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Abstract

This paper studies the dynamics of tape springs which are characterised by a highly geometrical nonlinear
behaviour including buckling, the formation of folds and hysteresis. An experimental set-up is designed to
capture these complex nonlinear phenomena. The experimental data are acquired by the means of a 3D motion
analysis system combined with a synchronised force plate. Deployment tests show that the motion can be
divided into three phases characterised by different types of folds, frequencies of oscillation and damping
behaviours. Furthermore, the reproducibility quality of the dynamic and quasi-static results is validated by
performing a large number of tests. In parallel, a nonlinear finite element model is developed. The required
model parameters are identified based on simple experimental tests such as static deformed configurations
and small amplitude vibration tests. In the end, the model proves to be well correlated with the experimental
results in opposite sense bending, while in equal sense, both the experimental set-up and the numerical model

are particularly sensitive to the initial conditions.

Keywords: Tape springs, Nonlinear dynamics, Finite element simulations, Structural damping, Experimental

tests, Model correlation.

1 Introduction

Compliant mechanisms rely on the deformation of
flexible structural components to produce motion.
Based on this behaviour, several advantageous char-
acteristics can be put forward compared to common
kinematic joints: the storage of energy creating a
restoring force, the deformations staying in the elas-
tic regime, the small number of required parts, often
limited to a single one, the limited impact or absence
of assembly procedure, the absence of gap affecting
the accuracy in measurement systems, the combi-
nation of the guiding and motor functions, and the
absence of friction resulting in the absence of wear
and lubrication [1]. In terms of applications, com-
pliant elements can be found in various domains, for
example in constant-force mechanisms [2], in elec-
trical contacts [3], in robotic orthoses [4], in grip-
pers [5], in the auto-focusing mechanism of cam-
eras [6], in atomic force microscopes [7] and in de-
ployable structures [8]. Finally, compliant mecha-
nisms can be designed using topology optimisation
methods [1, 5, 9].

High-fidelity structural models are then required
to reach a detailed understanding of compliant
mechanisms characteristics and predict their evolu-
tion in various situations. In order to reach a high
level of accuracy, experimental data are essential to
provide inputs for the models and validate their re-

sulting outputs. In this work, an experimental and
numerical investigation is performed on compliant
mechanisms called tape springs, whose nonlinearity
is mainly geometric due to their transverse curva-
ture. Even though they generally operate in the elas-
tic regime, their behaviour is characterised by ge-
ometrically nonlinear phenomena such as buckling,
the formation of folds and hysteresis, some energy
being dissipated every time a fold disappears. In the
end, these characteristics lead to attractive features
for deployable structures such as self-actuation and
self-locking in the unfolded configuration.

Tape springs are mainly used in space deployable
structures for satellites. Indeed, they represent sim-
ple, autonomous, robust and easy-to-integrate com-
ponents compared to common mechanisms usually
composed of several kinematic joints set into mo-
tion by the means of motors. Successful uses of
tape springs can be found in several space missions
such as the six MYRIADE micro-satellites for the de-
ployment of solar arrays, antennas and masts [10]
or the MARS EXPRESS spacecraft for the deploy-
ment of a long wavelength antenna [11] and will be
found in future missions such as SOLAR ORBITER
for the deployment of a radio and plasma wave an-
tenna or NORSAT-1 for the deployment of an AIS
(Automatic Identification System) receiver. They
are also considered as support structures for the de-
ployment of Cassegrain telescopes [12], inflatable
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Figure 1: MAEVA hinge [17].

structures [13] and solar sails [14, 15].

The inherent characteristics of tape springs ex-
ploited in these applications are the following. First
of all, when deformed to reach their folded config-
uration, the deformations stay in the elastic regime,
provided that the geometric and material parameters
satisfy a design constraint [16]. The stored elas-
tic energy is then responsible for a residual bending
moment that leads to a passive and self-actuated de-
ployment until the tape springs reach their equilib-
rium state which, in the context of this work, is the
straight stress-free configuration. In some other ap-
plications, several stable configurations may coex-
ist [8]. Furthermore, compared to kinematic joints
which usually imply some sliding between contact
surfaces while in motion, the deployment of tape
springs only leads to the deformation of structural
elements. The use of lubricant is then irrelevant in
this case and the risks of outgassing or contamina-
tion are limited in space. At the buckling point, one
observes a transition from a configuration charac-
terised by a high stiffness to a folded one associ-
ated with a low stiffness. Because of this low post-
buckling stiffness, large motion amplitudes can be
encountered and have to be constrained in order to
avoid collisions with other components. Likewise,
the shocks created by the formation or the disappear-
ance of folds have to be monitored to limit the in-
terference with other sensitive instruments. Finally,
several tape springs can easily be combined to form
a hinge with characteristics specific to the applica-
tion at hand, showing thus the versatility of these
compliant mechanisms. For example, the MAEVA
hinge is composed of three tape springs with al-
ternate orientations [17] (Figure 1), Boesch et al.
designed a hinge with four pairs of tape springs,
each one being composed of a long and a short el-
ement [18] (Figure 2). The assets of tape springs
can also be found in hinges consisting of thin walled
tubes with longitudinal holes which are called inte-
gral slotted hinges [11, 19] (Figure 3).

To capture and predict the nonlinear behaviour
of tape springs, analytical developments, finite el-
ement analyses and experimental tests are per-
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Figure 2: Hinge designed by Boesch et al. [18].

Figure 3: Integral slotted hinge [19].

formed. Theoretical developments were first derived
by Wiist [20], Rimrott [21] and Mansfield [22]. Var-
ious analytical models were developed afterwards:
in [23], tape springs are represented as two rigid
bodies of variable length interconnected by a mobile
hinge; in [24], a variational approach expressed in
terms of potential energy is used to perform quasi-
static analyses; in [25, 26], a one-dimensional pla-
nar rod model with a flexible cross-section is in-
vestigated; in [27], a viscoelastic analytical model
representing three aspects (stowage, stability and
deployment) of bistable tape springs is developed;
in [28, 29], the equations of motion for the deploy-
ment of solar panels with tape springs are derived
through a path-dependent path identification method
combined with dynamic equations and based on a
rigid multi-body theory in [30].

Regarding finite element models, comprehensive
quasi-static analyses were performed in order to un-
derstand the impact of the geometric and material
parameters on the relationship linking the bending
moment and the rotation angle in the case of a single
tape spring [16, 31] or of integral slotted hinges [32]
and nonlinear dynamic analyses were performed to
capture the nonlinear phenomena (buckling, hys-
teresis, self-locking) characterising the deployment
of tape springs in a planar motion [33, 34] and in a
3D-space [35].

