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Identification of Nonlinear Structural Elements
by Force-State Mapping
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A major contributor to the passive damping and potentially nonfinear behavior of large space structures is
the behavior of the joints. Proposed is an experimental technique called *‘force-state mapping’’ that will allow
ground testing of these key structural elements. The technique includes the use of very accurate instrumenta-
tion to measure the force transmission properties of a structural element as a function of its mechanical state.
When these data are presented in the form of a force-state map, the nonlinearities exhibit distinctively
recognizable patterns. This presentation of the data allows the extraction of the describing parameters of the
linear and nonlinear behavior and the energy dissipation characteristics of the joint. A series of tests were car-
ried out on an idealized laboratory test article to demonstrate the technique. Strong structural nonlinearities,
including a cubic hardening spring, friction, and impact phenomena, were introduced and measured. Para-
meters identified by the force-state mapping technique are compared with those made by traditional tech-
niques and the errors involved in the measurement are estimated.

Introduction

ANY present and future orbital missions utilize struc-

tures or components that must be stored for launch,
due to the limitations of the Shuttle payload bay. This
requirement for storage implies that the subassemblies must
be joined together, or deployed on orbit, to form the final
assembled structure. The structural elements that perform
this linking function—the joints——are seen to be a potential
source of nonlinear behavior due to their discontinuous
nature and complex load paths. These potential non-
linearities could impact the effectiveness of both systems
identification and active control techniques. Further, they
complicate the ground testing of space structures because of
the inapplicability of the principle of linear superposition
and they cloud the understanding of scaling laws for such
structures.! Finally, the joints act as a primary location for
passive energy dissipation, due to friction and impacting
phenomena at the contact surfaces. A knowledge of the
passive damping is especially important to the formulation
of active control schemes.

A number of investigations into the effects of non-
linearities in structures have been performed. Several of
these studies assess the applicability of testing methods based
on assumptions of linear behavior to nonlinear systems.?®
The results show the possibility of detecting and quantifying
certain selected weak nonlinearities in otherwise linear struc-
tures. Other testing techniques focus only on a particular
type of nonlinearity, for instance, friction.®!! It is clear from
these studies that no systematic testing technique yet exists
that is capable of detecting and quantifying arbitrary non-
linear response in a structural element. Even the validity of
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1g testing of space structures is in doubt, due to their ex-
pected nonlinear behavior.!>!?

It is clear that the current state of technology is adequate
in the area of the design and testing of structural elements,
such as joints, with strong nonlinearities. It is the purpose of
this study to investigate the applicability of a proposed
technique called force-state mapping to the accurate
measurement of linear and arbitrarily nonlinear properties in
space truss joints. First, the motivation and theory of the
force-state mapping method is explained and the expected
results and benefits are presented. The experiment design
with its idealizations and limitations will then be discussed.
Finally, the results of a proof of concept experiment, as well
as a discussion of their significance, will be presented.

Force-State Mapping Technique

The goal of this study is to develop an experimental
technique that can identify and quantify the potentially non-
linear dynamic properties of space truss joints. As an exam-
ple of the approach to be taken, the extensional dynamics of
a simple boom-like space structure could be modeled by the
lumped parameter system shown in Fig. 1. The spacecraft to
the left is assumed to be a rigid body and the boom consists
of joints and linear connecting elements that extend to the
right. The joints are considered massless spring/dampers.
These joints transmit force from one element to the next
depending on their relative position and velocity, that is,
depending on the mechanical state of the joint. The assump-
tion that the joints are massless in comparison to the total
mass of the structure is usually a good engineering approx-
imation. The assumption that the force transmitted by the
joint depends only on the state of the joint is rigorous, pro-
vided a sufficient number of states are included in the
description of the joint. Particularly if memory effects are
present in the dynamics of the joint, it may be necessary to
include augmented states. However, no memory effects will
be considered in the present discussion.

