6,2,-2) triplets accomplish that 6 +
6-6=06and 6 + 2 - 2 =6. With the aim of testing if a cubic
phase coupling behaviour appears, it must be additionally
investigated the existence of phase coupling (triphase must
be zero). Also using the histogram phase method, we find
that the three triplets have zero triphase value. This result
indicates that the third harmonic (6 Hz) increase its energy
from itself (6,6,-6), in resonant form, and from the energy
of 2 Hz (6,2,-2), while the triplet (10,6,-6) interacts with
the fifth harmonic (10 Hz). So, these results indicates that
the nonlinearities exhibited in the mechanical device are of
cubic type. The literature shows that a possible explanation
of this behaviour could be associated to a malfunction of the
shaking motor due a misalignment of the axis rotor during
the experiment (Sinha et al. 2013).

Conclusions

A comparative analysis of simultaneous accelerometric sig-
nals coming from three different modules of the ISS is
carried out. The signals correspond to a complete SODI -
IVIDIL experiments in which the shaker is switched on or
off respectively. Our results clearly show that the shaker
breaks the Gaussianity of the ESA Columbus module sig-
nal only in the shaking direction, but maintains the Gaussian
behaviour of the three components of acceleration in the rest
of modules. The shaker frequency (2 Hz) and its third har-
monic (6 Hz) dominate the spectral response in the ESA
Columbus and in the JAXA PS-Kibo modules. In both
modules the power spectrum intensity of third harmonic is
higher than the fundamental one. In the case of NASA Des-
tiny, the above-mentioned frequencies are also detected but
the highest intensities are presumably related with frequen-
cies associated to life support equipment activities. High
values of the coherence function are only found between the
NASA Destiny and JAXA PS-Kibo signals at 2 and 6 Hz. In
the other cases, a peak is detected at the shaker fundamen-
tal frequency but its value is very low. The results also show
that the disturbances produced by the mobile mechanical
device in the ESA Columbus module do not accomplish the
ISS vibratory limit requirements. Finally, high order spec-
tral analysis demonstrate that the peculiar energy exchange
between the shaking and the third harmonic frequencies
is due to a cubic nonlinear behaviour, probably caused by
misalignment of the axis rotor of the shaker.

Concerning the question posed in the Abstract and taking
into account the conclusions of the present study say that
the mechanical environment of one experiment could not be
characterized considering only the records of acceleration
from the accelerometers of only one module, especially if
the experiment is not there. The researchers need additional
information from different modules to adequately charac-
terize the mechanical environment of their experiments. But
still, the correlation between experiment and mechanical
vibrations is not fine enough, so, the best strategy is to locate
accelerometers inside the experiment or, as near as possi-
ble -then, taking the corresponding preventions-. But even
in this case and, specially in motorized experiments as the
present one, the researcher must be very cautions with the
choice of the accelerometric information to be correlated
with the experimental results, taking into account not only
the nominal frequencies associated with the experiment,
but also the ones associated with the signal of acceleration
obtained during the experiments.
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