Experimental tests, usually combined with finite
element models used for the initial design or the cor-
relation of the full deployment simulation, can be
found in [23, 36] for single tape springs, in [17, 18,
37] for hinges composed of multiple tape springs,
in [11, 32] for the deployment of integral slotted



hinges and in [13] where tape springs are used as
structural stiffeners for inflatable structures. The
experimental data on the bending moment are col-
lected in these works by the means of strain gauges
without any correlated information on the configura-
tion [36], or of load cells while the rotation angle is
controlled and the motion kept planar [17, 37, 38].
Regarding displacements, the most common solu-
tion is to capture the motion with high-speed cam-
eras and then post-treat the images [16, 18, 23, 32],
which limits the experimental results to a 2D-space
unless several cameras are used at the same time.
Finally, in [10, 17], the dynamic tests had the par-
ticularity to be performed either on an air cushion
table or during 0-g flights to approach microgravity
conditions.

To the best of our knowledge, the accurate mea-
surement of complete 3D motions and loads dur-
ing deployment tests has not yet been achieved for
the quantitative analysis of the structural response of
tape springs and for the validation of detailed numer-
ical models. In this work, an experimental set-up is
then designed and submitted to deployment tests. To
perform dynamic acquisitions, a 3D motion analysis
system combined with a synchronised force plate are
proposed. Furthermore, the experimental tests are
repeated a large number of times in order to assess
the reproducibility of the tape spring behaviour and
of the measurements.

In parallel, a finite element model of the set-up is
developed. To determine the inputs of the model,
specific experimental tests are undertaken, in par-
ticular to evaluate the structural damping. A pre-
vious work [34] showed that this physical property
is required to ensure a correct representation of the
damping of the oscillations after deployment and of
the self-locking phenomenon of the tape springs in
their equilibrium state. Furthermore, it led to more
robust simulations by reducing the sensitivity of the
numerical models to the non-physical numerical dis-
sipation of the transient solver. So far in the ma-
jority of the previously mentioned works, the dy-
namic simulations of tape springs were performed
without any physical representation of the structural
damping with only few notable exceptions that we
could find: in [29, 30], it is represented by a di-
agonal damping matrix with constant damping el-
ements chosen to fit directly the experimental de-
ployment; in [11], the damping factors of the pro-
portional damping model are functions of the nat-
ural frequency of the studied tape spring hinge; and
in [27, 39], the parameters of a Prony series are fitted
on the experimental evolution of the relaxation mod-

ulus of the tape springs at different temperatures.

In this work, it is then proposed to determine
the structural damping which clearly affects the be-
haviour of tape springs by submitting the experi-
mental set-up to a different kind of test consisting
of small amplitude vibrations. The vibration decay
allows completing and verifying the numerical re-
sults obtained in [34] where the structural damping
was represented by a Kelvin-Voigt material model
involving a single damping parameter. This sim-
ple model proved to be sufficient in [34] to capture
the essential nonlinear dynamic phenomena encoun-
tered in the tape springs under study. The resulting
finite element model representing the complete ex-
perimental set-up is then validated by comparing the
numerical deployment tests to the experimental re-
sults.

The layout of this paper is as follows. The theoret-
ical nonlinear behaviour of tape springs is explained
in Section 2. The design of the experimental set-up
and the acquisition equipment are described in Sec-
tion 3. Then, in Section 4, experimental deployment
tests and quasi-static tests are performed to gather
information on the evolutions of the bending angle
and the loads. In Section 5, the associated finite ele-
ment model is defined and the required parameters
are identified by the means of other experimental
tests. The parameters are used to build a finite el-
ement model of the set-up which is compared to the
experimental set-up in Section 6. Finally, the con-
clusions of this work are drawn in Section 7.

2 Theoretical nonlinear behaviour of tape springs

The advantageous characteristics of tape springs
result from their highly nonlinear mechanical be-
haviour which is theoretically illustrated in Fig-
ure 4 and describes the evolution of the bending mo-
ment M determined at the clamped extremity of the
tape spring when the bending angle 6 is imposed at
the other end.

First of all, the sense of bending has a signifi-
cant impact on the behaviour and on the deformed
configuration of the tape spring. The two senses of
bending are defined as follows: the opposite sense
bending (M,0 > 0) leads to longitudinal and trans-
verse curvatures in opposite sense, while the equal
sense bending (M,0 < 0) leads to longitudinal and
transverse curvatures in the same sense [20].

In opposite sense, after first increasing linearly
and reaching a maximum M7, the loading curve
undergoes a sharp drop which is due to a buckling
phenomenon caused by the formation of a symmet-
ric fold in the middle of the tape spring. The fold
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Figure 4: Theoretical evolution of the bending mo-
ment M with respect to the bending angle 0 in pure
bending (inspired from [16]).

curvature can be considered, as a first approxima-
tion, as equal to the transverse curvature of the non-
deformed structure [24]. Once buckling occurred,
larger rotation angles induce in theory no change in
the bending moment which is defined as the resid-
ual moment M. During the unloading stage, the
fold disappears for an angle Bifel smaller than the
one associated to buckling. This non-superposition
of the loading and unloading paths is responsible for
an hysteresis phenomenon which leads to a dissipa-
tion of energy and, in the end, to the self-locking of
the structure in its deployed configuration.

On the other hand, the equal sense bending is
also characterised by the formation of a transverse
fold which results from the combination of torsion
folds starting from the extremities and converging
to the middle as the amplitude of the bending an-
gle increases. This evolution being more progres-
sive than in opposite sense, the maximum and resid-
ual moments are smaller in amplitude than their op-
posite sense counterparts (|M™*| < MT*, |M*| <
M?). Finally, it is commonly accepted in theory that
the cycles of loading-unloading are superimposed in
equal sense bending even though it is not exactly the
case in practice [23].

3 Description of the experimental set-up

The proposed experimental set-up is schematically
illustrated in Figure 5. A dummy appendix is con-
nected to the fixation support by two tape springs
which are cut out from a common measuring tape.
They have the same orientation so that the initial
bending prior to deployment can be performed in
opposite or equal sense by turning upside down the
whole block composed of the tape springs, the in-
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Figure 5: Schematic representation of the experi-
mental set-up.

Table 1: Geometric characteristics of the tape
springs used in the experimental set-up.