In order to determine the functional dependence of the
transmitted force on its state, attention is focused on joint A
in the structural model of Fig. 1. If, for simplicity, the
spacecraft is assumed to be rigidly fixed and the boom con-
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Fig. 1 Simplified model of jointed spacecraft boom.

sists only of lumped mass »1,, = M, then the governing equa-
tion of motion is

Mi=F—kx—Cx 4]

where the terms on the right express the sum of the external
and joint-dependent forces acting on the mass. In this form,
the equation emphasizes the role of the joint as an element
that applies a motion-dependent force to the remainder of
the structure. If the characteristics of the joint are assumed
to be arbitrarily nonlinear, then Eq. (1) can be rewritten as

Mzi=F—f(x,%) V)

where f, the force produced by the joint, can be any function
of displacement and velocity. This is the most general
dynamic equation of motion for a single degree-of-freedom
constant-mass system in the absence of memory effects. For
emphasis, Eq. (2) can be rearranged as

f(x,X) =F—Mx=Fygr 3

Therefore, the left-hand side of Eq. (3) represents a
generalized displacement- and velocity-dependent net force
emanating from the joint.

Equations such as Eq. (2) are normally solved in the direct
sense, i.e., given initial conditions and a force time history,
the time behavior of the states can be determined. However,
the alternate form given in Eq. (3) can be used inversely. If
the time history of the applied force and the acceleration are
known, the force transmission characteristics of the joint can
be determined as a function of its mechanical state. What is
envisioned then is a three-dimensional plot of the net trans-
mitted force (F—MX) vs displacement x and velocity x. A
plot of this type would be obtained by simultaneously
measuring the force applied to the joint and its position,
velocity, and acceleration. Each time the three position
derivatives and the force are recorded, a point is produced in
this three-dimensional space using Eq. (3). If the force
transmitted is indeed only a function of the state, these in-
dividual measurements will form a repeatable surface. The
nature and shape of the surface will be independent of the
time history of the applied force. This surface of net
transmitted force vs state is called a force-state map.

The useful feature of this data presentation format is that
surface shapes resulting from most structural mechanisms
are unique and recognizable. The ideal surface resulting
from a linear spring is shown in Fig. 2. Note that the force is
linear in x and that there is no variation in transmitted force
with x. Likewise, the force-state surface of a linear viscous
damper would appear as a plane, with transmitted force
varying linearly in ¥ and with no variation of force in x.
Thus, any combination of linear springs and dampers will
yield a planar surface as its force-state map. As an example
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Fig. 2 Ideal linear spring force-state map.

of a nonlinear effect, a cubic hardening spring will produce
response data such as is shown in Fig. 3. The cubic variation
of force with x and an absence of variation with x are quite
apparent. Finally, the surface shape resulting from classical
friction is plotted in Fig. 4. In this model of simple Coulomb
friction, the force has a fixed amplitude, which takes on the
sign of the velocity.

The force transmission method is conceptually very simple
in its assumptions and provides for a direct graphical presen-
tation not provided by other methods. The next section will
consider the practicality of the method as a testing technique
and the factors involved with its implementation.

Experiment Design

In the previous section, it was indicated that four syn-
chronized signals must be obtained for each degree of
freedom: displacement, velocity, acceleration, and force. In
principle, not all of the signals need to be measured directly
since any of the time derivatives of position can be inte-
grated or differentiated to yield the others. In practice, the
need for accurate measurements, especially dictated by the
requirement to differentiate force and acceleration to obtain
net force and the difficulty of numerical differentiation,
placed very stringent requirements on the accuracy and phase
certainty of the experimental measurements. The practical
implementation of a proof-of-concept experiment to demon-
strate the force-state mapping technique is the subject of this
section.

The force-state mapping technique was proposed to
measure the structural characteristics in extension bending
and shear of joints, such as the one shown in Fig. 5. How-
ever, such a joint would make for a difficult proof-of-
concept experiment for several reasons. First, it would be
difficult to modify in a controlled manner the nature and ex-
tent of the nonlinear behavior. Second, because of the
unknown nature of the nonlinearity, it would be difficult to
measure the joint response by conventional methods. This
would make validation of the force-state technique impossi-
ble. Third, because of the highly complex behavior expected,
such a test article may not meet the single-degree-of-freedom
assumption present in the current formulation of the force-
state technique.

