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ABSTRACT

Recent advances in space exploration call for smaller space structures that can be
reconfigured to achieve large surfaces when in operation. Compact, lightweight
structures that can be folded or coiled up for launch have been made possible thanks
to self-deployable booms. These can then be self-deployed in orbit to support a variety
of small spacecraft systems. However, prior understanding of deployment behaviour
IS important before launch. This study focuses on model reduction techniques in
predicting the deployment behaviour of coiled long-narrow thin shells known as tape
springs. Coiling, stowage, and deployment stages that demonstrate considerable cross-
section deformation of the tape-spring are discussed. The developed numerical
benchmarking model well agrees with the theoretical framework that has previously
been established in terms of deployment time and stored strain energy. This numerical
model has further been used in a stage-wise development of a beam-shell hybrid
model. The effect of varying hub radius is introduced to the existing theoretical

framework to predict the coiling and deployment behaviour more accurately.
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1. INTRODUCTION

1.1 General

Deployable structures are prefabricated, transportable, and reusable structures that are
used as alternative structures for temporary shelters, emergency shelters after natural
disasters, temporary accommodation, accommodation at remote sites due to their
speed and ease of erection. Deployable structures are particularly used in aerospace
applications due to the limited availability of transportation space. Nowadays, NASA
as well as other space organizations have begun to deploy small satellites in missions
that were traditionally designated for larger satellites, in the hopes of reducing the cost
of space systems and allowing for mass production. Small spacecrafts must
nevertheless contain deployable antennas, radiators, solar panels, and other equipment

to provide equal functionality to bigger satellites.

Compact, lightweight structures that can be folded or coiled up for launch have been
made possible thanks to self-deployable booms. These can then be self-deployed in
orbit to support a variety of small spacecraft systems. Engineers can use this additional
boom performance to considerably increase the size of solar sails on small satellite
platforms, perhaps improving propulsion performance. With the growing interests for
small-scale, especially nano-scale satellites and space structures, two main constraints
that have been identified are the stowed volume and the mass of the space structure.
Hence, recent research has been focusing on structures that are storable yet deployable

into large configurations in tackling such constraints (Mallol & Tibert, 2013).

As mentioned before, besides the common instruments that the satellite structure is
required carry, one other main requisite is to place any scientific instruments away
from the satellite to prevent any harm caused by electromagnetic effects from the
satellite’s electronic hardware. Hence, there again, it is essential to have deployable
systems to satisfy such requirements which will have to be tackled with limited power

available in such space systems in space.



There are four main classes of booms namely Storable Tubular Extendible Member
(STEM) booms, Collapsible Tubular Masts (CTM), BI-STEM booms and Tubular
Rollable and Coilable (TRAC) booms (see Figure 1.1) (Mallol & Tibert, 2013).
STACER (Spiral Tube and Actuator for Controlled Extension and Retraction by
Surrey Satellite Technology Ltd) and SIMPLE (A Self-contained Linear Meter-class
deployable by Air Force Research Laboratory) are also some more noteworthy
examples of booms (Mallol & Tibert, 2013).

(c) BI-STEM (d) TRAC CubeSat with a pair of one-meter
deployable SIMPLE booms

Figure 1.1: Main and subclasses of booms

The focus of this research is on booms that are considerably long, narrow, and
manufactured as composite thin shell structures. Most of these complex boom systems
cannot be deployed without the aid of motor mechanisms. In case the motor
mechanism fails, then the deployment and other operations of the solar sail which takes
place in space will fail. One solution would be to use strain-energy deployed booms
which are also known as self-deployable booms. As the name suggests, the energy
required for the deployment is provided by the strain energy stored during the
packaging of the boom into a compact configuration (Wilson, 2017).



1.2 Cross-section deformations of booms

This study focuses on the coiling and deployment of an isotropic, linear-elastic, strain-
energy deployed tape spring which is the most simplest form of booms and their results
can be widely used in aerospace applications such as in elastic deployable structures.
This can be predominantly treated as a thin shell problem. The geometrical

configuration of a tape spring is as shown in Figure 1.2.

midline {y__:ﬂ}

Figure 1.2: Geometry of tape springs

Slender elastic structures are prone to geometrical instabilities which result in loss of
stiffness and severe deformations. Hence, it is of great importance to study their non-
linear behaviour regarding the deployment of mechanical systems. These can be
multiples of meters in length, but the cross-sections are of millimetre range hence,
ramifications in attempting to develop computational models for such structures can
be costly (Brinkmeyer et al., 2016), (Mallol & Tibert, 2013).

To capture the large deformations of coiling of a tape spring which predominantly
behaves as a thin-walled beam, special cases of curved cross-sections must be
addressed. They mainly involve three cases namely, (i) the flattened state, (ii)

transition, and the (iii) undeformed state (see Figure 1.3).



Figure 1.3: Three main regions of cross-section deformation of tape springs during
coiling

1.3 Thesis background

The use of numerical analyses is vital in studying the mechanics of booms, and their
designs from there onwards. In doing so, we must account for the cross-section
deformations that occur during these coiling and deployment mechanisms which call
for non-linear geometrical finite element analyses and these shell models comprise a
very large number of degrees of freedom which ultimately make these numerical
simulations expensive. Moreover, incorporation of contact conditions is critical due to
the small packed configurations. Such conditions will have to be tackled using explicit
analyses which may take minutes to hours or even days to complete running. There
are various methods available to reduce the overall computational time of simulations
but this may alter the results depending on the complexity of the problem. Some of the
common techniques are the alteration of mesh size, use of mass scaling and rigid body
constraints, use of symmetry etc. Beam-shell hybrid models are also such effective

technique that can be explored in this sense where we can use low-order elements with



a smaller number of degrees of freedom in regions with no significant cross-section

deformation.

This can be approached mainly using 1D (beam element) or 2D (shell element).
Utilizing only shell elements in the model will lead to a massive number of degrees of
freedom to be handled which is advantages in achieving accurate results particularly
at the locations with severe deformations but at the cost of high computational effort
(Hoffait et al., 2010; Seffen et al., 2000; Soykasap, 2007). While in contrast, having a
model only with low order elements such as beam elements will result in a simplified
model which is more suitable in modelling the flattened and undeformed states
(Gongalves et al., 2010; Guinot et al., 2012; Pimenta & Campello, 2003; Zivkovi¢ et
al., 2001). The transition region should be modelled with shell elements as it
incorporates complex deformations hence, leading to a higher number of degrees of
freedom (see Figure 1.4). Meanwhile, the stretching and bending energies involved
due to stressing of flattened beam and shell's bending during the transition should be
handled as well. Hence, discretization of the finite element model should be carried
out to tackle the trade-off between computational effort and the order of elements to

be used in capturing different states of deformation.

: Flatten : Transition Undeformed :
| A :
| | |
| | |
| |

|/ Beam | Shell Beam :
_— N (.

Stressed Unstressed

Figure 1.4: Idealized beam-shell hybrid model



1.4 Scope of the research

The present study focuses on the opposite sense coiling of a linear-elastic tape spring
around a hub or a spool. For systems where these tape springs are in meters of lengths,
given the complex geometrical and contact conditions, performing simulations for full
shell models with such coiling behaviour can result in excessive hardware and software
requirements and computational time. By thinking in advance about the basic
engineering concepts that govern the structural behaviour we can take advantage of
these concepts to simplify our numerical models without necessarily sacrificing the
accuracy of the results. In this sense, initially a full shell model will be developed to
capture the coiling and deployment behaviour of tape springs. After calibrating the full
shell model with respect to parameters such as the curvature, stress distribution,
deployment time and stored strain energy during coiling, an attempt will be made in
producing a low order model (hybrid models with a combination of shell and beam
elements) to capture the aforementioned coiling behaviour of tape springs with the aim
of reducing the computational effort required. Essentially, the idea of the hybrid model
would be to have beam elements in regions with less interest and use shell elements
where severe deformation is expected. This way a finer mesh can be arranged for the

regions with shell elements while achieving a faster simulation.

1.5 Aims and objectives

With the established scope in Section 1.4, the objectives of this research would be as

follows;

e To develop a full shell model in capturing coiling and self-deployment of tape
springs

e Using the full shell model as a benchmark, to develop a beam-shell hybrid
model to reduce the computational cost associated with modelling of long

narrow self-deployable structures



1.6 Methodology

As for the methodology, an extensive literature survey will be carried out focusing on
the folding and coiling mechanics of linear elastic tape springs. This will supposedly
result in a full shell model which will be used as a benchmarking model in validating
the beam-shell hybrid model at the latter stages. An analytical study stated in Section
2 will be used in validating the benchmarking model in terms of deployment time and
strain energy. As shown in Figure 1.5, once validated, the beam-shell hybrid model
will be developed which will be further analysed to see any possible reductions of
computational time with respect to the accuracy of results.

Figure 1.5: Flowchart for the proposed methodology

1.7 Outcomes and significance of the research

In terms of folding mechanics, extensive research has been carried out previously on
the two main states of bending namely; equal and opposite bending whereas for coiling
of tape springs, depending on the ratio between the spool radius to tape radius we get
3 main regions. They are the bending dominated region, tension dominated region and
the region in between with loss of uniqueness. Tension dominated region is of

importance because when the tape spring coils around the cylinder multiple times the



effective hub radius would generally increase as a result of the tape thicknesses stacked
on each other. Previous studies have seldom studied this in detail. Given the complex
contact conditions and geometrical deformations involved in such behavior, use of
numerical simulations in capturing this behavior has become vitally important. Due to
the extensive computational time and resource requirements involved in this sense,
developing low order hybrid models to reduce the aforementioned constraints is at the
forefront of this research field which will also be attempted during the latter part of
this study.

1.8 Arrangement of the thesis

The introduction, justification, and review of related works are included in Chapters
1 and 2. These two chapters recognized the most significant research gaps. The

remainder of the thesis is broken down into three sections.

The benchmarking model is developed in Chapter 3 using a detailed methodology.
This was later used to develop the beam-shell hybrid models after validated against
the theoretical results.

Chapter 4 includes an analysis of the results. Foremost, it presents the improvements
made for the existing theoretical framework. Then the validation of the benchmarking
model is presented. The stage-wise developments of the beam-shell hybrid model are
presented in the latter part.

Chapter 5 delivers the conclusion of the research study and possible further

extensions.



2. LITERATURE REVIEW

2.1 Introduction

2.1.1 Folding mechanics of tape springs

As far as folding of tape springs is considered, extensive research has been carried out
previously focusing on the two main states of bending of tape springs; opposite
(positive moment) and equal (negative moment) sense of bending as shown in Figure
2.1.

(iii)

Figure 2.1: (a) Opposite and (b) equal sense bending

For small rotations, initially the moment M varies linearly with $ as the tape bends into
a smooth curve. However, for larger rotations, the behavior of M depends on the sign

of M as shown in the Figure 2.2.