L t w h o R
[mm] [mm] [mm] [mm] [deg] [mm]
100 0.14 17.8 2.8 69.85 15.55

terfaces, the rod and the dummy appendix. Further-
more, using two tape springs allows limiting the im-
pact of torsion while keeping the structure as simple
as possible [31]. Each extremity of the tape springs
is clamped by interfaces composed of two comple-
mentary parts with curved regions fitting the geom-
etry of the tape springs (Figure 5a).

The geometric characteristics of the tape springs
are given in Table 1 and illustrated in Figure 6. Only
the length L, the thickness ¢, the width w and the
height 4 were physically measured using a calliper,
while the subtended angle o and the radius of cur-
vature R were recovered with the help of simple
trigonometric equations. Regarding the length L, it
corresponds to the distance between the interfaces as
illustrated in Figure 5b.

3.1 Determination of the maximum mass at the free
end

One objective of this work is to study the folding
and the autonomous deployment of the appendix de-
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Figure 6: Geometric characteristics of tape springs.

spite the presence of the gravity field. It implies that,
when designing the experimental set-up, one must
ensure that the mass at the free end (the combination
of two interfaces, the rod and the dummy appendix)
is limited in order to respect two constraints. First of
all, the structure cannot buckle under its own weight,
and secondly, when initially folded downwards, the
residual moment in the tape springs must be able to
passively deploy the structure against gravity until
the equilibrium state is recovered, whatever the ini-
tial sense of bending. As it can be deduced from
the quasi-static relationship between the bending an-
gle 0 and the resulting bending moment M (Fig-
ure 4), the second constraint is the most restrictive
one since |M*| < |[M™**|. Furthermore, as explained
previously, the amplitude of the residual moment is
smaller in equal sense (|M*| < |[M*[). It implies
then that in order to use the same set-up in both
senses, the maximum mass is constrained by the low
value of the residual moment in equal sense bending.
The determination of this maximum mass is com-
plicated by the existence of uncertainties affecting
the values of the thickness ¢ and the Young’s modu-
lus E of the tape springs. During the design phase of
the experimental set-up, their impact was taken into
account by performing parametric analyses. The
detailed characterisation of the thickness ¢ and the
Young’s modulus E is postponed to Section 5.1.
Based on a simple finite element model composed
of two tape springs under gravity acceleration, the
residual moment M* can be evaluated at an angle
of 8 = 90°. This angle is expected to be the ini-
tial bending angle in the experimental tests and, in
that case, it is also the one which leads to the lowest
value of the residual moment M* as it either stays
constant or slightly decreases after buckling. On the
other hand, the moment due to gravity, which has to
be counteracted, is the highest when the tape springs
are close to their deployed configuration and is then
equal to mgl. A passive deployment is then certainly
possible if the following inequality is respected:

M*(6=90°) > mgl €))

where m is the mass, g is the gravity and [ is the
lever arm between the folds in the tape springs and
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Figure 7: Maximum masses allowed for a passive
deployment in equal sense bending.

the centre of mass of the mass. As a first estimation,
the mass is considered as fixed at the tip of the tape
springs and the folds are assumed to be located in
the middle of the tape springs leading to [ = L/2.
The maximum masses respecting the inequality are
then given in Figure 7 for the equal sense bending
for different combinations of the thickness # and the
Young’s modulus E.

As anticipated, the larger these parameters, the
larger the allowed mass for a passive deployment.
Furthermore, the residual moments and therefore the
masses are proportional to > for a fixed Young’s
modulus and linear with respect to E for a fixed
thickness as expected from the simplified expres-
sions of the residual moments [23]:

M; = (1+v)Da )
M* = —(1-v)Da 3)

%. For these
parametric studies, instead of solving several finite
element models, the simplified expressions of M?*
could have been exploited as a first approximation.
However, compared to the finite element results,
they lead to larger admissible masses by up to ~ 9 %
in both senses, except for small thicknesses and
Young’s moduli in equal sense where decreases of
up to 3.3 % are noticed. The use of finite element
models was then preferred to improve the accuracy

of the results and was automatised.

with the flexural rigidity D =

Starting from these values and iterating on the de-
sign of the set-up, the lever arm is re-evaluated and
the mass is adjusted accordingly. In the end, the set-
up described in the following section is obtained.
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3.2 Experimental set-up

The interfaces, the rod and the dummy appendix are
designed to be as light as possible. This objective is
achieved by drilling holes in the rod and the dummy
appendix, while two types of interfaces are used. On
the side of the fixation support, the interfaces are
larger and thicker to ensure rigid links and an easy
connection with the support. On the other side, to re-
duce the mass, the interfaces are clamped around the
tape springs by the means of only one screw going
through the tape springs. This resulting experimen-
tal set-up is visible in Figure 8 where the total mass
at the free end reaches 77 g.

3.3 Acquisition equipment

In this work, the position of active markers fixed on
the deployable structure is captured by the means
of a 3D motion analysis system from CODAMO-
TION [40] (Figure 9). Each CXI1 unit, located
around the set-up, is able to triangulate the posi-
tion of the markers as they combine three sensing
arrays. Even though one unit would be sufficient,
the four at our disposal are used to improve the ac-
curacy which reaches 0.05 mm for the standard devi-
ation in position along the longitudinal and vertical
axes and 0.3 mm along the transversal axis when the
distance between the markers and scanners is below
3 m. Furthermore, the acquisition frequency is fixed
to 800 Hz and the real-time latency is below 10 ms.

To complete this system, a synchronised force
plate from KISTLER (Type 9281E) [41] composed
of four built-in piezoelectric sensors is located un-
der the fixation support to collect information on the
forces and the moments affecting the set-up during
its deployment. The measuring ranges span from
—125 N to 125 N along the three axes. The thresh-
old is less than 250 mN, allowing thus accurate mea-

Sensing
arrays

Figure 9: Marker and CX1 scanner from CODAMO-
TION [40].

Figure 10: Deployed configuration of the experi-
mental set-up in equal sense.

surements even in the case of low loadings, while the
acquisition frequency is 1 kHz.

This equipment is available in the Laboratory
of Human Motion Analysis at the University of
Liege [42].

4 Experimental tests

The deployed configurations of the experimental set-
up are given in Figures 8 and 10 for an initial fold-
ing in opposite and equal sense respectively. Com-
pared to each other, the whole block composed of
the four interfaces, the two tape springs, the rod and
the dummy appendix is just turned upside down in
order to start with a downwards initial folded con-
figuration deploying against gravity in both cases.
The orientation of the y and z-axes is different ac-
cording to the initial folded configuration in opposite
(Figure 8) or equal sense (Figure 10). Thus, the ex-
perimental evolution of the bending angle measured
positively about the y-axis respects the sign conven-
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Figure 11: Initial folded configuration in equal sense
of the experimental set-up.

tion defined in Section 2.