As an alternative to using an actual joint as the proof-of-
concept experiment, a reference test article was built that
satisfies the single degree-of-freedom idealization and to
which additional nonlinear elements can be successively
added in a controlled manner. This consisted of a 2 kg test
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Fig. 3 Ideal cubic spring force-state map.
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Fig. 4 Ideal Coulomb friction force-state map.

mass mounted on steel flexures and free to oscillate side to
side in translation with a natural frequency of 11 Hz (Fig.
5b). Because of the orientation of the flexures, the mass had
a preferred longitudinal axis of motion. With the resulting
large modal separation in frequency, the reference test article
behaved as a nearly perfect second-order undamped system.
Various additional elements could be connected between the
proof mass and adjacent rigid supports, which allowed non-
linear elements to be introduced into the dynamics of the
system. These devices included ‘‘linear” air dampers, fric-
tional surfaces, and impact bumpers. The details of these
devices will be further discussed in the section on results.
Figure 5b also illustrates the placement of the instruments
and the forcing input, a 100 1b capacity Ling model 420
electromagnetic shaker.

In a very real way, the quality of the results from such an
experiment can be only as good as the instruments and sen-
sors used to measure the force input and response. Great
pains were taken to select instrumentation and provide signal
conditioning free of distortion and with high accuracy. Even

s

L !

Fig. 5 Typical deployable locking hinge joint, and experimental
setup showing shaker, reférence test article, and transducer
locations.

o

so, difficulties arose in calibrating the instruments and in
controlling the signal noise content, especially in the
measurement of net force. An error analysis showed that
synchronization of different signals was also a critical fac-
tor.!* These concerns and the selection of instrumentation to
measure the displacement, velocity, acceleration, and force
are discussed below.

Three types of displacement transducers were investigated:
a linear variable differential transformer (LVDT), an induc-
tive proximitor, and a variable capacitance transducer.'’
These devices were compared for their linearity, time or
phase delay characteristics, and the stability of their zero
reference. All three can be configured to provide acceptable
linearity. The phase delay requirement was that there be a
constant time delay, or linear phase delay, at any frequency.
This would allow for eventual synchronization with the other
signals. The proximitor time delay characteristics were un-
available and, for this reason, the device was rejected at that
time. The capacitive device was more susceptible to noise
and had a less stable zero reference than the LVDT. A
repeatable zero displacement location is necessary in testing a
nonlinear system in order to insure reproducibility in suc-
cessive tests. Thus, the LVDT was chosen to measure dis-
placement.

Only one applicable device was found that was ap-
propriate for the velocity measurement. This device is called
a linear velocity transducer (LVT). As its name implies, it
provides a highly linear measurement of velocity from the
voltage produced by mutual inductance. The device was sim-
ple and proved to have very good operating characteristics,
accuracy, and drift characteristics. For these reasons, the
LVT dynamic signal was used as the standard of comparison
for all of the other instruments.

A wide range of laboratory accelerometers are available.
For different types of accelerometers were considered: strain
gage, piezoresistive, differential transformer, and piezo-
electric. The strain gage and differential transformer devices
did not meet the specified bandwidth requirements. The
piezoelectric accelerometer is not well suited to low-
frequency measurements and, in general, exhibited less
linearity than the piezoresistive accelerometer, which was
ultimately selected.

A low-sensitivity accelerometer was chosen, but it was
susceptible to thermal drift. Consequently, great care was
taken to observe the manufacturer’s warmup recommenda-
tions. This drift would have rendered the device un-
acceptable if integration of the output had been required to
yield velocity or displacement signals. However, the accelera-
tion signal proved acceptable after postprocessing of the out-
put removed any secular drift during the brief test time.

Piezoelectric strain gage force transducers were the options
considered for the force measurement instrument. The strain
gage device was rejected due to load range, bandwidth, and
thermal sensitivity considerations. The piezoelectric device
proved to have very good linearity and phase response and
adequate low-frequency response.

An extensive error analysis was performed in order to
predict the dominant system errors and noise sources. Error
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bounds for the net force, as expressed by Eg. (3), were
predicted for a linear undamped spring-mass system using
the actual uncertainty errors measured for the instrument.
The error bounds were calculated as a function of the ratio
of driving frequency to the natural frequency of the system.
Well below resonance, the error was dominated by that of
the force transducer. At resonance, when the applied force is
small, the error is roughly that of the accelerometer. How-
ever, above resonance, when the applied and inertial forces
are similar in magnitude, the net force is the small difference
between the two large numbers and the error grows large
with respect to the signal. This indicates that the best signal-
to-noise ratio is achieved at or below resonance. The trend
of increasing noise level with increasing frequency above
resonance will be evident in the results shown later in Figs.
7-9.