Ve

Mi

¥
k ]

M

max
M~

Figure 2.2: Moment-rotation relationship of folding of tape springs (Seffen, 1999)



During opposite sense bending the M will increase linearly while the tape spring cross-
section flattens. This will lead to a sudden snap-through at the middle of the fold
reducing the M drastically (jump from point A to B in Figure 2.2). As we further
increase the rotation, M tends to remain constant (B to C) and it will follow the same
path when the end moment is reversed (C to B). But when point B is reached it will
not snap-back, rather it will reach point D and shap-through to point E resulting in a

lower M and returns to the same loading path as the original.

During equal sense bending the linear behaviour between M and 9 does not exist for a
longer period due to the sudden bifurcation through point F to G in a flexural-torsional
deformation mode. As the rotation is increased, the M tends to remain constant as

earlier and when the M is reversed it returns to the same loading path as the original.

2.1.2 Coiling mechanics of tape springs

Predominantly, three regions have been identified concerning the coiling of tape
springs (Wilson, 2017). These are categorized based on the tension force required
during coiling for different coiling ratios which is the ratio between spool radius to

tape spring radius (7./R) (see Figure 2.3).

» Bending dominated region 2> 7./R <1 - quadratic decrease of Tas7. /R — 1
« Transitionregion > 1<7./R<3424>T~0

» Tension dominated region - 7./ R > 3.424 - linear increase of T with 7. /R

A
TN) |2 3
=l % Tension
Y
30 m,
=
I Y
20F | 9
w
1 (@]
I |
! ’,I/3.424
27
Ir’ 1 1 I| 1 1 >
01~=. | 5 10

Coiling ratiorg / R

Figure 2.3: Three main regions in coiling of tape springs with respect to coiling ratio (Wilson,
2017)
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Each region can be studied in detail as given in the sections below.

2.1.2.1 Bending-dominated region

In the bending dominated region, the relationship between ‘T’ and ‘r’ is formulated
considering the bending strain energy of a fold with a general radius ‘r’ and is bent a
full circle by applying two equal and opposite axial forces ‘T’ at the two tips of the

tape spring as shown in Figure 2.4 (Wilson, 2017).

A dr

du du

2 2

< —>» )
< >
oL >

Figure 2.4: The curvature changes in a tape spring due to equal and opposite moments
M applied. The (+) sign convention for T, r, u is shown (Wilson et al., 2020)

Consider the bending strain energy in the fold as given in Eq (2.1);

DaR6
2

u(r) =

T 2v 1
(E + r + ;) + Utransition (2-1)

_ ER®
Where D = m

Consider a small movement of du/2 on either side of the end of tape spring due to a
small change in r varying by dr while 6 is constant. Then we can write Eq (2.2) as

follows.

d_U — DaR6 (L N i) (22)

dr 2 R2 r2

11



The derivative of U;yansition 1S taken as zero as it is independent of r. Strain energy is

due to the work done by the force ‘T’.

dU =Tdu (2.3)
But from geometry we know,

du =-6dr (2.4)

By combining Eq. (2.2), (2.3) and (2.4) we get Eq.(2.5);

du  drdu 2

du dU dr DaR (1 1
T=—= —— =
R? T2

(2.5)
Consider a cylinder with a radius r, within the coiled spring. Then Eq.(2.5) can be

rearranged and written as shown in Eq.(2.6);

T=20 ((g)z - 1) (2.6)

The coiling behaviour studied in this region does not require any contact pressure
between the hub and the tape spring. As shown in Figure 2.3, when r,/ R = 1 the
tension force tends to become negative, i.e., a compressive force. Hence, the region

where . / R >1 should be studied separately.

2.1.2.2 Loss of uniqueness region

As mentioned in Section 2.1.2, when forming a coil around a hub with a radius greater
than the tape spring radius, i.e., when . > R, Eq. (2.6) suggests a compressive force
to be applied which may lead to unstable configurations. One possible scenario is the
development of a single or multiple localized folds with aradius of R < r < 7, in short
and long tape springs respectively. This has further been confirmed by the existence

of lower energy modes in respective strain energies (Wilson, 2017).

By considering the geometries of single- and two-fold configurations, previous
research has modified Eq.(2.6) to capture its strain energies. It has been found that

beyond r,. / R >3.424, the two-fold configuration has the lowest strain energy. Hence,
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as far as a single fold is considered 3.424 is the limit coiling ratio 7. / R. The loss of
uniqueness region will be considered for 1<r,. / R <3.424 and for r. / R >3.424 will be
considered under the tension-dominated region as discussed in Section 2.1.2.3
(Wilson, 2017).

2.1.2.3 Tension-dominated region

In the case where r. < R, the tape spring will tend to expand during deployment.
Localized folds will be formed when deploying a tape spring where 7, > R. A tension
force can be applied at the tape spring or the gap between the casing and the tape spring

can be restricted by the use of radial springs as shown in Figure 2.5.

} ’ Localize

Figure 2.5: (a) A tape spring coiled around a spool (b) when partially uncoiled, creates
localized folds stabilized by a (c) tension force or (d) radial springs (Wilson, 2017)

In particular, when 7, / R >3.424, coiling is obtained by the “transverse flattening of
the tape spring by a fixed amount corresponding to the curvature change 1/R, followed
by a decreasing amount of longitudinal bending of the flattened tape spring” (Wilson
et al., 2020). However, when r,./ R >3.424 it is assumed that 7.>>>>>R hence, the
longitudinal bending moment is assumed to be negligible. The coiling behavior is
predominantly due to transverse pressure applied. But considering the equilibrium of

the forces, the relationship between T and 7. / R can be derived.

As shown in Eq.(2.7), consider the equilibrium of the tape due to the tension force T

and the transverse stress (derived using thin-shell theory) (see Figure 2.6).
2T = pDL ; where D = 2r, (2.7)

Hence, we get T = pr. ; where p is the pressure per unit length
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Figure 2.6: (a) Undeformed; (b) longitudinal bending and flattening; (c) transverse
load application of the section (Wilson et al., 2020)

p can be derived using Eq.(2.8) by substituting a deflection of ar/2 and a load of p/2
(Wilson et al., 2020):

@)g—ag}v:R—Rcos% (2.8)

By substituting for p we get Eq.(2.9),

_ 48D(1—cos%) Te (2 9)

a3R R

As seen in the Eq.(2.9), in the tension-dominated region, T is linearly proportional to
1./ R. To develop a full shell benchmarking model for verification of results which
can be later used to develop the beam-shell hybrid model, initially a case where r.~R
will be considered as it will inherently form a coil with radius R with minimum
complexities in its deployment behaviour. However, it is important to note that the
third region mentioned above is what practically occurs where the effective spool

radius will keep increasing during coiling due to the thickness of the tape spring. The
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effect of the tension force in this regard, especially when localized folds are being

formed, has not been studied thoroughly.

2.1.3 Change in curvature in tape springs during coiling

The curvature change and the corresponding stress distribution of tape springs can be
studied using a simple analytical model developed by Pedivellano & Pellegrino (2019)
based on pure bending of a thin plate. In opposite sense coiling, when the tape spring
is undeformed, the natural curvature vector can be written as shown in Eq. (2.10). Here

x is in the longitudinal direction and y is in the transverse direction (see Figure 1.2).

K1 [0
KO =K% |= —71 (2.10)
Kyl Lo

The first order approximation for the curvature in opposite sense coiling can be derived
as given in Eq.(2.11)

Ki] X
K =Kk |=]g (2.11)
Kl Lo

This assumes a perfect flattening of the tape springs with no edge-effects. From this
we can derive the curvature change that occurs during the coiling process as shown in
Eq.(2.12a) and Eq.(2.12b).

AK, = K} — K= —— (2.12a)

1
AK, =Ky — Ky =~ (2.12b)
2.1.4 Stress distribution of tape springs during coiling

The strain distribution can be derived using the Kirchoff-Love plate theory
(Pedivellano & Pellegrino, 2019) as shown in equations (2.13), (2.14) and (2.15). €2,
eg’,y and egy corresponds to the mid-plane in plane strains. Ideally, for pure bending,

these values should be zero.
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Exx= E3x T Z MKy, = _?f (2.13)
€yy= Epy +Z AKy, == (2.14)
€Exy=€2y +22AK,, =0 (2.15)

Using the constitutive model for an isotropic material, the stresses can be derived as
shown in Eq.(2.16). With respect to the mid-surface of the shell, the stresses are
expected to be symmetric.

1 v 071r€ 24y
-_E v 1 0 Exx -_E S (2.16)
1-v2 0 0 1-v EX 1-v2 _VE +E :
2 0

Both the change in curvature and the predicted stress distribution from plate theory
can be used in verifying the developed numerical model by comparing the curvature

and the numerical stress in the model.

2.1.5 Experimental study of coiling with respect to tension force

With the aim of validating the theoretical results obtained in Section 2.1.2, an
experiment pertaining to the tension-dominated region has been conducted pertaining
to a coiling ratio re/R = 4.3 (Wilson, 2017). This result is further used as a reference in
validating the numerical simulations performed with respect to the three main coiling
regions (see Figure 2.3) as discussed in Sections 2.1.2.1, 2.1.2.2 and 2.1.2.3 (Wilson
et al., 2020).

Essentially, a tape spring is coiled around a cylinder (paint can) (see Figure 2.7) and
the force vs extension has been measured at different localized fold formations as
expected in the tension-dominated region until the tape spring is fully enclosed with
the cylinder radius (see Figure 2.8). It has been found that different coiling and
uncoiling behaviors can be expected due to the instabilities exhibited in the force-

extension behavior in the aforementioned experiment.
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Figure 2.7: Experimental setup where the tape spring is enclosed around a cylinder
(Wilson et al., 2020)

0 10 20 30 40 50 60

Extension u (mm)

Figure 2.8: Photographs of the experiment (a-f) where a steel tape spring is enclosed
around a steel cylinder and its corresponding averaged force profile vs. extension
plot (over three repeated experiments) (Wilson et al., 2020)
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Due to this, a series of numerical simulations have been performed with different radii
scenarios in understanding the coiling and uncoiling of a tape spring on cylinders

inclusive of the above reference experiment as well.

2.1.6 Numerical study of coiling with respect to tension force

This numerical technique has mainly focused on achieving a two-folded configuration
forming a fully deployed configuration of a tape spring attached to a cylinder as shown
in Figure 2.9.