The experimental data are acquired with three
markers located on the top of the fixation support, at
the tip of the dummy appendix and in the middle of
the rod. They are positioned in the symmetric plane
of the set-up. The bending angle is then extracted
from the relative positions of markers 1 and 2.

4.1 Deployment tests

The initial folded configuration is reached by pulling
a rope attached in the middle of the rod until the
small interfaces are in contact with stops attached
to the fixation support (Figure 11). The initial fold-
ing leads thus to almost vertical deformed configura-
tions which were assumed in the preliminary design
of the set-up (Section 3.1). The mean initial bend-
ing angle reaches 95.5° and —91.2° in opposite and
equal sense respectively. The deployment is then
triggered by cutting the rope which leaves the struc-
ture free to oscillate. For each sense of bending, two
different pairs of tape springs are used to perform the
deployment tests. The evolution of the bending an-
gle with respect to the horizontal obtained in 50 tests
are superimposed in Figures 12 and 14 for an initial
folding in opposite and equal sense respectively. For
the statistical analysis below, the data from 100 tests
are exploited in each sense.

The evolution of the bending angle with an ini-
tial folding in opposite sense (Figure 12) can be di-
vided into three phases depending on the types of
fold created by the motion, the frequency of the os-
cillations and the amount of damping affecting each
phase. The presence or the absence of folds is vi-
sually confirmed during the deployment. Relevant
snapshots from the recorded videos are given in Fig-
ure 13 and can be linked to the evolution of the bend-
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Figure 12: Experimental evolutions of the bending
angle from the deployment tests in opposite sense.
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Figure 13: Deformed configuration of the experi-
mental set-up in the different phases.
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Figure 14: Experimental evolutions of the bending
angle from the deployment tests in equal sense.



ing angle in Figure 12. In phase I, the energy in
the structure is able to create folds in both senses of
bending associated to large motion amplitudes oc-
curring at a low frequency (Figure 13, snapshots 2
and 3). Since distinct nonlinear behaviours appear
whether the fold is in opposite or equal sense, this
evolution is asymmetric. The significant damping
between each peak is mainly due to the hysteresis
phenomenon described in Section 2. The relation-
ship between the damping during the deployment
and the hysteresis was investigated in [33]. Further-
more, as shown in [31], the quasi-static loading and
unloading curves in equal sense are also not neces-
sarily superimposed. It is then expected that during
a dynamic deployment, this second hysteresis phe-
nomenon is also responsible for some of the energy
dissipation every time that a fold in equal sense dis-
appears.

In phase II, folds are only formed in equal sense
(Figure 13, snapshots 4 and 5), the remaining en-
ergy being not sufficient to reach and go beyond
the maximum bending moment MT** in opposite
sense which can often be twice as large as in equal
sense M™¥*. It implies that positive bending angles
remain small and that shocks and rebounds occur at
each positive peak. As in phase I, the evolution is
then again asymmetric, but the frequency of oscilla-
tion increases as the system stays closer to the de-
ployed configuration characterised by a higher stiff-
ness. This time, the damping is caused by several
phenomena: the hysteresis in equal sense, the shocks
in opposite sense and the overall structural damping.

Finally in phase III, the tape springs vibrate with-
out forming any folds as it can be seen by compar-
ing the snapshots 4 and 6 in Figure 13. For small
bending angles, a symmetric evolution of the motion
is reached in which structural damping, drag effects
and friction are predominant.

In the case of an initial folding in equal sense
(Figure 14), in phase I, the initial stored elastic en-
ergy is too small to induce the formation of folds
in opposite sense. The motion is then characterised
by an asymmetric evolution at low frequency with
folds in equal sense only. The same type of folds
are present in phase II, but they occur at a higher
frequency and lower amplitudes. The transition be-
tween phase I and phase II is due to the different
deformation patterns of the tape springs. In the first
case, the folds are well formed which leads to the
complete transverse flattening of the tape springs,
however, in the second case, the folds are only par-
tially formed which leaves the tape springs with a
certain curvature, increasing thus their stiffness. Fi-
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Figure 15: Variation coefficients of the first ten ex-
perimental peaks in amplitude and time separation
of the bending angle for deployment tests.

nally, phase III is the same as the one in opposite
sense without any formation of fold.

In order to assess the reproducibility of the exper-
imental results, the variation coefficients (or relative
standard deviations) of the peak amplitude and the
peak time separation are computed for the first ten
maximum and minimum peaks in Figure 15. This
variable is defined as the ratio between the standard
deviation and the mean. Regarding the peak time
separation, it corresponds to the elapsed time be-
tween each peak. The experimental tests show a
good reproducibility for different tape springs and,
as could be expected, the tests with an initial fold-
ing in equal sense are slightly less reproducible than
the ones starting with a fold in opposite sense. It
seems that the variability of these results is not dom-
inated by the measurement uncertainties, but rather
by the sensitivity of the mechanical response itself.
Furthermore, the larger variation coefficients associ-
ated to the maximum amplitude peaks in equal sense
are mostly due to their lower amplitudes, which
are then more affected by small changes. Finally,
the larger variation of the elapsed time between the
peaks number 4 and 5 in equal sense is associated to
the significant changes of amplitude between these
peaks. This transition is then harder to capture than
the rest of the bending angle evolution.

The deployments mainly remain in the xz-plane
since the maximum lateral displacements reach am-
plitudes of 4.3 mm and 5.1 mm for initial foldings
in opposite and equal sense respectively with re-
spect to the equilibrium configuration. These val-
ues, measured at the tip of the appendix, correspond
to 1.82 % and 2.18 % of the longitudinal length of
the set-up, without including the fixation support.



r

[

[

[

[

[

[

[

[

HE)

=

1

He=H

[

1

(=]

19

[

1z
Q

18

LY

1.2

1

Hs

1

1

1

1

1

1

1

1

1

[

-

=2
~—
-
......
~—
-
-

— Exp. motion
o Maximum peaks
Minimum peaks
¢ Equilibrium
Fitted circles
+ Circle centres

*423 =27 -26 =25 24 =22
Displacement z [mm]

150} :
Initial folded
position

o
=)
T

133
S

Displacement z [mm]

L

o

=)
T

-150 -

-400

-
-

-140

-145

=105 -100 -95 -90 -85 -80 -75 -70 -85
Displacement z [mm)]

Displacement z [mm)]

Figure 16: Experimental motion in the xz-plane of
the appendix tip for an initial folding in opposite
sense and fitted circles.