The error analysis indicated a need for highly synchro-
nized measurements of the force, acceleration, and state in
order that Eq. (3) be satisfied at any instant. Any instrument
with frequency-dependent time delay (nonlinear phase shift)
was excluded from consideration. An additional source of
time delay, which can be frequency dependent, was the
analog signal filtering. Four-pole Bessel filters, which have
constant time delay characteristics, were employed. The
requirement for synchronicity in the analog-to-digital conver-
sion was satisfied by recording signals with a data logger
capable of simultaneously sampling and holding up to 16
waveforms. The entire measurement system was carefully
calibrated for synchronization by measuring the force, ac-
celeration, velocity, and displacement of a 1 kg calibration
proof mass. Each of the signals was compared to the others
through a fourth-order Runge-Kutta integration to determine
their relative time delay. Using these results, later test data
were time shifted to correct for the instrument-related timing
mismatches.

Initially each of the instruments was calibrated to an in-
dependent reference. However, during early runs, com-
parison of measurements showed calibration inconsistencies
between the devices. It was decided to use the LVDT,
calibrated by a micrometer, as the primary standard. The
LVT was calibrated by comparison to the LVDT at low fre-
quency and the accelerometer was calibrated by comparison
with the LVT. The force calibration was then established by
measuring the force and acceleration of the calibration proof
mass. In this way, a consistent set of calibrations was
obtained.

Experimental Results
Spring-Mass System

In order to verify its ability to identify linear and non-
linear structural characteristics, both individually and in
combinations, the force-state mapping technique was applied
to a series of structural systems built around the reference
test article. The first tests were performed on the simple
spring-mass reference test article with no additional elements
added. The flexures that supported the mass provided a
weak linear spring.

The three-dimensional force-state map for this spring-mass
system is shown in Fig. 6a, in the same format as the ideal-
ized trends in Figs. 2-5. These data were obtained by digitally
sampling the force and displacement derivatives, while
driving the mass with with a ramped 5 Hz oscillatory input.
This forcing input produced a spiraling contour in the force-
state space. In such a sampling procedure, the values of the
state (x,x) at which data are sampled do not form a regular
grid in displacement-velocity coordinates. The approach used
in preparing figures such as Fig. 7a was to divide the peak to
peak displacement and velocity ranges into 20 subranges,
producing a 20x20 grid. All of the net force data taken
within each of the 400 grid blocks were averaged and the
values of the averages plotted. A more traditional presenta-
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Fig. 6a Force-state map of reference spring mass test article driven at
5 Hz.
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Fig. 6b Force vs displacement of the reference spring mass system
driven at 5 Hz.

tion of the data is shown in Fig. 6b, which is equivalent to
projecting the force-state surface on to the x=0 plane. The
small degree of hysteresis visible in Fig. 6b is due to friction
in the LVT.

For purposes of comparison, two methods were used to
make independent measurements of the spring stiffness.
Both a static stiffness measurement and a free-vibration
transient decay test were performed. The flexure stiffnesses
and natural frequencies measured are shown in Table 1.
They are compared with the value for the effective spring
constant found by fitting a plane to the force-state map data
using a least squares algorithm.!® The force-state map result
is within 4% of the other testing techniques and very close to
their mean. The error analysis in Ref. 14 indicates that the
upper bound on measurement error for this case is 2.76%.
The agreement between the more reliable transient decay
results and the force map result meets this expected ac-
curacy, with only a 1.5% difference in the measured
stiffnesses.

The three force maps presented in Figs. 6-8 show the
effect on the signal-to-noise ratio of increasing the forcing
frequency. All three show the same signal, the sloping
characteristics of a linear spring. However, the apparent



JANUARY 1986

- 18.0

/7
L

i
([17]] ;i
| i ll l’lﬁ" ‘

Fig. 7 Force-state map of the reference spring mass test article
driven at 20 Hz.
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Fig. 8 Force-state map of the reference spring map test article
driven at 50 Hz.

noise level increases with frequency, as was predicted by the
error analysis. Since the tests are done at constant applied
force rather than constant amplitude, the peak amplitude
decreases with increasing frequency, further decreasing the
signal-to-noise ratio. Since the higher-frequency plots are at
lower signal level, smaller effects become more apparent.
This is obvious in Fig. 8, where less than 1 N of friction
force from the LVT can easily be identified as a clear step in
the data in the vicinity of x=0.