Uy folds Uy, fold

Clamped En
Temporary Cylinders

i

Uy

Tape Spring (@)

Pinned End

I

Figure 2.9: (a) By introducing the displacements uxia , uyia two folds are created
with the use of temporary cylinders which are later removed for cases (b) for r/ R >
3and (c) for rc/ R < 3. Later a displacement of ux is applied (Wilson et al., 2020)

Two different boundary conditions; clamped and pinned (at a distance La = 100 mm,
to avoid any unrealistic behaviour in the force), have been explored for tension-
dominated region and bending-dominated region respectively when attaching the tape
spring to the cylinder from one end. The fully coiled configuration was taken as the
instance where the centreline of the tape spring conformed to the cylinder surface (see

Figure 2.10) within three tape spring thicknesses when the coiling angle varies
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between 305° and 315°. These ranges have been chosen to avoid any end effects near

the clamped ends.
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Figure 2.10: The graph of force against extension obtained from coiling simulation
and its corresponding photographs of the simulation at points (a)—(f) (Wilson et al.,
2020)

With coiling ratios varying between 0.4 < r. / R < 5.25, a series of numerical
simulations have been performed adding up to a total of 20 cases with different coiling
ratios and respective tension force required for fully coiling. All simulations have used
the same tape spring properties (similar to the experiment, v=0. 3, E = 210 GPa, p=
8050 kg/m 2, and R = 19. 2 mm), and a cylinder radius ranging from 10 mm to 400
mm to study the tape spring behaviour corresponding to a range of coiling ratios
(Wilson et al., 2020). As shown in Figure 2.11, it has been observed that the numerical
results agree well with the theoretical results obtained in the graph shown in Figure
2.3.
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Figure 2.11: Experimental results for minimum tension force (to fully enclose the tape
spring around the cylinder) vs. coiling ratio for different boundary conditions
considered (clamped and pinned) (Wilson et al., 2020)

2.2 Theoretical framework for deployment (Ao=0)

The equation of motion for the 2-dimensional deployment of a coiled spring where
7.~R has been developed by the application of Lagrange’s equations (Seffen, 1999) as
shown in Eq.(2.17). As shown in Figure 2.12, two variable lengths have been defined
in the tape spring; one being the straight part (Las) which supposedly remains tangent
to the spool and the other being the coiled part around the spool (Lgc). 4 is the ratio
between the unspooled length to the total length of the tape spring whereas /Ao is the
ratio between the initial unspooled length to the total length of the tape spring. For a
fully coiled state at the beginning of the deployment, this 1o value will be zero. 9 is the
subtended angle by the coiled part around the spool at any given time from which we

can calculate the Lgc =r 9.

Zp(Lr9)3 (¢ +3) + 5 pr(L-r9)? ({2 +92) + D (1Fv)a- = pr(L-r®)? sin® + () = ¢ (2.17)
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q

Figure 2.12: Configuration of a tape spring coiled around a hub that is free to rotate
(Seffen, 1999)

A closed-form solution for the above said the result has been obtained for a case where
a tape spring deploys in a gravity-free vacuum environment. By further working on
this, the following ordinary differential equation has been obtained in terms of A Thus,
substituting the drum rotation angle; angle between root of tape spring and horizontal
¢{=0,¢{=0and { =0, and setting g = 0 and Q1 = 0, this simplifies to Eq.(2.18) and
(2.19),

lgp(L-rz?)3{9' -% pr (L-r8)*9% +urRa= 0 (2.18)

i= /WP# > (2.19)

By integrating Eq.(2.19), we get Eq.(2.20),

A= /“‘p% N (2.20)
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Where / is the ratio between the unspooled length to the total length of the tape spring,
a is the angle subtended by the tape spring, R is the radius of the tape spring, r is the
radius of the spool, L is the total length of the tape spring, p is the strain energy density,
p is the density of the tape spring material and t is the time. This resultant equation
will be used as a reference in verifying the numerical results obtained from the
benchmarking model. 4 can be calculated using the following equations where vis the

poisons ratio, E is the material stiffness, and t is the tape spring thickness. For opposite

. . . _ D(1+v) Lo _ ER3
sense bending strain energy per unit area, pu = — and flexural rigidity D = T
By rearranging the terms of Eq.(2.20) we get Eq.(2.21),
AdA = [SHCRE Gy (2.21)

pL*

If we consider the integration of EQ.(2.21) as shown in Eq.(2.22) which can vary
between 0 (fully coiled) to 1 (fully deployed), we can derive a value for T which is the
total time taken for deployment. This provides an initial estimate for the total time that

will be taken for full deployment which is given by Eq.(2.23).

Jy 2 da = [ T (2.22)

T=1 (2.23)

2.3 Theoretical study (A0>0)

As derived in Eq.(2.24), when an unspooled length is present at the beginning of the
deployment then, 9 o = (1- Ao)/r and 9 = (1- L)/r hence, by substituting these values for
the aforementioned equation of motion for a gravity-free vacuum environment and

simplifying further we get the following equation in terms of Ao and A (Wilson, 2017).

s |6ur?Ra  |A-2,
A= /—pL4 — (2.24)
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By integrating Eq.(2.24) concerning the time we get Eq.(2.25) which is quite useful in
verifying the numerical results obtained from a benchmarking model where an

unspooled length exists at the beginning of the deployment.

2 2
G+ VRO =20 + 2 n | (A= 2) + VRO —2)| - 2 In (D = [
(2.25)
However, Eq.(2.25) can be complex to be solved manually hence, MATLAB solvers

such as ode45, ode23, or odell3 can be recommended in solving this equation
successfully. Wilson (2017) has used ode45.

2.4 Stored strain energy

During the coiling stage, the initial radius of coiling (rnub) Will keep on increasing to
the final coiling radius (r) as shown in Eq.(2.26) due to the tape coiling multiple times

around the hub until a particular final coiling angle (¢.) is reached given by Eq.(2.27).

r= Thup + 22+ 2hegpep/21T (2.26)

=— [— (Thub + %) + \/(Thub + %)2 + M l (2.27)

Due to this reason, r can be defined as a function of the coiling angle from which the
coiling angle for any given time can be calculated using Eq.(2.28) when the uncoiling

angle is known.
Coiling angle ¢=¢.f — 6 (2.28)

According to (Mallol & Tibert, 2013), the strain energy (U) stored in a tape spring is
released in the transition zone and the release rate per length (Q) is dependent on the
coiling radius as defined in Eq.(2.29).

Q=2 (2.29)

Ltape
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Given the fact that r changes with time during uncoiling, the release rate of strain
energy varies as well. Taking this into consideration, we can derive possible upper and
lower bounds for the strain energy release rate per length and therefore for the

deployment time of the tape spring which can be useful when analysing results.

2.5 Numerical modelling techniques

Although there have been many theoretical and especially a number of experimental
studies on coiling behaviour, previous studies have seldom attempted to model the

coiling behaviour of tape springs.

Mallol & Tibert (2013) have modelled the coiling sequence of a tape spring for a
standalone boom as well as for a boom with a CubeSat model resulting in different
end conditions at the boundaries (see Figure 2.13). Boundary conditions can affect the
shock phases and post-deployment behaviour. This study had further identified the
influence of varying hub radius on the deployment time as well as the rate of strain
energy. It should be noted that the deployment time obtained from the numerical model
is six times faster than the real prototype. The deployment time is extremely sensitive

to contact conditions and material properties.

— '
Lo

X

CubeSat dummy
Tape springs

.=________.__=—_==ﬂ:

Figure 2.13: Standalone boom (fixed-free) and a boom with a CubeSat model (free-
free) (Mallol & Tibert, 2013)

Wilson (2017) has conducted a series of experiments as well as numerical simulations
for coiling of tape springs and has identified three main regimes of coiling behaviour
depending on the tension force required for coiling with respect to each coiling ratio
(see Figure 2.3). A central hub comprising of two cylinders and a spool around which

the coiling and deployment of a tape spring has been considered (see Figure 2.14). The
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deployment time has been predicted by the numerical model by almost 100% accuracy
with respect to previous experimental results obtained from a case study. This study
has further identified the influence of initial unspooled length on the deployment time

of tape springs.

Figure 2.14: Coiled configuration and snapshots uncoiling of the tape spring using LS-
Dyna (Wilson, 2017)

Pedivellano & Pellegrino (2019) have developed a “representative” numerical single
coil that can represent the stowed coiled configuration of very long tape springs by
assuming ‘no-slip’ condition and preservation of rotational symmetry. This
representative coil can be analysed instead of the entire coiled system. Further they
have performed stability analysis for this numerical developed model to obtain eigen
values for different coiling ratios. It has been found that torsional modes are
predominant in opposite sense coiling (see Figure 2.15) and this stability limit is quite
low where as in equal sense coiling the first negative eigen value (stability limit) is a
bending mode. It has also been found that the stability boundaries for opposite and
equal sense coiling is unique for a given geometry and material regardless of the mode
considered. However, accurate representation of the boundary conditions is crucial to
capture the coiled behaviour. A single coil can be used effectively in capturing the
stability behaviour of coiled tape springs irrespective of the number of coils in the
actual problem considered.
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(c) Mode 13: A2 =2.58- 107

(a) Mode 1: A% =-3.75 - 10*
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(d) Mode5: A% =3.64-10° (e) Mode8: > =4.76 - 10° (f) Mode 15: % = 3.06 - 10

Figure 2.15: (a)-(c) torsional modes of opposite sense coil and (d)-(f) bending modes
of equal sense coil obtained from the stability analysis

Numerous techniques are available that can be implemented in finite element

modelling particularly to reduce the computational effort.

1. Use of symmetry
2. Co-simulation
3. Use of 1D and 2D elements (hybrid models)

The use of symmetry is one of the commonest techniques followed however, due to
the complex deformation in the transition region in a coiled tape spring, it was decided
not to consider symmetry neither in the longitudinal nor the transverse directions. Co-
simulation is also an effective method for modelling components with complex contact
conditions, large deformations, and/or dynamic responses, if used with the Explicit
solver. In contrast, for components with small strains, Standard/ Implicit solvers can
be used. But this comes with many limitations and challenges to be handled.
Especially, the stability and accuracy of co-simulation region nodes that participate in
a tie constraint, an MPC constraint, or a kinematic coupling constraint of the co-

simulation solution may be adversely affected.
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Numerical modelling of long, narrow deployable structures can be approached in 2
ways; one is to have full shell (2D) models which will lead to a massive number of
degrees of freedom to be handled requiring sophisticated computer resources. This
approach will produce results with high accuracy, however, at the cost of high
computational effort. Hence, it is advantageous to limit this approach only to transition
regions. In opposition to that, low order elements such as beam/rod elements will
produce rather simplified models with few degrees of freedom hence, low
computational effort. This approach is more advisable for modelling undeformed
regions. Hence, for the transition region, a shell approach consisting of a full
computation of a shell model in the framework of large displacements and large
rotations can be adopted. Whereas for the flattened parts, using beam elements
accounting for the transition of bending, simplified accurate models with very few
degrees of freedom can be obtained. This type of beam-shell hybrid model will enable
to reduce the computational time due to the reduced number of degrees of freedom in

the considered problem while maintaining acceptable accuracy of the output results.

