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Abstract

Nowadays, space structures are often designed to serve only a single objective during
their mission life, examples range from solar sail for propulsion over shields for
protection to antennas and reflectors for communication and observation. By enabling a
structure to deploy and change its shape to adapt to different mission stages, the
flexibility of the spacecraft can be greatly increased while significantly decreasing the
mass and the volume of the system. Inspiration was taken from nature. Various plants
have the ability to follow the sun with their flowers or leaves during the course of a day
via a mechanism known as heliotropism. This mechanism is characterized by the
introduction of pressure gradients between neighboring motor cells in the plant’s stem,
enabling the stem to bend. By adapting this bio-inspired mechanism to mechanical
systems, a new class of smart deployable structures can be created. The shape change of
the full structure can be significant by adding up these local changes induced by the
reoccurring cell elements. The structure developed as part of this thesis consists of an
array of interconnected cells which are each able to alter their volume due to internal
pressure change. By coordinated cell actuation in a specific pattern, the global structure
can be deformed to obtain a desired shape. A multibody code was developed which
constantly solves the equation of motion with inputs from internal actuation and
external perturbation forces. During the inflation and actuation of the structure, the
entities of the mass matrix and the stiffness matrix are changed due to changing
properties of the cells within the array based on their state and displacement. This thesis
will also give an overview of the system architecture for different missions and shows the
feasibility and shape changing capabilities of the proposed design with multibody
dynamic simulations. Furthermore, technology demonstrator experiments on
stratospheric balloons and sounding rockets have been carried out to show the

applicability and functionality of the developed concepts.
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Chapter 1
Introduction

The introduction chapter begins with the presentation of the motivation of this
work, the description on the origin of the idea and the need for smart deployable
structures. The motivation section is followed by a description on the state of the art
giving a short overview on the already existing technologies and systems. The required
work and the description of the different chapters are outlined within the structure of
the thesis section. The expected results have a dedicated section within this introduction
chapter preparing the reader for the goals of this research work. The chapter concludes

with a summary on the published work related to the research undertaken in this thesis.

1.1 Motivation

The initial goal of this investigation was to find a solution of deploying very large
concentrators in space capable of focusing the sun’s energy. The need of these extra-large
concentrators was revealed during Strathclyde’s ongoing work on asteroid deflection

which requires large amounts of energy over a long period of time.

Figure 1-1: Artist impression of asteroid deflection using surface sublimation via lasers
form spacecraft formation called Laser Bees [1]



Figure 1-1 shows an artist impression of the asteroid deflection satellites Laser Bees

[1]. The suns energy is focused to power a laser that is sublimating the surface of the

asteroid and thereby changing the trajectory of it [2]. For this application there is an

urgent need to provide very large deployable concentrators capable of altering their

shape to adjust their focal point depending on the position of the sun and the asteroid to

ensure that always the maximum of the sun’s energy is collected to power the

sublimating laser [3],[4].

By assessing also other possible applications, the following requirements were

formulated that should be fulfilled by the developed structure:

The structure shall be both deployable as well as smart. The developed
design should be scalable and applicable to a large variety of applications
ranging from large deformable space structures down to medical devices like
blood vessel opening stents.

The structure should be stored at a fraction of its final configuration volume
and therefore has to be very lightweight. The used deployment concept
should be reliable, simple and have a failsafe methodology meaning that a
failure of a few components will not lead to a total failure of the entire
structure.

The smart aspect of the structure shall give the deployed structure the
capability to of changing its shape once deployed and thereby forming a
versatile smart structure. Another requirement that the developed structure
had to fulfil is that the smart structure should only consume energy during

shape alteration and not during maintaining the deformed shape.

1.2 State of the Art

The literature review showed that there is currently no structure or system that fulfils

all the requirements. Some of the stated requirements are fulfilled by a number of the

existing concepts that then are inevitably failing the other requirements.



In space technology, there is an ever increasing need for deployable structures; the
most popular deployable methods for antennas or concentrators are deployment via
complicated mechanisms or the release of stored energy. These structures already have a
good area to mass ratio today but are often custom designed for one application. They
are usually form a stiff structure once deployed with virtually no scope for shape

adaption.