The trajectory of the appendix tip for a deploy-
ment with an initial folding in opposite sense in the
xz-plane is illustrated in Figure 16 where the origin
is centred on the equilibrium position. The other
marked points on the experimental curve correspond
to the maximum and minimum peaks visible in Fig-
ure 12 during phase I, including the initial folded
position. It can be seen that the successive oscil-
lations remain close to each other but are not per-
fectly superimposed and that, even though the tra-
jectory looks circular at a first sight, it cannot be ac-
curately captured by a single circular arc. Indeed,
by fitting different sets of points, circles of different
radii and centres are obtained. This behaviour can be
explained by slight displacements of the folds along
the tape springs.

Regarding the vertical forces measured at the base
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Figure 17: Experimental forces along the z-axis
from the deployment tests with an initial folding in
opposite sense, associated bending angle superim-
posed.

of the fixation support by the means of the force
plate, the three phases defining the evolution of the
associated bending angle are clearly visible (Fig-
ures 17 and 18 for an initial folding in opposite
and equal sense respectively). Each large peak oc-
curs when the bending angle is close to zero and is
thus linked to the formation and the disappearance
of folds or to rebounds depending on the phase. In
phase I, the peaks are well separated since the mo-
tion frequency is low, in phase II, the frequency in-
creases as well as the occurence of folds in equal
sense, finally in phase III, the absence of large force
peaks is in accordance with the absence of folds.

The complexity of the force curves hinders the de-
velopment of a quantitative reproducibility analysis.
However, qualitatively, the presence of all the char-
acteristic features in the measured forces mentioned
previously was confirmed visually in each individual
test.

4.2 Quasi-static tests

Quasi-static tests are performed on the experimen-
tal set-up without the dummy appendix in order to
collect data on the maximum vertical force and the
associated vertical displacement reached before the
buckling of the tape springs. They consist in pulling
vertically, by hand, on a string attached in the middle
of the rod. They are performed as slow as possible
and such that, in the end, the tape springs are folded
in opposite sense.

One evolution of the vertical force obtained with
these quasi-static tests is illustrated in Figure 19
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Figure 18: Experimental forces along the z-axis
from the deployment tests with an initial folding
in equal sense, associated bending angle superim-
posed.

where the vertical displacement is collected at
marker 2 located in the middle of the rod. As it can
be seen, the raw experimental data (full blue curve)
is affected by noise which is due to the large mea-
suring range of the force plate spanning from 0 to
125 N, while the measured force is below 11 N. The
impact of the noise is then reduced by filtering with
the smooth function from MATLAB [43] which con-
sists of a moving average filter that replaces each
value by a mean computed on the neighbouring data
points defined within a span fixed here to 101 cor-
responding to an elapsed time of 25.3 ms. The re-
sulting curve is the red dashed one used in the re-
maining of this section. Compared to the theoreti-
cal evolution of the bending moment with respect to
the bending angle (Figure 4), the same characteris-
tic features are visible: the load reaches a maximum,
which is then followed by a sudden drop caused by
the buckling of the tape springs.

To assess the reproducibility of the quasi-static
tests, the value of the maximum force and of its asso-
ciated displacement are compared on 50 curves ob-
tained with two different pairs of tape springs. The
results are summarised in Table 2 where three fea-
tures are computed: the mean value, the maximum
difference noticed between the results and the asso-
ciated variation coefficient (or relative standard de-
viation). As the variation coefficients remain below
6 % in both cases, it can be concluded that these ex-
perimental tests show a good reproducibility, even
though the motion was driven by hand.

Raw exp. data

- - -Filtered exp. data

Vertical force [N]

0 I I I I I I |
2 12 14

4 6 8 10
Vertical displacement [mm]
Figure 19: Experimental result of a quasi-static test.

Table 2: Experimental results from the quasi-static
tests.

Mean Max. diff. Variation coeff.
Force 9.8 N 1.3 N 3.33 %
Disp. 10.8 mm 4.6 mm 5.51%

5 Finite element models

Finite element models are developed in order to re-
produce and further investigate the deployment and
quasi-static tests. Using the commercial software
SAMCEF [44], the general model of the experimen-
tal set-up illustrated in Figure 20 is defined.

The modelling assumptions are the following:

* the tape springs, the rod and the dummy ap-
pendix are represented by flexible Mindlin
shells characterised by a uniform isotropic ma-
terial;

* the tape springs, which in reality are multi-
layered composites, are simplified as single-

Dummy
. #  appendix

Figure 20: General finite element model of the ex-
perimental set-up.



layered elements with equivalent thickness and
Young’s modulus (see Section 5.1 for detailed
developments). They are assumed to be char-
acterised by uniform geometric parameters;

the global structural damping of the whole
structure is represented by a single equivalent
parameter introduced in the Kelvin-Voigt ma-
terial model of the tape springs (see Section 5.2
for detailed developments). Drag effects due
to air resistance are included in that parameter
as their contribution cannot be precisely sepa-
rated from the other damping phenomena in the
present experiments;

based on convergence analyses with respect to
the mesh size, it is set to 2 mm for the tape
springs to accurately capture the large defor-
mations and the nonlinear phenomena, while it
is fixed to 3 mm for the rod and the dummy
appendix which are expected to be weakly de-
formed,;

the four interfaces and their fixation screws are
represented by rigid volumes;

the connexions at the interfaces and between
the rod and the dummy appendix are consid-
ered as rigid;

the fixation support is not included in the
model, implying thus that the structure is as-
sumed to be clamped at the big interfaces;

gravity is represented by a global acceleration
along the vertical axis applied on the whole
model;

deployment tests, equivalent to the experimen-
tal ones described in Section 4.1, are divided in
three phases: starting from the deployed con-
figuration, the structure is folded by forcing
the node representing marker 2 in Figure 10 to
reach its initial position measured experimen-
tally. This phase is performed at a displacement
rate of less than 2 mm/s in order to have a quasi-
static folding. Then the structure is stabilised in
its folded configuration during 5 s. Finally, the
deployment is triggered by removing the dis-
placement constraint on marker 2;

quasi-static tests, equivalent to the experimen-
tal ones described in Section 4.2, are performed
by controlling the vertical displacement of the
middle of the rod. A displacement rate of
1 mm/s is imposed until buckling occurs.
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Figure 21: Deformed configuration of the experi-
mental set-up used to determine equivalent values
of the thickness and the Young’s modulus.