Sadowski (2019) has developed a beam-shell hybrid model for metal wind turbine
support towers. These towers are very slender and tall in nature with a varying wall
thickness usually greater in the lower regions when compared to the upper regions of
the tower. The failure of these towers is usually localized and limited to the regions
that exhibit plastic failure or buckling collapse and given the varying wall thickness of
the tower, the failure regions can be predicted well in advance. Taking this into
consideration, designers have the advantage of optimising the numerical model of the
wind turbine support tower with respect to the type of finite elements used. For regions
with higher interest shell elements can be incorporated and beam elements for the
regions with less interest. The beam elements will not contribute to the failure
mechanism. The saving from this mesh simplification will allow the designers to use
finer mesh in shell regions that will lead to more accurate results while yielding faster
solutions. MPC, kinematic coupling, tie constraints or sometimes even rigid body
constraints has been used for the coupling between beam and shell interfaces using

Abaqus/Standard as shown in Figure 2.16.
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Figure 2.16: Coupling details between shell and beam regions in the hybrid model
(Sadowski, 2019)

Similarly, a steel I-frame has been modelled using the hybrid modelling technique
where shell elements have been used in the regions that are prone to elastic/inelastic
local buckling and beam elements everywhere else (Sreenath et al., 2011). Although
most steel designs are limited to linear elastic analyses and code-based limit state
designs. Rigorous advances in research have been moving to modelling the inelasticity
and second order effects incorporating material and geometrical nonlinearities as well.
As mentioned in the wind turbine support tower, MPC and kinematic constraints have
been considered in coupling the beam-shell interfaces however, only the translational
degrees of freedom have been used when coupling to ensure in plane behaviour of the
steel I-frame. Initially a full shell model has been developed and calibrated as per
existing experimental results. This model has been used as a benchmark in developing
the hybrid beam-shell model in the latter stages. The deformation profile and the stress

distribution obtained for the full shell model as well as for the beam-shell hybrid model
is shown in Figure 2.17 below.
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Figure 2.17: Stress distribution of full shell model (left) vs beam-shell hybrid model
(right)

Evidently, it is of utmost importance to maintain a compatible number of active
degrees of freedom at the beam-shell intersection to ensure proper bending moment
and force transfer between the elements. MPC constraints, Kinematic coupling,
Structural distributing coupling are a few techniques available in Abaqus in this sense.
Few challenges need to be addressed when developing such hybrid models as certain
criteria are problem-specific and should be known in advance. Namely,

1. Deciding the region for the shell elements in terms of its location and length, and
2. Bending moment and force transfer at the beam-shell interface

3. Import analyses as the beams get replaced by shells at different stages of the
simulation

4. Bending moment and force transfer at the shell-shell interface

2.6 Summary of the chapter

This chapter highlights the key theoretical findings related to coiling and deployment
mechanics of tape springs. Predominantly, 3 main regions have been established based
on the relationship between the coiling ratio and the tension force (T) required. They
are the bending-dominated region, tension-dominated region and the loss of
uniqueness region in between. The bending dominated region exhibits a non-linear

variation. In contrast, the tension-dominated region shows a linear variation. On the
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other hand, Seffen (1999) proposes a theoretical framework to capture the deployment
time with respect to the ratio between initial unspooled length to the total length of the
tape spring. This work has been further improved by Wilson (2017) to incorporate
effects from initial unspooled lengths at the beginning of the deployment of the tape
spring. Previous work has identified the importance of the variation of the hub radius
during coiling which affects the strain energy release rate during deployment. This will

be a point of interest in this study as well.

Moreover, numerical techniques considered for modelling coiling and deployment
mechanics have also been discussed in this chapter. Several advantages and
disadvantages have been considered relating to several techniques such as utilizing
symmetry, co-simulation techniques and hybrid models comprising a combination of
1D and 2D elements. Ideally, the objective is to reduce the computational effort
involved in simulating coiling and deployment mechanics of tape springs hence, the

use of low-order (beam-shell hybrid) models will be emphasized in this study.
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3. METHODOLOGY

Initially, a full shell model is developed which will be used as a benchmark to develop
the beam-shell hybrid model in the next steps. In the benchmarking model, the tape
spring will be flattened using a rigid roller and then coiled around a rigid hub/spool.
Once fully coiled, it will be stowed in that coiled configuration for a few seconds
before allowing it to dynamically deploy. The contact conditions used in the model are
stated in the sections below. All material, geometrical and frictional coefficients were

obtained from previous experimental studies.

The benchmarking model will be then calibrated with respect to following parameters.

1. Transverse and longitudinal curvature of the fold
2. Transverse and longitudinal stress distribution

3. Stored strain energy during coiling

4. Deployment time

Once calibrated and verified, an attempt will be made to develop a beam-shell hybrid
model based on the benchmarking model. There the most critical regions will be
modelled using shell elements where as the remaining will be modelled using beam
elements. As the tape spring coils, regions with insignificant deformation will be
replaced by beam elements while the previous stress conditions will be imported as
predefined conditions to the new stages of the model using an import analysis. The
beam-shell hybrid model will be developed in a series of steps as explained in the latter

sections.

3.1 Benchmarking model and simulation conditions

As shown in Figure 3.1, the configuration of the numerical model considered consists
of a tape spring which will be flattened and coiled using two rigid bodies: a roller at

the top and a spool at the bottom.
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Figure 3.1: Numerical (benchmarking) model for coiling simulation

The material and geometrical parameters of the setup are tabulated as in Table 3.1
which are in par with annealed BeCu tape springs used in the bending experiments by
Seffen (1999).

Table 3.1: Parameters used in the numerical model (Seffen, 1999)

The radius of tape spring (R) 0.0151 m
Radius of the hub () 0.0127 m
Length of tape spring (L) 0.5m

Mass per unit length (p) 0.0293 kgm ™1

The angle of the embrace of cross-section («) 2.3562

Young’s modulus (E) 130 GPa
Poisson’s ratio (v) 0.3

Strain energy per unit area (u) 67.875 kgs 2
Tape thickness (h) 0.0001 m
Flexural rigidity (D) 0.0119 kgm?s—2
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The simulation is conducted using a commercially available structural analysis
software ABAQUS/CAE 2017. Two Nos of Intel Core i9 7940X processors which
provides computing performance for a desktop system by offering fourteen cores each
were used to run the simulation. Three steps were defined namely, flattening (2.0
seconds), coiling (18.0 seconds), and deployment (8.0 seconds). Initially, a linear
bifurcation analysis was performed for the tape spring, and was found that the
fundamental period of the tape spring is 10.4 seconds. Hence, the coiling step was
defined as 18.0 seconds to avoid any dynamic excitations in the model. Each boundary
condition was applied with a smooth step amplitude definition. As shown in Figure
3.2, node regions were defined in the tape spring so that the boundary conditions can
be conveniently activated as tabulated in the Table 3.2.

End node points \

Y
X 4. 2
wir

Figure 3.2: Mesh details and part geometry defined in the tape spring

Table 3.2: Loads and boundary conditions activated in the model

Description Node set Flattening | Coiling Stowage Deployment

0-2 (s) 2-20 (s) 20-22 (s) 22-22.5 (s)
Hub Rigid bodies UR3 =36 UR3 =36 UR3=0 UR3=0
Roller Rigid bodies Ul=-15 U3 =-100 U3 =-100 U3 =-100
Tape spring End nodes uU3=0 u3=0 uU3=0 Inactive
General contact applied | All nodes v v v
(Frictionless)
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the free end of the tape spring

v v v v
Surface to surface contact | Front nodes
applied (Friction at the front end)
Apply a pulling/tension force at | RP of roller CF2 =-1N CF2=-N1 Inactive

Apply viscous pressure on the
external faces of the tape spring

Surfaces of

tape

p=5.2e" p=5.2e" p=5.2e"

A surface-to-surface friction contact is defined for the front-end node region that

connects to the hub was used with a kinetic friction coefficient of 0.18 was used which

was taken from experimental results from Wilson (2017) which suggests a kinetic

friction coefficient of 0.18 + 0.02. As in Figure 3.3, a strip of the tape spring is

wrapped around a hub with one end being clamped to a loading beam of a material

testing machine and the other being attached to a mass M. By obtaining an average

force F (using a load cell) vs. the displacement by conducting the experiments for

several times, this Kinetic friction coefficient can be calculated using the Capston

equation.

S’[rip\A

d]tF

M

Capston equation:

Ti0aa= Thota €"Y

_ InGeed
W= T
Where,
Tioqa = F
Thota = Mg

vy = 2m radians which is the
total angle enclosed by the strip
around the hub

Figure 3.3: Experimental setup to determine the kinetic friction coefficient between
the surfaces of the tape spring and the hub
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The penalty contact method is used as the mechanical constraint simulation as this is
less restrictive when enforcing contact constraints between master and slave nodes.
Moreover, it is more suitable for general type of contacts that involves contact between
rigid bodies or when a single node has multiple contacts and especially when there are
contact surfaces involving MPC constraints which are explored in the hybrid beam-

shell model in the later sections.

Apart from the front edge of the tape which is attached to the hub using a surface-to-
surface with a kinetic friction coefficient of 0.18, a frictionless general contact is
defined for the surfaces everywhere else. The same penalty contact method is used as
the mechanical constraint simulation here by default. When defining this contact
condition, one should remember to exclude the surfaces that were already defined in
the surface-to-surface contact, to avoid any contact issues.

A pull force of 1IN was activated at the far edge of the tape spring. Given that the

12.7

- - - rC
coiling ratio is = =
R 15.1

= 0.84 places this scenario within the bending-dominated
region as shown in Figure 2.1. Hence, applying a pull force of approximately 1 N is

quite acceptable.

S4 quadrilateral shell elements are useful for modelling thin components since only
one element is needed through the thickness and also the thickness has no effect in the
explicit solver calculations (Peterson & Mobrem, 2018). S4R elements; 4-node
general-purpose shell, reduced integration with hourglass control, finite membrane
strains are preferred due to their low computational cost. These are further preferred
due to the avoidance of membrane and shear locking. However, some effects due to
hourglassing cannot be avoided as full integration will not be executed. The minimum
element edge length of the mesh was kept as 4mm (< 1% of tape spring length=5mm)
giving 9 elements in the transverse direction as shown by preliminary convergence

studies for a sufficient level of accuracy (Seffen et.al, 2019) (see Figure 3.2).

An explicit solver is used as it is very robust and better able to capture the behaviour

of quasi-static problems involving significant multiple contact conditions (Peterson &
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Mobrem, 2018). This converges better and rarely aborts due to the failure of the

numerical algorithm.

3.2 Challenges in simulating coiling behaviour

The flattening and coiling steps are simulated as quasi-static meaning that at any given
time, we can assume the problem to be static. Hence, the loading should be applied
slowly and smoothly as the rapid application of loading will lead to instabilities in the
model. This can be achieved by using the Abaqus command *Amplitude, Definition =
Smooth Step (Mallikarachchi, 2011). A fifth-order polynomial transition between two
amplitude values will be created such that the first and the second time derivatives are
zero at the beginning and the end of the transition. On the other hand, this loading rate
should be kept at a minimum while ensuring that dynamic excitations are not
generated. The linear bifurcation analysis gives an idea as a starting point to decide
this overall rate. As this is a quasi-static problem with significant contact conditions,

an explicit solver is used.

The central difference operator used in explicit solver is conditionally stable. However,
one should be cautious when working with the explicit solver as it requires
comparatively smaller stable time increments to integrate over time to ensure stability
in the simulation. The stable time increment should be limited because very small
stability limits will lead to large number of increments so the simulation will take a
longer time to complete. The stability limit can be approximated using Eq.
(3.1) where Cq is the dilation wave speed as defined in Eq.(3.4) and Lmin is the smallest
element dimension in the mesh.