Viscous Damping

In an effort to introduce pure linear viscous damping, air
dampers were next added to the basic spring-mass system.
These devices have the classic piston and cylinder layout,
which is so c]psely associated with ‘‘ideal’” dampers, and use
air as their working medium. There is an adjustable orifice
through which the piston pumps air, creating the drag effect
of the damper. For large orifice openings or low piston
velocities, a linear viscous damper is closely simulated. Com-
pressibility of the air becomes a significant factor for high
piston velocities and/or small orifice openings.

The force-state characteristics of the air dashpot driven at
20 Hz are shown in Fig. 9, with a “light”’ damper setting.
Note that, in addition to the expected linear dependence of
force on velocity, two other trends are apparent: 1) there is a
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Table 1 Flexure mounted mass properties

Flexure Natural
stiffness, frequency,
Technique N/m Hz
Static stiffness 7931 10.90
Free transient
vibration test 8416 11.23

Force-state-map fit 8291 11.14

Table 2 Air damper response results, light damping

Damper
Damping, stiffness,
Technique N-s/m wy/Hz N/m
Bench calibration 5.95 11.08 —
FMAP planar fit
S Hz 6.71 11.48 624
20 Hz 5.18 11.71 988
50 Hz 7.43 12.34 2032
Table 3 Coulomb friction results
Technique Friction force, N
Calculated friction (u=0.42) 9.30
Transient decay (11 Hz) 3.96
FMAP planar fit
5 Hz 7.02
20 Hz 5.05
50 Hz 4.62

noticeable friction step at x=0 and 2) there is a marked
dependence of force on displacement, indicating that at 20
Hz and +2 mm amplitude the compressibility of the air is
significant. Table 2 shows the results of a bench calibration
of the damper, as well as results of fitting a plane to the
force-state map derived at various frequencies. The damping
values are seen to be in good agreement, the mean being
almost exactly that given by the calibration. The increase in
effective stiffness of the air dashpot with increasing frequency
is also apparent.

Coulomb Friction

One of the suspected loss mechanisms in joints in space
structures is Coulomb friction. To simulate this mechanism,
an adjustable friction source ‘was added to the spring-mass
reference test article. The frictional contact surfaces were
steel and the normal force was supplied by a spring with a
set preload.

The force-state map is shown in Fig. 10 for the case of 20
Hz driving frequency. The linear effect of the flexure stiff-
ness has been removed from this and subsequent plots. The
force-state plot in Fig. 10 shows the step shape characteristic
expected for Coulomb friction, in which the force is at a
constant level with its sign determined by the velocity. A
departure from the ideal Coulomb behaviour can be seen in
the slight lag in the change of sign of the frictional force.
Recall that a ramped decreasing oscillatory trajectory of x
and X spirals in a clockwise direction in the three-
dimensional view of Fig. 10. It can be seen that, as the tra-
jectory on the high surface approaches the edge where the
friction force changes sign, it crosses zero velocity and falls
as it passes through two grid sectors until it reaches the lower
surfaces. The magnitude of the force does not instantane-
ously change at zero velocity, but ramps to the new force
value over the first 50 mm/s of velocity. This nonideal
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Fig. 9 Force-state map for an air dashpot damper driven at 20 Hz.
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Fig. 10 Force-state map for friction dampers driven at 20 Hz.

behavior is probably due to the microslip and micro-
mechanics of the friction surface. The trajectory continues
around the lower surface, crosses zero velocity, and again
rises through two grid sections to the upper level. This
creates a discontinuity in the force at zero velocity/zero dis-
placement, which is indicated in Fig. 11, but somewhat
obscured by the data averaging used.

The ideal friction surface of Fig. 5 was fit by least squares
to the surface of Fig. 10, resulting in the values of the fric-
tion listed in Table 3. There is a pronounced tendency for
decreasing friction with increasing forcing frequency. For
comparative purposes, the frictional force was estimated,
based on a handbook friction coefficient of n=0.42 and a
normal spring preload of 22 N, and was back calculated
from a transient decay measurement. Comparison of the
results shows moderate agreement; however, the difficulty of
making any accurate measurement of siding friction cannot
be underestimated. ‘ '

Cubic Spring

It is suspected that joints which are part of deployment
mechanisms will have deadbands, one manifestation of
which will be a nonlinear stiffness. In order to introduce a
strong but continuous nonlinear stiffness, a cubic spring was
added to the reference test article. The spring was a simple
piece of steel wire whose axis of preload was normal to the
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Fig. 11 Force-state map for a cubic spring driven at 20 Hz.

axis of the single degree of motion of the reference test
article.