Regarding the solver, the second-order accurate
generalised-o0 method is used [45]. The evolution
of the time steps is adaptive in order to capture the
nonlinear phenomena with precision and to reduce
the simulation time otherwise. Finally, the numeri-
cal damping, defined as the spectral radius at infinite
frequencies P, is chosen so that its impact on the
results is limited, but still allows the solver to con-
verge (see Section 5.2 for detailed developments). It
ranges from O to 1, 0 meaning a complete annihila-
tion of the high-frequency content and 1 meaning no
numerical dissipation.

Identification methods are then required to deter-
mine the three uncertain parameters: the thickness,
the Young’s modulus and the structural damping.
These issues are addressed in the following sections.

5.1 Identification of the thickness and Young’s mod-
ulus

Experimental tests The thickness and the
Young’s modulus are identified based on a config-
uration of the set-up with two static equilibria: a
folded one and an unfolded one. For that purpose,
an additional weight is fixed to the rod so that,
after buckling, the residual moment does not trigger
a passive deployment and a new static folded
equilibrium configuration exists (Figure 21). The
measured displacements for the two equilibrium
configurations are then used to determine the
equivalent thickness and Young’s modulus.

The data acquisition is performed with four active
markers which are placed on the set-up as follows.



Table 3: Displacements in absolute values of the
markers to reach the deformed configuration used to
determine equivalent values of the thickness and the
Young’s modulus.

|Displacement| [mm]

X y z
Marker 0 0.2 0.1 0.1

Markers 1 —2 24.7 0.1 77.9
Marker 3 41.8 0.6 110.9

Figure 22: Finite element model used to determine
equivalent values of the thickness and the Young’s
modulus (deformed configuration).

Marker 0 is located on the fixation support and is
used as a control point as it remains fixed. Displace-
ments measured at markers 1 and 2 on the small in-
terfaces are used to obtain average values at both
locations as in theory they should be equal. How-
ever, experimentally, some differences might be en-
countered, for example due to the set-up not being
perfectly symmetric or perfectly aligned along the
axes. Finally, a last marker is located at the tip of
the additional weight. The measured displacements,
in absolute values, are given in Table 3.

Finite element models To determine the equiva-
lent values of the Young’s modulus E and the thick-
ness ¢z, a model reproducing the deformed configura-
tion after the formation of the folds is developed.

In this case, the simulation follows two steps:
first, the displacement at the tip of the additional
weight, considered as rigid, is imposed in order to
force buckling, then that displacement constraint is
removed and the structure stabilises in the sought de-
formed configuration given in Figure 22.
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Table 4: Lower and upper bounds of the design vari-
ables in the optimisation procedure.

Bounds FE [MPa] ¢ [mm)]
min 100000 0.12
max 220000 0.2

Table 5: Results of the optimisation procedure.

E [MPa]
151760

t [mm]
0.138

Optimisation procedure The Young’s modulus £
and the thickness ¢ fitting at best the previous exper-
imental results are obtained by solving an optimisa-
tion problem expressed as:

Emin S E S Emax

4)
I'min <t< Tmax

ri_lin f(E,t) such that {
Wt

where f(E,t) is the objective function to be min-
imised and quantifies the correlation between the nu-
merical and the mean experimental results. To this
end, displacements along the x and z-axes are com-
pared, while the displacements along the y-axis are
not included in the optimisation problem. The ob-
jective function f(E,t) is then the sum of the differ-
ences in absolute values, each term being divided by
the corresponding mean experimental value in order
to sum adimensional terms with the same order of
magnitude.

Regarding the bounds limiting the design vari-
ables, the ranges of values allowing a passive de-
ployment of the mass and which are based on the
developments in Section 3 are used (Table 4).

The problem is solved by the means of
the interior-point algorithm available through the
fmincon function in MATLAB which solves large,
sparse multivariable problems, as well as small
dense ones [43]. This method aims at finding a lo-
cal minimum of the objective function, which may
depend on the initial guess. Therefore, several tests
starting at different points of the ranges in Table 4
are performed before finding a global solution.

The final results of the optimisation procedure
are given in Table 5, while the comparison of the
displacements obtained experimentally and numeri-
cally is computed in Table 6. Thanks to this latter,
it can be concluded that it is reasonable to model
each tape spring as an homogeneous structure with
an equivalent thickness and an equivalent Young’s
modulus.

In order to fully define the isotropic material, the
Poisson’s ratio has to be determined in addition to



Table 6: Comparison between the results of the ex-
perimental tests and the optimisation procedure.

|Displacement]|
Exp. [mm] Num. [mm] A [%]
M.1-2 «x 24.7 25.7 4.1
z 77.9 77.9 <0.1
M. 3 by 41.8 43.7 4.6
Z 110.9 111.6 0.6

the Young’s modulus. By performing optimisation
procedures in which the Poisson’s ratio is also a de-
sign variable, it was found that both parameters have
a similar impact on the tape spring behaviour. The
same quasi-static and dynamic responses could then
be obtained whether the Poisson’s ratio was left free
to vary or not. It was then decided, as it was done
in this section, to fix the Poisson’s ratio a priori to a
value of 0.3 in order to reduce the number of design
variables.

5.2 Identification of the structural damping

The next physical feature to determine is the struc-
tural damping of the Kelvin-Voigt material model.
This rheological model is defined by a stiffness iden-
tified in the previous section and a viscosity coeffi-
cient 7 acting in parallel and leads to the exponential
decay of vibratory motions [46].

In the case of tape springs, the structural damp-
ing € is required to capture the damping of the small
amplitude oscillations after deployment and the self-
locking in the deployed state [34]. Furthermore, it
only affects the physically-relevant low frequency
response of a model. In contrast, the numerical
damping is used to filter the high frequency modes
poorly represented in the discretised finite element
models and is needed to ensure the convergence of
the solver.

The structural damping is a physical property of
the material composing the tape springs. However,
additional sources of damping are present in the ex-
perimental set-up due to the dissipation at the con-
nections between each element, the flexibility of
other components which are also characterised by
a certain amount of structural damping, the air re-
sistance as the tests are not performed in vacuum or
the acoustic effects which can be heard when a fold
is formed or disappears. Thus, the structural damp-
ing of the tape springs cannot be easily isolated in
this case from all the other sources of dissipation and
the experimental measurements performed here give
only a global information on the dissipation phe-
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Figure 23: Experimental result of one small ampli-
tude vibration test.

nomena in the whole structure.