At ~ Lmin (3.1)

Ca

Evidently, the stable time increment is dependent on the mesh size, density and
stiffness. Smaller mesh sizes and densities as well as larger stiffnesses will lead to
smaller stable time increments, i.e., large number of increments hence, longer
computational time. Moreover, in Abaqus/Explicit, the stable time increment is

calculated per element hence, a single element with the smallest stable time increment
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can dominate and decide the simulation time of the entire model. To avoid such
situations, the mesh verify tool in Abaqus can be used to identify such mesh
elements/regions that will have stable time increments smaller than what is specified
and alter their mesh sizes satisfactorily. In addition to that, the use of constraint such
as MPC, tie, coupling or connectors in Abaqus/Explicit alone can lead to a longer
computational time, especially with very fine mesh sizes. Hence, especially in the
beam-shell hybrid models discussed in Section 4.4 and 4.6, it is crucial to strike a
balance between the computational time and the stable time increment.

It is vitally important to check the energy balance to ensure that the simulation is
producing a quasi-static response (Belytschko et al., 2000). Any instability will lead
to artificial energy generation, hence, will violate the conservation of energy. The work
applied by the external forces is almost equal to the internal energy of the model when
a simulation is quasi-static. Hence, ideally, the total energy should be zero. Since the
load is applied very slowly making the velocity small, the inertial forces will be
negligible. This will result in almost zero kinetic energy. The thumb rule is that the
kinetic energy should not be greater than 5% to 10% of internal energy if the simulation
is to be quasi-static. Moreover, Abaqus provides the overall global energy of the
system inclusive of the kinetic energy of any rigid bodies as well. Hence, when
evaluating the energy balance, since the deformable bodies are only of interest, the
kinetic energy of rigid bodies should be deducted from the total energy. The energy
balance can be deduced by Eq.(3.2).

E+Egp+Epp + Ey + Ejyr — Ew — Epw — Ecw — Emw — Enr = Etotr - (3.2)

where E; is the internal energy, Ey, is the viscous energy dissipated, Exp is the
frictional energy dissipated, Exz is the Kinetic energy, E;yz is the internal heat
energy, Ey, is the work done by the externally applied loads, and Epy, Ecyy,
and E,;, are the work done by contact penalties, constraint penalties, and propelling

added mass, respectively. Ey is the external heat energy through external fluxes.

Any excess kinetic energy in the system can be tackled either by defining appropriate

varying loading rates, by applying numerical damping, or by mass scaling
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(Mallikarachchi & Pellegrino, 2012). Since the inertial forces can be affected by mass
scaling, that approach was not followed in this study. At this stage, numerical damping
was also not studied. However, the loading rates were varied to avoid any excess
kinetic energy in the model.

Vibration effects were observed in the tape spring at the end of the coiling stage.
Hence, a viscous pressure load (p) of 2x10* p Cq4 was applied to damp out this dynamic
effect enabling it to reach quasi-static equilibrium in a minimal number of increments.
Cqis the dilation wave speed. In contrast to material damping that introduces damping
in the interior of the body, this will absorb any pressure waves that will cross the free
surface eliminating any energy reflected into the interior of the model. The viscous

pressure is defined using Eq.(3.3).
p=-C/(v.n) (3.3)

p is the pressure applied to the body; Cy is the viscosity, given on the data line as the
magnitude of the load; ¥ is the velocity vector of the point on the surface where the
viscous pressure is being applied; and i is the unit outward normal vector to the
surface at the same point. Generally, it is recommended to use 1 or 2% of pCq Where

pCq is defined by Eq.(3.4). Here, pis the density of the material whereas E and v are

_ E(1-v)
pCd —p\/ p(1-v)(1+2v) (34)

For the simulation to remain quasi-static, the kinetic energy and the viscous dissipation

as given in Table 3.1.

energy should be a very low fraction of the internal energy in the model.

3.3 Ploy region

In Section 2.5, the importance of knowing the location and length of the shell element
region has been highlighted. Because the utilisation of shell elements predominates the
computational efficiency of the model. In the context of coiling of tape springs, the
ploy region, i.e., the transition region between the flattened and undeformed regions is

critical as it is responsible for maintaining the strain energy gradient during coiling.
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Moreover, whatever the strain energy stored during coiling will be released through
this ploy region allowing the tape spring to self-deploy. In comparison to ploy regions
in uniform bending where the strain energy in the folded tape spring is assumed only
to be due to the fold alone (Calladine, 1998), the ploy region in coiling holds significant

influence on its behaviour hence, can be deemed to be modelled using shell elements.

This raises concerns for the accurate estimation of the ploy region length. Previous
work has focused on calculating the ploy length in bending of orthotropic tape springs
as presented in Eq.(3.5) (Seffen et al., 2019).
11 bp?

L,=—
p J70> 1+ 11
70 ﬁ‘l- R2t2

(3.5)

Where L, is the ploy length, b is the arc-width, R is the tape spring radius and t is the

tape thickness and f3 is the orthotropic modular ratio. Given that $ =1 for isotropic tape
springs, an attempt was made to check the applicability of this equation with respect
to ploy regions in coiling. However, it has been mentioned that the use of projected
width for b instead of arc-width or rather, the best combinations of parameters to be
used should be confirmed with more data and this is still part of on-going research. As
shown in Figure 3.4, the ploy length obtained from the numerical model was compared
against the theoretical ploy length calculated using Eq.(3.5) when b is equal to the arc
width and the projected arc width respectively. It was observed that in the
benchmarking model, ploy length is most compatible when the projected arc length is
used in the equation. Confirmation on these needs more studies however, this gives an
initial estimation for the length of the ploy region that needs to be modeled using shell

elements in the hybrid model.

5, Mises S, Mises

SHNEG, (fraction = -1.0) SHEG, (fraction = -1.0)

(Avg: 75%) (Avg: 75%)
+1.785e+03 +1.785e+03
+1.636e+03 +1.636e+03
+1.4872+03 +1.4872+03
+1.336e+03 ——Z +1.3382+03
+1.190e+03 +1.1902+03
+1.041e+03 +1.041e+03
+8.923e+02 ! +6.923e+02
+7.436e+02 47.436e+02
45.94%e+02 45.94%e+02
+4.462e+02 | +4.462e+02
+2.9742402 i +2.9742+02
+1.487e4+02 +1.4872+02
+0.000e+00 +0.000e+00

X
¥ J\Z

Y"f (@)Ploy length (top view) (b)Ploy length (side view)

Figure 3.4: Top and side configurations of ploy region
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3.3.1 Locations and lengths of shell elements

Considering the results obtained in Section 3.3, it is evident that the ploy region should
be modelled using shell elements. In addition to that, the flattened region which has
the maximum stress and stored strain energy should be modelled using shell elements
as well as it would be required in deployment simulation. As far as coiling is
considered, attempts can be made to use beam elements instead of shell elements for
the flattened region however, it is not considered in this study. As for the undeformed
regions, beam elements can be used. As discussed in Section 3.6 later, a length equal
to whatever the length coiled in the 1% stage of the simulation should be overlapped in
the 2" stage hence, the total length of the shell element region can be estimated to be
the addition of the ploy length and twice the coiled length. However, as mentioned
earlier, this statement has to be studied further in detail and validated before using in

extensive research studies.

3.4 Beam-Shell hybrid model — Stage 01

The validated model is modified into a hybrid model as shown in Figure 3.5 by
modelling a 160 mm length of the tape using S4R, 4-node general-purpose shell,
reduced integration with hourglass control, finite membrane strains whereas the
remaining length of 340 mm is modelled using B31, 2 node linear generalized beam
sections.

B31 (Arbitrary beam section)

S4R shell elements

z
Figure 3.5: Assembly of the hybrid model for stage 01
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The length of the tape spring strip which is modelled using shell elements was decided
using the results observed discussed in Section 3.3. Similar to the benchmarking
model, the front edge of the tape spring modelled using shell elements is attached to
the hub enforcing a surface-to-surface contact with a kinetic friction coefficient of 0.18
(Wilson, 2017) and a frictionless general contact everywhere else while excluding the
contact surfaces that were already defined in the surface-to-surface contact definition.
A penalty contact method is used as the mechanical constraint formulation in both

cases.

The B31 beam section should be defined with appropriate curvature compatible with
the arc shape of the tape spring. This can be achieved either by defining the correct
moment of inertia values (l11, l12, I22, and J) derived from the geometric cross-section
or by giving the 1 and 2 coordinates and the thickness for each segment defined by the
coordinates of the cross-section so that Abaqus will automatically calculate the
moment of inertia from the given input. The former can be done using the generalized
beam section and the latter can be achieved using the arbitrary beam section option in
the Abaqus ‘profile’ option in the property menu (see Figure 3.6). An arbitrary beam

section profile is used to define the section profile in this model.

(b) Generalized beam section (b) Arbitrary beam section

Figure 3.6: Different methods available in Abaqus to define beam sections

The coordinates of the arbitrary beam section were defined such that the resultant
centroid of the curve in the beam cross-section is compatible with the centroid of the

cross-section curved tape spring strip modelled using shell elements. A slight distance
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should be kept between the shell and beam surfaces at the interface to avoid any errors
due to overlapping issues. According to the distance defined, the coordinates of the
beam section profile should be adjusted to maintain appropriate compatibility between
the surfaces and therefore a smooth displacement field.

The crucial point that needs to be tackled in the hybrid model is the force/bending
moment transfer between the shell-beam interface. In this sense, the compatibility
between the active nodes between the finite elements connected at the interface should
be ensured. As far as this model is concerned, this requirement is satisfied as the finite
elements S4R and B31 both have 1,2,3,4,5 and 6 nodes activated. As mentioned
before, the shell-beam interface should be capable of transferring especially the
bending moments which can be achieved by having a beam-like behaviour. Several
techniques were explored to achieve this as shown in Figure 3.7.

(a) MPC Beam (b) Kinematic (c) Structural

coupling distributing coupling

Figure 3.7: Different technigques available to ensure moment transfer between shell-
beam interface

For any type of Multi-Point Constraint (MPC), the master node can be either a single
node or a set of nodes however, the subsequent (slave) should be a set of nodes. Hence,
the front end of the tape spring strip which is modelled using beam sections is taken
as the master node whereas the far edge of the tape spring strip which is modelled
using shell elements was taken as the slave nodes. As shown in Figure 3.8, The MPC
beam type is used to provide a rigid beam between two nodes in order to confine the

displacement and rotation at the first node to the displacement and rotation at the
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second node, which corresponds to the presence of a rigid beam between the two

nodes.