Figure 11 shows the force-state map of the system driven
at 20 Hz. Again, the results have the linear influence of the
spring flexures removed. A hardening region is evident for
both positive and negative deflections, with little variation of
force with velocity. A cubic stiffness value was obtained by
fitting a cubic surface in the data of Fig. 11. The resulting
stiffness of 45x10% N/m? was not in good agreement with
the theoretical value, probably due to an initial lack of ten-
sion in the wire.

Impact Phenomena

Impact phenomena are another by-product of deadbands
occurring in joints. To simulate the impact occurring as a
deadband closes, a set of ‘‘bumpers’”’ was added to the
reference test article. The aluminum bumpers were covered
with a ¥ in. thick rubber sheet to create a ‘‘soft’ impact.
To most closely simulate the conditions expected in a real
joint, the Coulomb friction device was also included in this
test. A second objective of this test was, therefore, to deter-
mine how these two nonlinearities, friction plus impacting,
superimpose and how easily their individual contribution can
be detected.

The results of this configuration, when driven at 20 Hz,
are shown on the force-state map in Fig. 12a and projected
onto the x=0 plane in Fig. 12b. As expected, there is a
region on either side of zero displacement with no change in
force and then a sharp stiffening onset as the deadband
closes and the bumper makes contact. The energy dissipation
associated with the impact is clearly seen as the area within
the loop at the limits of displacement in Fig. 12b. The
presence of the friction is evident by the fact that the
negative velocity trajectory is at a lower steady force level
than the positive velocity trajectory.

The same observations can be made by examining the
force-state map in Fig. 12a. It can be seen that, in the
regions of bumper contact, the slopes. of the constant veloc-
ity lines show a sharp slope of force proportional to the dis-
placement. This is the stiffness component of the bumpers.
Also, the constant-displacement lines show a slope of force
with velocity, especially in the region where the velocity has
changed to the opposite sign of the displacement. The small
but noticeable step in force at zero velocity is due to the fric-
tion. Thus, in force-state space, the superposition of these
two nonlinear effects is seen to take place in an under-
standable manner, allowing ready identification of the
system characteristics.
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Fig. 13 Use of the force-state map to determine the effective stiff-

ness and damping in a jointed structure as would be measured on
Earth and in space.
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Conclusions and Discussion

A technique has been developed in rudimentary form and
demonstrated on a simple test article for the direct identifica-
tion of nonlinearities in structural components such as
joints. The advantages of the force-state mapping technique
are its ability to handle arbitrarily strong nonlinearities and
the direct graphical form of the data presentation. By either
fitting a known surface to the data or storing the data in a
lookup table, the force transmission characteristics of the
joint are available for use in time-marching calculations of
the response of structures in which the joint was included.

As an alternative to the direct use of the force-state data,
equivalent or effective stiffness and damping parameters can
be extracted for small-amplitude vibration. As an example,
the left side of Eq. (3) can be expanded into a Taylor series
about an arbitrary reference state, x,,X, as

af

J6x) =f(x0,%0) + (x=Xp)——

af

+ (X —Xp)—— T

X% X Ly % @)

where the derivatives are just the local slopes of the surface
(Fig. 13). For a small region around the x;,X, location, the
slopes represent the coefficients of the complex tangent
modulus or the “‘local’’ damping and stiffness. Alternatively,
a local complex secant modulus could be defined to express
the correct average stiffness and energy dissipation over a
given amplitude of vibration about a reference state.

Figure 13 shows an interesting application of the force-
state map to Earth testing of space structures. Suppose a
structure was suspended in 1 g in such a way that the gravity
load caused a steady deflection. The small displacement
vibration would then take place about this ‘‘Earth IC”’ (Fig.
13) and would have the effective stiffness and damping
shown. In space, in the absence of gravity loads, there would
be no steady deflection and the effective K and C would be
about a ““Space IC,”” as shown. For a generally nonlinear
joint, these properties could be completely different from
those of the Earth test, leading to differences in dynamic
behavior on orbit when compared to those measured on
Earth.
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