The requirement of the shape changing structure might be fulfilled by adaptive
materials and smart structures. The existing concepts for very large smart structures are
usually limited either due to their small actuation length like piezoelectric, their high

mass like magnetostrictors or their temperature dependency like SMAs (Shape Memory

Alloys).

All the current technologies lack the combination of a system that is capable of large
expansion and can therefore be stored in a small stowage volume while being able to

change their shape once expanded.

1.3 Proposed Approach
As outlined in the summary of the state of the art, a new technology needs to be

developed that is able to fulfil the given objectives the smart controllable space structure.

Thinking outside the box was required and therefore inspiration was taken from
nature with its millions of year of development experience. The original work of the
thesis starts with the creation of a mechanical analogue that is mimicking the shape
changing behaviour of plants that follow the sun during the pass of a day. The
developed mechanical structure consists of hundred of cells and is deployed using
inflation (due to its advantage of small storage volume). The structure is capable of
shape alteration using pressure variations between the cells. This pressure change is
facilitated through a pressure sources, MEMS (Microelectomechanical System) pumps

and valves between the cells.



Initially, a commercial FEA (Finite Element Analysis) software package was used to
simulate the deployment but the developed concept was very computationally expensive
already for small numbers of cells. In order to make the simulation of the actuation as
well as the influence of perturbating factors possible, an own standing code needed to be
developed. This code has as its centre piece the equation of motion that is continuously
solved to obtain the positions and velocities. The mass, stiffness and damping matrix are
obtained by using beam elements that are assembled in cubes arranged like biological
cells. The properties of these beam elements vary depending on the current inflation
status of the cells. The inflation, actuation as well as the external forces enabling the

structure to deform. A PID controller is used to optimize the shape of the structure.

The concept and simulation code was then applied to a number of significant cases
like an orbiting large smart beam element and a shape adjusting concentrator for the
asteroid deflection mission outlined in the motivation as well as a SBSP (Space Based

Solar Power) satellite.

Experiments were carried out to validate the concept as well as the simulations. The
sounding rocket experiment StrathSat-R proved that the deployment in space using
trapped air worked of a free flying shape changing structure worked. Furthermore,
during the experiment’s MAIT (Manufacturing, Assembly, Integration & Test)
important design lessons and mechanical properties were obtained. The second
experiment iSEDE was launched on a stratospheric balloon and proved that the concept
of the disaggregated electronic and communication over the surface of an all inflatable

shape changing satellite worked.

1.4 Expected Results

The expected result of this work is the development of a structure that fulfils all the
requirements stated in the motivation section. The structure shall be reliably deployed
and its shape shall be changed to adapt to the environment without the continuous need

for energy to hold its shape. The performance of the structure shall be demonstrated



with the developed code simulating different space applications with all contributing
factors. Benchtest experiments including stratospheric balloon and rocket experiments
shall show the capability of the developed systems and collect important lessons learned

to mature the design of the smart deployable structure.

Another expected outcome of this work that is less space oriented than the original
source of the motivation is the development of a kind of programmable matter. The
tools and simulations shall be scalable to achieve the possibility to reduce the size of the
elements to microscopic levels which has currently only limitation in regards to
fabrication. If then hundreds or thousands of these smart elements are grouped and
joined together, a programmable sheet that can self fold itself can be achieved. This
programmable matter has its applications in almost every field ranging from medical
applications like stents or medication deliverable devices over construction like adjusting

covers redirecting the sunlight to art with the possibility to create active sculptures.

1.5 Structure of the Thesis
The scope of this thesis as well as the origin of the idea behind the developed

concepts is outlined in Chapter I.

Chapter II provides a literature review on existing technologies and materials to
build deployable and/or shape changing structures for space as well as terrestrial

applications.

Chapter III presents the biological concept of shape changing plants and the
developed structure mimicking this concept. A multibody code was developed that
enables the deployment and actuation simulation of large shape changing space

structures.

Chapter IV displays the most interesting applications of the smart deployable

structures concept, the system design, the simulation with the developed code as well as



the experimental campaign (including sounding rocket and stratospheric balloon

experiments) is described.

Chapter V shows the conclusions of the thesis and gives recommendations for

future work.