Experimental tests In order to evaluate the value
of the viscosity coefficient 1, the experimental set-
up is submitted to small amplitude free vibrations at
its free end. The displacements of the extremity are
limited to small values to ensure that during the tests
no fold is formed in the tape springs and their be-
haviour remains in the quasi-linear part described in
Figure 4. Thus, it focuses on the phase III described
in Section 4.1. As for the identification of the thick-
ness and the Young’s modulus, the dummy appendix
is replaced by an additional weight (Figure 21) in or-
der to reduce the frequency of these vibrations and
improve the accuracy of the collected data.

Experimentally, the tests are performed with an
initial vertical displacement around 8 mm reached
by applying, manually, a vertical load on the addi-
tional weight, nevertheless, only the peaks belong-
ing to the intervals +[0.4;4] mm are exploited. In-
deed, displacements larger than 4 mm are too close
to buckling and it cannot be assumed that the be-
haviour of the tape springs is still linear, while for
displacements smaller than 0.4 mm, the experimen-
tal data are too altered by noise. One result of the
small amplitude vibration tests is illustrated in Fig-
ure 23 in terms of displacements around the equilib-
rium configuration. It can be seen that the response
is dominated by a single oscillation frequency and
that the damping of the oscillations tends to follow
an exponential decay.

Assuming that the system behaves as a damped



Table 7: Experimental results from the small am-
plitude vibration tests with € the structural damping
and Ar the oscillation period.

Mean Max. diff. Variation coeff.
e 0509% 0.288 % 20.67 %
Ar  0.100 s 0.003 s 0.919 %

single degree of freedom harmonic oscillator:

7+ 2800+ 0z =0 5)
the values of the natural pulsation g and the struc-
tural damping € are fitted based on the peaks respect-
ing the ranges previously mentioned and highlighted
in Figure 23.

In total, 510 small amplitude vibration tests were
performed on 4 different pairs of tape springs during
11 sessions of tests. After each session, mean values
were determined for both the structural damping €
and the oscillation period At, this latter being used
to solve the relationship:

21
oV 1—¢2

For information, it was not always possible to per-
form the same number of tests per session. The gen-
eral mean on all the sessions is given in Table 7,
along with the maximum difference noticed between
sessions and the associated variation coefficient (or
relative standard deviation).

It can be concluded from Table 7 that the exper-
imental measurement of the structural damping €
is quite sensitive, its value experiencing significant
changes from one session of tests to another. Several
elements were identified to explain this lack of ro-
bustness. First of all, the structural damping is sen-
sitive to the assembly of the set-up. Indeed, between
sessions, disassembling and re-building the set-up
with the same tape springs led to variations in the
mean structural damping. Furthermore, changing
the tape springs also impacts that parameter since
the measuring tape from which they are cut out is
probably not perfectly uniform. Finally, within a
session of tests, the value of the structural damping
tends to decrease as the number of tests increases as
it can be seen in Figure 24. This behaviour is not
clearly understood but is most likely due to thermal
effects and unmodelled material phenomena.

Regarding the oscillation period Az, this param-
eter is much less sensitive to all the disruptive ele-
ments mentioned previously and remains fairly sta-
ble between each session of tests.

At = ()
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Figure 24: Evolution of the structural damping €
during the third session of small amplitude vibration
tests.
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Figure 25: Finite element model used for the small
amplitude vibration tests.

Finite element model Numerically, the small am-
plitude vibration tests are performed on the finite el-
ement model illustrated in Figure 25. As it was done
experimentally, a vertical load is applied on the ad-
ditional weight to reach the initial vertical displace-
ment, then the structure is left free to oscillate.

The solver used in this case is the generalised-o
method [45]. In order to determine the most appro-
priate value of numerical damping p.. which has a
limited impact on the results, but still allows the con-
vergence of the solver and a reasonable computation
time, a parametric study is performed. In Figure 26,
it can be seen that, as it was already shown in [34],
an excessive increase of the amount of numerical
damping (corresponding to a reduction of the value
of pw) has a significant impact on the results of the
small amplitude vibration tests, especially the struc-
tural damping. On the other hand, large values of
P lead to larger computation time. In the following
simulations, the value of the numerical damping po.
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on the structural damping € and the oscillation pe-
riod At.

Table 8: Experimental and numerical results from
the small amplitude vibration tests.

Exp. Num. A
e 0509% 0.505% 0.79%
At 0.100s  0.110s 10 %
n - 1.73¢7*s -

is then set to 0.7 which appears as a reasonable com-
promise.

For a single degree of freedom system, the viscos-
ity parameter 1 of the Kelvin-Voigt model is linearly
related to the structural damping € as:

ll
& =
2(00m

(M

where m is the mass. In the case of the finite element
model in Figure 25, the linearity of the relationship
is preserved under the small vibrations condition and
the value of 1 can be adjusted to fit the exponential
decay observed experimentally. For that purpose,
the values of € and Ar were extracted from the nu-
merical results using the same procedure developed
to post-treat the experimental results.

The final numerical results are given in Table 8
and compared to the experimental ones. It can be
seen that there is a good agreement in the structural
damping €, but a bigger difference in the oscillation
period At. This last observation can be explained by
the fact that the oscillation period At mostly depends
on the Young’s modulus and the thickness of the tape
springs, which were here identified from static tests
(Section 5.1).
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Figure 27: Qualitative comparison between the ex-
perimental and the numerical bending angles during
the deployment tests in opposite sense.

6 Comparison between the experimental and
numerical results

After the identification of all the parameters required
to build the finite element models based on static
and linear vibration tests, the deployment and quasi-
static tests respectively described in Sections 4.1
and 4.2 can be simulated. At this level, no further
calibration of the model was performed, i.e. the sim-
ulations are performed in a purely predictive man-
ner.

6.1 Deployment tests

Regarding deployment tests starting with an initial
folding in opposite sense, the finite element model
is able to correctly capture the three phases charac-
terising the evolution of the bending angle as it can
be seen in Figure 27 where the numerical simulation
is superimposed on experimental results. The main
discrepancy is an underestimation of the damping in
phase III. In order to compare these results quanti-
tatively, the difference, in absolute value, between
the first ten maximum and minimum peaks in terms
of amplitude and time separation is computed (Fig-
ure 28). It can be seen that the differences mainly re-
main below 1.5° throughout the simulation without
significant variation, except for the first maximum
peak occurring around 0.5 s. It can be concluded
from this comparison that the behaviour of the finite
element model deploying with an initial bending in
opposite sense is validated.