The same behaviour can be obtained using coupling constraints. Kinematic coupling
binds the motion of the coupling nodes (slave nodes) to the reference node's rigid body
motion (master node). Constraining all 3 translational degrees of freedom will
demonstrate a rigid body motion where the slave nodes will follow the master node.
Constraining all 3 rotational degrees of freedom along with all 3 translational degrees
of freedom will exhibit a behaviour equivalent to the MPC beam. The same can be
achieved using structural distribution coupling. Similarly, this type of coupling
constraints the motion of coupling nodes to that of the reference node. However, in
contrast to kinematic coupling, by using weight factors the transmission of loads can
be controlled in structural distribution coupling. All 3 translational degrees of freedom
are by default constrained in this coupling. To ensure the transfer of bending moments,

all 3 rotational degrees of freedom should be constrained manually in this option.

MPC Beam constraint was used in this study to connect the beam-shell interface.

Figure 3.8: MPC beam constraint used at the shell-beam transition

Two steps were defined in this simulation. One being the flattening (1.0 seconds) and
the other being the coiling of 1.5 radians (1.0 seconds). The same pull force and

viscous pressure were applied similarly to the benchmarking model. Each boundary

43



condition was applied with a smooth step amplitude definition. The boundary

conditions activated in the hybrid model are shown in the Table 3.3.

Table 3.3: Loads and boundary conditions activated in stage 01 of the hybrid model

Description Node set Flattening Coiling

0-1(s) 1-2 (s)
Hub Rigid bodies UR3 =15 UR3 =15
Roller Rigid bodies Ul=-15 uU3=-15
General contact applied (Frictionless) All nodes \/ \/
Surface to surface contact applied | Front edge surface of the \/ \/
(Friction at the front end) tape spring and external

surface of the hub

Apply a pulling/tension force at the free | End nodes CF2=-1IN
end of the tape spring strip modelled
using shell elements
Apply viscous pressure on the external | Surfaces of the tape p =5.2e®
faces of the tape spring spring

3.5 Flowchart for import analysis

The next important stage in the hybrid model is to import the results from the first
stage of the simulation which is discussed in Section 3.4 into the second stage of the
simulation. This is referred to as the ‘import analysis’ in Abaqus. This allows the user
to import deformed mesh and its associated material state from a previous simulation
as a predefined state into a subsequent simulation. It also provides the freedom to
and model information in between Abaqus/Standard or

transfer results

Abaqus/Explicit analyses, respectively.

This can be achieved by first running the hybrid model discussed in Section 3.4 and
once results are obtained, a copy of that same model can be made within the same
Abaqus/CAE file. In this newly copied model, changes can be made to create the 2"
stage of the hybrid model. The process of import analysis has been shown in Figure
3.9.

44



Create hybrid Run analysis job Results
model

Import material state

as a predefined field
to the new model

Copy of original model
+

Add new Continue analysis job &
steps/BCs/loads/interactions results

replace beams with shells

Figure 3.9: Flow chart for the import analysis

Here, a 160 mm of length in the beam section will be replaced with shell elements (see
Figure 3.10), and the remaining length will be modelled with beam elements and
connected using appropriate constraints as discussed in Section 3.4. As shown in
Figure 3.11, the two tape spring strips with shell elements can be connected again
using kinematic coupling or structural distribution coupling to exhibit appropriate

beam-like behaviour as discussed earlier.

3.6 Beam-Shell hybrid model — Stage 02

The important point to note in the 2" stage of the model is that during the first stage

of the simulation, the tape spring has already been coiled 1.5 radians.

B31 beam

S4R shell \

S4R shell

Figure 3.10: Assembly of the hybrid model for stage 02
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Hence, when these results are imported to the next stage, the tape spring strip that had
been attached to the hub will already be coiled by 1.5 radians which is approximately
20 mm in length. Hence, when attaching the two strips of tape springs modelled using
shell elements together, the near edge of the second strip should be overlapped by a
length approximately equal or more than equal to the length that has already been
coiled with the far edge of the first strip to avoid any gaps in the visualization of the

simulation results.

Kinematic/Structural distributing coupling P

MPC Beam

Overlapping region

Figure 3.11: Constraint conditions used in the hybrid model — Stage 02

In stage 02, to allow further coiling of the overall tape spring, a new coiling step is
defined with a rotation of 1.5 radians (1.0 seconds). The coiling results from stage 01
can be imported as a predefined field to the initial state of the second stage of the
model. Similar to the benchmarking model, the front edge of the tape spring modelled
using shell elements is attached to the hub enforcing a surface-to-surface contact with
a kinetic friction coefficient of 0.18 and a frictionless general contact everywhere else
while excluding the contact surfaces that were already defined in the surface-to-surface
contact definition. A penalty contact method is used as the mechanical constraint
formulation in both cases. The same pull force and viscous pressure are applied

similarly to the benchmarking model. When defining the boundary condition for the
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coiling step, one should keep in mind to continue to define the smooth step amplitude
from where it ended in the previous stage of the model. The boundary conditions

activated in stage 02 of the hybrid model are shown in Table 3.4.

Table 3.4: Loads and boundary conditions activated in stage 02 of the hybrid model

Description Node set Coiling
2-3 seconds

Hub Rigid bodies UR3=15

Roller Rigid bodies Ul=-15

Tape spring strip modelled using beam | End node uU3=0

elements

General contact applied (Frictionless) All nodes \/

Surface to surface contact applied | Front edge surface of the tape spring v

(Friction at the front end) and external surface of the hub

Apply a pulling/tension force at the free | End nodes of the second tape spring CF2=-1N

end of the tape spring strip modelled using shell elements

Apply viscous pressure on the external | Surfaces of the tape spring p =5.2e*®

faces of the tape spring

3.7 Summary of the chapter

This chapter discussed the methodology of preparing the benchmarking model, i.e.,
the full shell model for coiling and deployment mechanics. The commercially
available software Abaqus was used to develop the model. Most material and
geometrical parameters were chosen from previous literature so that the numerical
results can be verified against them. All loads and boundary conditions activated
during each step of the simulation have been tabulated. Contact conditions in this
model are of utmost importance and the relevant friction coefficients used here were
taken from previous experimental research as explained in Section 3.1. Several
challenges have been tackled when developing the benchmarking model such as
conducting a quasi-static simulation, ensuring the energy balance in the system,
smooth load application, viscous pressure to avoid any excess kinetic energy of

vibration effects etc. which are discussed in detail in this chapter.
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4. RESULTS

4.1 Theoretical results

Using the theoretical equation proposed in Section 2.2, A vs. time and therefore the
unspooled length vs. time was plotted. It can be observed that the full deployment
occurs within 0.44 s. At this stage, no air-drag effects have been considered. At the
beginning of coiling the effective coiling radius will be as same as the hub radius which
is 12.7 mm. However, as the tape coils multiple times around the hub, the effective
coiling radius will increase and reach a final coiling radius. Seffen (1999) has not
considered this hence, the calculations have been performed assuming the coiling
radius to be constant to the initial coiling radius (= hub radius) throughout (see Figure
4.1). As seen in that graph, the rate of uncoiling gradually reduces meaning that when
r is at its maximum, i.e., at the beginning of the deployment, the rate at which the tape
spring uncoils is greater than that of the rate when r = ro. Hence a greater proportion
of the length of the tape spring can be expected to uncoil at the beginning. This is also
true for the rate of strain energy release per length (Q) as given in Eq.(2.29). Q will be
higher at the beginning compared to the Q when r - ro.

4.1.1 Variation of effective coiling radius

The important point to note in EQ.(2.20) is that there are two variables in the same
ordinary differential equation (ode) namely, the ‘r” and ‘A’. Meaning that both these
parameters are functions of time. Neglecting the variation of hub radius with time
when solving the ode can be fundamentally erroneous. One could assume that the hub
radius will remain unchanged and attempt to solve Eq.(2.20) however, this is not true
as the initial radius of coiling (rnub) Will keep on increasing to a final coiling radius (r)
due to the tape coiling multiple times around the hub until a particular final coiling
radius is reached. As an attempt to eliminate the effects from coiling radius in

Eq.(2.20) the following modification can be done.

Assume n = number of cycles coiled and h = tape thickness. Then we can develop
Eqg.(4.1) as follows.
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— T—Thub
n=—== 4.1)

Length of the tape on the hub (x) = 2* 7 *n* (W%) = 7T *N*(r+1p) (4.2)

Substitute for n in Eq.(4.1) from Eq.(4.2) and we get Eq.(4.3),

X=m* (H%) *(r+7pyp) = % (r? — rhup?) (4.3)
- = = u z . - ..
We know A = LTx >r2= M# , by substituting this in Eq.(2.12) we get
h
Eq.(4.4),
. |6uRa [(1-ML +%Thub2) 1
i= \/ ue - ! (4.4)

This results in a non-linear ordinary differential equation that can be solved using

MATLAB ode45 function (see Figure 4.1).

Lambda
\

0.1 0.15 02 0.25 0.3 035 0.4 0.45
Time (s)

Figure 4.1: A vs. deployment time when the effective coiling radius is equal to the (a)
hub radius (12.7 mm), (b) final coiling radius (13.27 mm) and, (c) effective coiling
radius calculated using the modified equation

The results were plotted against Eq.(2.20) when r = rhyp = 12.7 mm and r = 13.27 mm
(from Eq.(2.27) for coiling angle of 36 radians). As seen in Figure 4.1, these plots tend
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to exhibit a linear behaviour initially which is not fundamentally acceptable as
Eq.(2.20) is basically in the form of a parabola. In contrast to that, the modified
equation projects a smoother curve. Moreover, during the first half of the deployment,
the modified equation tends to overlap with the theoretical results when r = 13.27 mm
and later projects towards the graph when rmwp, = 12.7 mm corroborating to the true
deployment behaviour. The modified equation results in a deployment time of 0.438
seconds which falls in between 0.42 s (r = 13.27 mm) and 0.44 s (rhub = 12.7 mm). In
overall, the modified equation shows better deployment behaviour taking both A and

varying coiling radius into consideration.

The variation of coiling radius can be plotted against time (see Figure 4.2) which
further confirms the altering nature of the coiling radius which must be taken into
account when capturing the deployment behaviour. The graph shows how the coiling
radius varies from 13.27 mm at the beginning of the deployment to 12.7 mm at the end

of deployment reaching the natural hub radius.

Figure 4.2: Variation of effective hub radius with respect to time

However, in the simulations an initial unspooled length is present, and this has to be
accounted for when calculating the deployment time. Using the modified equation this

can be conveniently accounted for, by taking whatever the initial unspooled length
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present as a ratio to the total tape length (Ao) and substituting that as an initial condition

when solving the (modified) non-linear ordinary Eq.(4.4) (see Figure 4.6).

4.1.2 Variation of tension force

As per Figure 2.1, three main regions have been identified with respect to coiling of a
tape spring around a hub or a spool. Given that the geometrical parameters in the
current study led to a coiling ratio of 0.84, this study was mainly analyzed with a focus
of the bending-dominated region. However, Eqg.(2.6) and (2.9) lay out the effect of
coiling ratio on the tension force applied at one end of the tape spring in the bending-
dominated region and tension-dominated region respectively. As opposed to Eq.(2.9)
which demonstrates a linear variation between the coiling ration and the tension force,
Eq.(2.6) demonstrates a non-linear variation between the said parameters. It is
important to note that these results have been derived considering multiple coiling ratio

scenarios.

That being said, for a given scenario with a particular coiling ratio, the results obtained
in Section 4.1.1 suggests that this tension force applied may also vary due to the effect
of variation of the effective hub radius during coiling and deployment. When the said
effect is incorporated, Eq.(4.5) and (4.6) can be obtained that suggest for a given case
of R and L, the tension force is not constant but rather varies in a non-linear manner
in both the bending-dominated region and the tension-dominated region with respect

to 4, i.e. during coiling and deployment.

Bending-dominated region:

__ Da R?

T 2R\ ML+ Frpyp?
3

h

-1 (4.5)

Tension-dominated region:

T

(1-M)L + hrhubz
4—8D(1—cosg) %

T= (4.6)

a3R R

51



Figures 4.3 and 4.4 show the aforementioned non-linear variation between A and T,
however, since 0 < A < 1, this non-linearity is not significantly visible hence, can be
deemed as almost linear. In this study where R=15.1 mm and L=500 mm, in Figure
4.3 it can be observed that 0.38 N > T > 0.27 N for full deployment. Similarly, T varies
in both bending-dominated and especially in tension-dominated regions where
localized folds tend to form.

Bending-dominated region
0.45
0.4
0.35
0.3
0.25

0.2

Tension force (T)

0.15
0.1

0.05

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Lambda

500 mm 200 mm 1000 mm

Figure 4.3: A vs. tension force in the bending dominated-region
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Tension-dominated region
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Lambda
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Figure 4.4: A vs. tension force in the tension dominated-region

In addition to that, for longer tape springs the variation of the tension force required
significantly increase. Hence, in real scale satellites and space structures which
incorporate tape springs of meters of lengths, this result will be prominent. Since there
is only limited power available in such systems in space for coiling and deployment
control, accurate prediction of required tension force is of critical use. However,
extensive future work remains on the validation of results obtained in this section in
terms of experiments and other numerical methods available albeit, one can use this as

a good starting point.
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4.2 Numerical results (benchmarking model)

(a)

Figure 4.5: Coiling of tape-spring during the time steps, t=(a) 25, (b) 7 s, (c) 10 s,
(d)14s, (e) 17 s,and (f) 20 s

Different configurations of coiling behaviour during several time steps have been
captured as shown in Figure 4.5. At the beginning, the coiling radius is equal to the
hub radius (Figure 4.5(a)) but after multiple coils, the effective coiling radius increases
and reaches a final coiling radius (Figure 4.5(f)). The uncoiling /deployment of the

tape spring obtained from the Abaqus simulation is shown in Figure 4.6.

0.1s

0.11s

0.08s

Figure 4.6: Deployment of tape-spring during the first 0.12 seconds
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Within 0.43 s the full deployment was reached in the FE simulation as opposed to the

theoretical deployment time obtained which was 0.44 s (assuming r=rhu»=12.7 mm and

without considering the initial unspooled length) (see Figure 4.7).
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400 ==

350 =

300 -

250 [~ ~

200 P

Unspooled length (mm)

150 — Pa

100 — #

so =

0 ! ! ! ! ! !

FEM Results
= = *Theoretical results (Seffen,1999)

0 0.05 0.1 0.15 0.2 0.25 0.3

Time (s)

0.35 0.4 0.45

Figure 4.7: Variation of unspooled length with respect to deployment time obtained
for FE simulation and the theoretical equation (Seffen, 1999)

4.2.1 Effect of varying coiling radius

However, in order to eliminate the effects from the varying coiling radius, numerical

results were plotted against the modified equation. The modified theoretical equation

suggests a deployment time of 0.438 s which best collates with FE results (see Figure

4.8). As mentioned in Seffen’s work, “For a more detailed comparison, because it is

difficult to take accurate measurements right at the end of the deployment, it is best to

compare the time taken to reach 90% deployment, i.e.

= 0.9, in these tests”

(Seffen,1999). Hence, a better comparison between the theoretical and numerical

deployment time can be made by considering the deployment time for 90% of the

deployed length as this would eliminate the effect from end effects. Considering 450

mm of length which is 90% of the total length gives a deployment time of

approximately 0.35 seconds for both theoretical numerical results for the deployment

time.
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Figure 4.8: Variation of unspooled length with respect to deployment time obtained
for FE simulation and the modified equation

4.2.2 Effects from initial unspooled length

With the aim of eliminating the effects from the initial unspooled length and to further
check the behaviour, FEM results were plotted against the modified equation for both
initial unspooled length and varying coiling radius using Eq.(4.4) (see Figure 4.9). As
mentioned earlier, this can be conveniently achieved by assigning an initial condition
for A (=20mm/500mm=0.04) that corroborates to the initial unspooled length of 20

mm. Evidently, the modified equation presents better deployment behaviour.
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FEM Results
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Figure 4.9: Variation of unspooled length with respect to deployment time when an
initial unspooled length is present for modified equation and FE results

However, for a single tape, the effects from varying coiling radius and initial
unspooled length may seem insignificant but in real satellite or space structures with
multiple tape springs or booms which are in meters of length, a significant variation in
coiling radius will occur, therefore in deployment time. Hence, the proposed modified

Eq.(4.4) will be quite useful to emphasize such effects and deviations in this sense.

4.3 Variation of curvature

4.3.1 Transverse curvature

As explained in Section 2.1.3, the longitudinal and transverse curvature for the
deformed configuration can be calculated as follows when R = 15.1 mmandr, =
12.7 mm as shown in Eq.(4.7) and Eq.(4.8).

Ky =\ /-0.066 mm1
KO={ Kyy | =1 ¢ |= 0 (4.7)
Ky 0 0
KL 0 0
1
K'=| Kyy | = - =<0.0787 mm‘1> (4.8)
K3y 0 0
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The corresponding variation and plot of transverse curvature vs. non-dimensional
transverse coordinate (z measured in the transversal direction) obtained from Abaqus

are as shown in Figures 4.10 and 4.11.

SK, SK1

(Avg: 75%)
+1.667e-01
+1.528e-01
+1.388e-01
+1.249e-01
+1.10%e-01
+9.698e-02
+8.304e-02
+6.909e-02
+5.515e-02
+4.120e-02
+2.726e-02
+1.331e-02
-6.304e-04

Figure 4.10: Variation of transverse curvature obtained from Abaqus

The flattened region of the tape spring subtends around the hub resulting in a curvature

that of the hub itself. This has been reflected in the plot of transverse curvature of the

flattened region with a curvature of ri within the edges of the tape spring. However,

about 40% of the central region of the width still maintain the original curvature of%

as shown in Figure 4.11.

0.03

0.02

Transverse curvature (mm-1)
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o
S
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Figure 4.11: Transverse curvature vs. non-dimensional transverse coordinate (z
measured in the transversal direction)
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4.3.2 Longitudinal curvature

The corresponding variation and plot of longitudinal curvature vs. true distance
measured along the centreline of the tape spring in the longitudinal direction has been
obtained from Abaqus are as shown in Figures 4.12 and 4.13.
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(Avg: 75%)
+9.766e-02
+8.291e-02
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-5.554e-03

-6.453e-02
- -7.928e-02

Figure 4.12: Variation of longitudinal curvature obtained from Abaqus

As shown in Figure 4.13, the plot shows that the region coiled around the hub exhibits

a curvaturerl which is similar to that of the hub itself. The region attached to the hub

c

with a no-slip friction condition shows a non-smooth change in curvature which could
be due to the contact/attachment. A sudden negative curvature can be observed
followed by a gradual reduction of longitudinal curvature in the transition region.

However, this converges to zero in the undeformed region.

0.09

0.08 )0 Coiled around the spool ™
A}
/, |
— 0.07 / { !
= ’ + Y
£ / !
E 006 | I K-0.77
v I 7
£ 005 . 3
7/ .
2 ’ \ \ Transition
\
g 004 /2 v \
2 Attached to the spool \ \
= 003 \ \
oo
c \ \
2 \ \
® .02 =
g KTC 0_0;277 mmA ‘\ 1 Converges to zero
2 =0 mm 1 .
\ -
50.01 | Negative (Undeformed region)
= 1
Y o ‘ ‘ ‘ ‘
O m O N = O 0 W WL MmN O NN O S M = O
@ Mmoo Qo QB 0 QX Q Q0 Qg R N
001 |G o V8 S F K v MmN oW MmN donoa
o = = N NN MM S S ST NN W O W

o
o
o

True distance along path (mm})

Figure 4.13: Longitudinal curvature vs. true distance measured along the centerline
of the tape spring in the longitudinal direction
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4.4 Stress distribution

As explained in Section 2.1.4, the transverse (a;,) and longitudinal stresses (a,,) (see

Figure 4.14) can be calculated as given in Eq.(4.7) and Eq.(4.8).

X

A

Y z

Figure 4.14: Transverse (og,,) and Longitudinal stress (a,,) directions of the tape
spring

Using Eq.(4.7) and Eq.(4.8) the change in respective curvatures can be calculated as
shown in Eq.(4.9) and Eq.(4.10);

1

ARy = Ky - K = — (4.9)

— 1 o _1
AKy = Kyy - Kpy =~ (4.10)
This assumes a perfect flattening in the cross-section although it is not the case in
reality because there will be affects due to edge conditions. However, as long as the

inner region is considered this theory will be fairly valid.

From Kirchof f — Love plate theory, the strain distribution can be derived as
shown in Eq.(4.11) and Eq.(4.12);

Exx = €0 + ZAK,, = - (4.11)

N

+zAK,, = = (4.12)
yy

Tc

_ .0
Eyy = Eyy
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With that the plane stress for thin plates/shells can be derived as shown in
Eq.(4.13);

Z z
— V_
(011)_ E [1 v] [gxx]_ E R+ e
022)  1-vzly 1ll&yl 12| 2 2

Z
R 7

(4.13)

By considering the number of cycles of coiling, z can be determined. By substituting
z = 0.1 mm considering 2 full cycles of coiling in this case, the stresses o;; and o,

can be obtained for the top and bottom surfaces of the tape spring.