In the case of an initial folding in equal sense (Fig-
ure 29), it can be seen that the finite element model is
characterised by less damping than the experimental
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Figure 28: Quantitative comparison between the ex-
perimental and the numerical peak amplitude and
peak time separation during the deployment tests in
opposite sense.

set-up, which results in an additional large ampli-
tude peak around 2 s. Nonetheless, if that fourth
peak is left aside, the quantitative comparison (Fig-
ure 30) shows that, in terms of amplitude, the main
differences are encountered at the first three mini-
mum peaks which are due to the underestimation of
the damping. For the other minimum and all the
maximum peaks, the differences remain stable and
below 1.5°, as in the opposite sense case. Regarding
the peak time separation, if the fourth peak is again
discarded, it can be seen that the model is slightly
less accurate for deployments in equal sense than in
opposite sense.

Further investigations of the experimental set-up
have shown that the motion triggered by an initial
folding in equal sense is sensitive to the initial condi-
tions. For example, it is possible to recover a fourth
large amplitude peak experimentally by changing
the layout of the marker cables visible in Figure 10.
The resulting evolution of the bending angle is given
in Figure 31 with the associated numerical result.
The finite element model shows a similar sensitiv-
ity. Indeed, by increasing the value of the damping
parameter in the Kelvin-Voigt model to 2.1¢* s, it is
possible to remove the fourth large amplitude peak
(Figure 32).

Regarding the vertical forces that are experimen-
tally measured at the base of the fixation support
(Figure 33, blue curve) and that are numerically
measured at the clamped interface (Figure 33, red
curve), disparities appear in terms of amplitude, but
most importantly the high frequency vibrations of
small amplitude separating the experimental peaks
are not captured numerically. However, by adding
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Figure 29: Qualitative comparison between the ex-
perimental and the numerical bending angles during
the deployment tests in equal sense.
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Figure 30: Quantitative comparison between the ex-
perimental and the numerical peak amplitude and
peak time separation during the deployment tests in
equal sense.
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Figure 31: Deployment tests in equal sense: slightly
disturbed experimental set-up.
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Figure 32: Deployment tests in equal sense: slightly
disturbed finite element model.
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Figure 33: Qualitative comparison between the ex-
perimental and the numerical vertical forces during
the deployment tests.

Table 9: Comparison between the mean experimen-
tal and numerical results of the quasi-static tests.

Exp. Num. A [%]
9.8 7.6 224
10.8 10.1 6.48

Max. load [N]
Disp. [mm]

a flexible model of the support using a shell finite
element mesh, the high frequency vibrations are re-
covered (Figure 33, green curve), but their ampli-
tudes are overestimated and require more time to be
damped out. A more detailed investigation of the
flexibility of the support could be done in the future
in order to better match the forces observed in the
simulations and in the experiments. Alternatively, a
stiffer support structure could be designed to reduce
the influence of the flexibility.

6.2 Quasi-static tests

A comparison between the experimental and numer-
ical quasi-static tests shows noticeable differences
in terms of maximum vertical force before buck-
ling (Table 9). Nonetheless, the associated verti-
cal displacement is fairly captured. This evolution
is confirmed qualitatively in Figure 34 where one
experimental and the numerical results are super-
imposed, along with the lowest and highest exper-
imental curves. This difference in forces can be at-
tributed to our assumption to represent multi layered
tape springs by single layered elements.

The fact that the pre-buckling behaviour from
quasi-static tests is captured with less accuracy
seems to be due to the current identification ap-
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Figure 34: Comparison between one experimental
quasi-static test and the numerical model.

proach which focuses on the post-buckling response.
Indeed, the thickness and the Young’s modulus used
in the model were identified by comparing an equi-
librium configuration of the set-up obtained after
buckling to the underformed state. Furthermore, the
hypothesis that the material and the geometry, es-
pecially the thickness and the transverse curvature,
are uniform along the tape springs could also explain
these differences between the experimental and nu-
merical results since, in practice, these parameters
are most likely not uniform and have a great influ-
ence on the quasi-static behaviour of tape springs as
shown in [16, 31].

7 Conclusions

The experimental set-up designed in this work is
used to analyse the nonlinear behaviour of compli-
ant mechanisms called tape springs. Their geometric
nonlinearity is responsible for complex phenomena
such as buckling, the formation of folds and hystere-
sis.

The experimental data are collected by the means
of a 3D motion analysis system combined with a
synchronised force plate. The post-processing of de-
ployment tests shows that the evolution of the mo-
tion can be divided in three phases defined by dif-
ferent types of folds, frequencies of oscillation and
damping behaviours, their characteristics being in-
fluenced by the initial sense of folding of the tape
springs. These phases are also clearly visible in
the evolution of the experimental loads affecting the
structure. Nonetheless, this complex dynamic evo-
lution remains mainly planar and shows a good re-
producibility, especially for opposite sense motions.
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To further investigate the structural behaviour, fi-
nite element models are developed. Based on simple
experimental tests, the required parameters are iden-
tified: by comparing two static equilibrium configu-
rations of the set-up, the thickness and the Young’s
modulus of the tape springs are determined, while
small amplitude vibration tests are performed to col-
lect data on the structural damping. Regarding this
latter, the experimental tests show that its value is
subject to a high variability which is attributed to
the assembly of the set-up, the non-uniformity of the
tape springs, thermal effects and unmodelled mate-
rial phenomena. Nonetheless, a simple material law
defined by the Kelvin-Voigt model is sufficient to
capture the essential nonlinear dynamic behaviours
observed in the present tests.

For deployment tests with an initial folding in op-
posite sense, a good correlation between the exper-
imental and numerical results is obtained. In the
equal sense case, both the experimental set-up and
the finite element model prove to be particularly sen-
sitive to the initial conditions and the system param-
eters. Finally, the transmitted forces experimentally
measured at the base of the support are influenced
by the flexibility of the support model.

In future works, the same identification and vali-
dation procedures could be used in 3D experiments
with more significant out-of-plane motions. Further-
more, the set-up could be exploited to further im-
prove the finite element model by analysing in detail
the sensitivity of the tape spring behaviour in equal
sense, dedicating specific tests to the evolution of
the forces affecting the structure and also exploiting
more complex structural damping models.
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