4.4.1 Transverse stress distribution

As shown in the Figure 4.15 the transverse stress (g, ;) of the bottom surface along the
cross-section obtained from the numerical model vs. non-dimensional transverse
coordinate (z measured in the transversal direction) was plotted and was compared
against the predicted transverse stress from the plate theory above. For about 70% of
the inner region of the width, the numerical stress value well agrees with the predicted
theoretical value. However, the stress distribution is not so smooth at the edges of the

tape spring due to edge effects.
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Figure 4.15: Transverse stress (o;,) of the bottom surface along the cross-section
obtained from the numerical model vs. non-dimensional transverse coordinate (z
measured in the transversal direction)
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4.4.2 Longitudinal stress distribution

Figure 4.16 shows the longitudinal stress (o,,) of the bottom surface obtained from
the numerical model vs. non-dimensional transverse coordinate (z measured in the
transversal direction) was plotted along the cross-section of the tape spring and was
compared against the predicted transverse stress from the plate theory as in Eq.(4.13).
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-500

Figure 4.16: Transverse stress (o,,) of the bottom surface obtained from the numerical
model vs. non-dimensional transverse coordinate (z measured in the transversal
direction)

For about 60% of the inner region of the width the numerical model predicts the
longitudinal stress along the cross-section predicted by the plate theory with an error
margin of about 17%. As seen in Figure 4.15 and 4.16 the stresses seem to be
symmetric in the inner region ensuring that the tape spring has been subjected to pure
bending with no stretching as formulated by the analytical study explained in Section
2.1.4. However, the results don’t agree well towards the edges as predicted although

ideally the free edges should have a stress of a,, = 0.
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As shown in the Figure 4.17 the longitudinal stress (a,,) of the bottom surface obtained
from the numerical model vs. true length along the centreline in the longitudinal
direction was plotted and was compared against the predicted longitudinal stress from

the plate theory above.
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Figure 4.17: Longitudinal stress (o,,) of the bottom surface obtained from the
numerical model vs. true length along the centerline in the longitudinal direction

As seen in the Figure 4.17, stress in the undeformed region tends to zero however,
there is a gradual increase of longitudinal stress in the transition region and it continues
to exist in the flattened region. The numerical model predicts the longitudinal stress
along the true longitudinal length predicted by the plate theory with an error margin of
about 17%.

4.5 Energy variation of the model

The energy variation of the simulation is of utmost importance as the tape spring is
flattened and coiled under quasi-static conditions and allowed to dynamically deploy
there onwards. As seen in Figure 4.18, during the flattening, coiling, and stowage steps
the kinetic energy of the system is 1% of the internal energy ensuring it to be negligible
throughout as expected. This ensures that no dynamic excitations have occurred in the

system.
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Since, Abaqus provides the global kinetic energy of the system, the kinetic energy of
the rigid bodies in the system has been deducted. Moreover, the bending strain energy
gained by the tape spring is about 1.3 J. This can be further corroborated by

theoretically calculating the stored strain energy using U=uR?a0=1.33 J.

Hence, in terms of stored strain energy, the model provides satisfactory results. Some
energy spikes can be seen in strain energy at the beginning which is during the
flattening step as no viscous damping was enabled at this step unlike in coiling and
stowage steps. However, the total energy of the system is zero which deems the energy

balance of the system as satisfactory.

1400

Figure 4.18: Variation of Kinetic energy Strain energy and Total energy (energy
balance) in the explicit simulation

Since the developed model produces satisfactory results, this can be used in developing

the reduced-order beam-shell model as discussed in the next section. Further, this

model will be quite useful when exploring the coiling mechanics of setups with % >1

which is still under research.
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4.6 Numerical results (Beam-shell hybrid model)

Smooth transitions of the displacement and stress fields were obtained during the first

stage of the hybrid model as seen in Figure 4.19.
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Figure 4.19: Resultant coiling simulation of the hybrid model — Stage 01

After performing the import analysis with parallel to the first stage of the model, the
second stage of the hybrid model was performed.

Smooth transitions of the displacement and stress fields were obtained during the

second stage of the hybrid model as seen in Figure 4.20.
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Figure 4.20: Resultant coiling simulation of the hybrid model — Stage 02
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4.7 Computational time of the analyses

As discussed in Section 3.1, it is generally recommended to keep the minimum element
edge length of the mesh < 1% of tape spring length in the transverse direction as shown
by preliminary convergence studies for a sufficient level of accuracy (Seffen et.al,
2019). Hence, in the reduced order model where only a portion of the length is
modelled using shell elements, it was observed that the mesh size is governed by the
length of the portion of the tape spring that is modelled using shell elements in order
to obtain an accurate behaviour of coiling. This obviously results in a mesh size that is
smaller than that of the benchmarking model (1 mm < 1% of tape spring length of 160
mm = 1.6 mm) hence, comparatively a larger number of degrees of freedom to be

handled. A series of convergence tests were performed to confirm this statement.

The complete coiling of the tape was not performed in the reduced order model hence,
a direct comparison against the benchmarking model is not acceptable. However, the
information on the computational time tabulated in Table 4.1 gives a reasonable
background to commence and reflect on the computational efficiency in each

simulation condition explored in this study.

Table 4.1: Summary of information on computational efficiency of the analyses

Description Benchmarking Hybrid-Stage Hybrid-Stage 02
model 01

Mesh size (mm) 4 1 1

Coiling angle 36 1.5 15

Step time (s) 20 2 1

Total CPU time (hours) 5:32:16 15:42:28 14:57:23

Stable time increment 6.69E-07 1.52E-07 1.52E-07

Total number of variables in the model

(Degrees of freedom plus max no. of any

Lagrange multiplier variables) 17712 63,636 99,378

Evidently, a significant reduction in the stable time increment can be observed in the
reduced order model. This is mainly due to the reduced mesh size in the shell elements
used. Moreover, as discussed in Section 3.2, in Abaqus/Explicit, the stable time
increment is calculated per element hence, a single element with the smallest stable
time increment can dominate and decide the simulation time of the entire model. With

the use of constraint such as MPC, tie, coupling or connectors in Abaqus/Explicit alone
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can reduce the computational speed, i.e., a longer computational time. This is further

reflected in the details given in Table 4.2 with respect to the beam-shell hybrid model.

Table 4.2: Comparison of stable time increments in the beam-shell hybrid model

Part instance Tape spring Tape spring
(Shell) (Beam)
No. of elements 5760 34
Average stable time increment 1.89E-07 2.37E-06
Smallest stable time increment 1.89E-07 2.37E-06

As mentioned earlier, the stable time increment in the model is governed by the shell
elements. Hence, it is crucial to approximate a compromise between the computational

time and the stable time increment when developing the beam-shell hybrid model.

Evidently, Abaqus/Explicit cannot be recommended when developing the hybrid
model. Abaqus/Standard may be a better option as it is ideal for many quasi-static
dynamic problems with relatively low speeds. Accurate stress solutions can be
obtained using Abaqus/Standard for such problems and comparatively faster
simulations can be expected as the stable time increment does not depend on the
smallest mesh size of the model. That being said, the beam-shell hybrid model comes
with number of complex contact conditions as well as coupling constraints which will
have to be tackled strategically when adopting Abaqus/Standard. An alternative that
can be recommended is to perform a mesh sensitivity analysis which is independent to
that of the preliminary convergence studies adopted in Section 3.1 for this study. A
detailed mesh sensitivity analysis can be performed for the benchmarking model as
well as the beam-shell hybrid model and evaluate the impact of mesh size on the

overall computational time of the respective simulations.

When working with real scale space structures consisting of very long narrow thin
shells, this beam-shell hybrid modelling technique developed will provide significant
potential in modelling coiling and deployment behaviour of long narrow self-

deployable structures.
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4.8 Summary of the Chapter

This chapter mainly describes the results of the analytical and numerical studies carried
out. Existing theoretical framework is further improved to incorporate effects from the
varying hub radius. This gave better deployment behavior and therefore more accurate
deployment time. Finite element simulations were first performed for the
benchmarking model and the results were validated against the theoretical results both
existing and modified. Variation of energy was also checked as a way of validating the
numerical model. Before moving to the reduced order model, i.e., the beam-shell
hybrid model, an approximation for the ploy region length was derived from a previous
study and the numerical results obtained from the benchmarking model. The hybrid
model was developed preliminary under two stages. In real space industrial
applications where the tape springs are in meters of lengths, this beam-shell hybrid

modelling technique will be quite useful when performing numerical simulations.
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5. CONCLUSIONS AND RECOMMENDATION

Recent advances in space exploration call for smaller space structures that can be
reconfigured to achieve large surfaces when in operation. Compact, lightweight
structures that can be folded or coiled up for launch have been made possible thanks
to self-deployable booms. These can then be self-deployed in orbit to support a variety
of small spacecraft systems. However, prior understanding of deployment behaviour
is important before launch. This thesis has conferred a detailed study on reduced order
model techniques in predicting the deployment behaviour of coiled long-narrow thin

shells known as tape springs.

Coiling, stowage, and deployment stages demonstrate considerable cross-section
deformation of the tape-spring. The ploy region that is in between the flattened and
undeformed region is critical as the gain/release of the strain energy, i.e., the strain
energy gradient during coiling and deployment is maintained through this region.
Developing full shell numerical models in this sense will require extensive hardware
and software resources. With the aim of reducing the computational time and effort,

reduced order model techniques can be explored.

The developed numerical benchmarking model well agrees with the theoretical
framework that has previously been established in terms of deployment time and stored
strain energy. However, the previous theoretical study has not considered the effects
of varying hub radius as well as any initial unspooled length prior to deployment.
Incorporation of such effects and further improvements to the theoretical equations
suggest better deployment behaviour. Several energy checks were also performed to
validate the developed benchmarking model. ‘S’ curve of the strain energy gain
ensures smooth loading application. This has further been validated by the theoretical
results obtained for the strain energy. Zero Kkinetic energy throughout the simulation
suggests a quasi-static simulation without any unnecessary spurious energy
generations. The total energy of the system is zero which deems the energy balance of

the system as satisfactory.
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The proposed numerical benchmarking model gives results that satisfactorily collate
with the theoretical results in terms of the stored strain energy during coiling and
deployment time. Within the confidence level of the theoretical framework, the FEM
simulation can be deemed valid in predicting the coiling and deployment mechanics
of thin shells.

Out of the available numerical techniques to reduce computational time and effort, use
of 1D finite elements for the undeformed region and 2D finite elements for the
flattened and ploy regions to develop hybrid (reduced order) models is explored. The
proposed reduced order model technique is based on the benchmarking model
developed and validated earlier. A stage-wise development is followed when
incorporating shell elements into the benchmarking model, especially taking the
critical regions into consideration. The study conducted on approximating the length
of the ploy region provides an interesting observation for the arc length used in the
theoretical equation. For bending of tape springs, it has been suggested to use the arc
length of the tape spring. However, it was observed that in the benchmarking model,
ploy length is most compatible when the projected arc length is used in the equation.
Confirmation on these needs more studies albeit this has been adopted in the reduced
order model when approximating the length of the shell region that should be modeled

using shell elements.

At this stage, a detailed analysis on the computational efficiency of the proposed model
is not possible as it depends on many factors. Especially, the effect of mesh size on the
accuracy of results should be explored by conducting a sensitivity analysis for the
reduced order model. For models with finer mesh sizes and many constraints and
complex contact conditions the stable time increment should be handled carefully
because very small stability limits will lead to large number of increments and will
increase the simulation time drastically as opposed to what is expected in a reduced
order model. Use of Abaqus/Standard or performing a mesh sensitivity analysis prior
to choosing the mesh size of the model without relying on the preliminary convergence
studies that was adopted from a previous study can be recommended in tackling the

excessive computational time in the beam-shell hybrid model that was developed in
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this study. However, in relating to real scale satellite and space structure systems where
the tape springs/booms are used in meters of lengths, the deduced reduced order
technique will enable the reduction of the computational time and effort required in
modelling such systems when compared to full shell models.
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