1.6 Publications & Presentations

The following subchapters will give a summary on the work that was published
during and with the work that has been done during this PhD. The subsection is
divided into journal publication (2 in total), conference papers (22 in total), official

reports (5 in total) and presentations either poster or oral without a paper (24 in total).

The two journal papers published as part of the research outlined in this thesis are

currently (August 2016):

T. Sinn, D. Hilbich, M. Vasile ‘Inflatable shape changing colonies assembling
versatile smart space structures’, Acta Astronmautica, volume 104, pp. 45-60,

doi:10.1016/j.actaastro.2014.07.015, 2014.

H. Mao, G. Tibert, T. Sinn, M. Vasile ‘Post-Launch Analysis of the Deployment
Dynamics of a Space Web Sounding Rocket Experiment’, Acta Astronautica, volume

127, pp 345-358, doi:10.1016/j.actaastro.2016.06.009, 2016.



Chapter 11
Deployable & Smart Structures

There are mainly two factors which drive the costs of space craft nowadays. The first
one is the launch costs which are depend highly of the size and the mass of the object
being launched into space [5]. The second factor is the complexity of the spacecraft and
the amount of systems are needed to fulfil the given mission tasks. This chapter has the
purpose to give a state of the art overview and is therefore separated in deployables
which are a mean to overcome the launcher payload restrictions and into smart
structures which can decrease the complexity of a system or enable more versatile
spacecrafts. The chapter shows the technologies and materials available today to built
large space structures and smart structures. At the end of the chapter, a synopsis is
presented showing that none of the existing technologies completely fulfils the goal of

obtaining a deployable smart space structure.

2.1 Deployable Structures

The size of spacecrafts nowadays is mainly governed by launch vehicle payload
dimensions. The use of deployable structures became necessary due to their low stowage
and high in-orbit volume. The principle of a deployable is that they can be stored in a
volume a fraction of their full size but once they arrive at their final destination they will
be expanded to larger dimensions. Another option to create large structures in space
would be in orbit assembly like the International Space Station (ISS). This method
requires a substantial amount of subsequent rocket launches and will therefore not be

discussed further.



Figure 2-1: ISS photographed from departing space shuttle (source NASA)

Figure 2-1 shows the ISS with its separately launched modules assembled in orbit

and deployable structures like the solar arrays.

2.1.1 Applications

Almost all of today’s spacecrafts and satellites are using some sort of deployable
structures, from the ISS’ solar panels down to simple dipole antennas for cube satellites.
Deployable structures are needed for applications such as reflectors, antennas,
concentrators, solar panels, truss structures, solar and de-orbit sails, sun shields,
decelerators and space stations. The following subchapters will give an overview on the
need of deployable structures followed by an overview on existing technologies making

these deployable structures possible.

Reflectors, Antennas and Concentrators

The most prominent applications for deployable structures are reflectors of
telecommunication satellites with a usage of more than 80% today [6]. Other
applications lie within power generation where the sun’s energy needs to be
concentrated on a solar panel to provide power to the spacecraft. Space Based Solar
Power geostationary platforms [7] also require that the sunlight will be redirected and

focused on an array of solar cells before the energy can be beamed down to Earth via



laser or microwaves. One application that was already mentioned in the motivation of
this thesis was the use as solar concentrators for asteroid deflection missions like the

Laser Bees project [1].

iw

Figure 2-2: Deployed Harris rigid rib antenna for the Galileo and TDRS missions [6]

Solar Panels, Truss Structures and Appendices

Also solar arrays are often large expandable structures to ensure the required power
production for the space craft, a great example is the foldable solar array of the ISS with
an expanded length of 73 meters [8]. Solar panels for small to medium size applications
are usually segmented and can be folded a few times to fit around the spacecraft. Bigger,
thin film solar panels like the main panels of the ISS are deployed from storage canisters
with the help of elongating mast or booms. These mast and booms are also used for
spacecraft systems that need to be placed at a certain distance of the spacecraft to
minimise disturbances on spacecraft instruments, e.g. a Radioisotope Thermoelectric
Generator (RTG) that could disturb sensitive instruments on the spacecraft. A well-
known example would be the magnetometers of the deep space probe Voyager 1 and 2

that left our solar system in 2013 with the achieved RTG separation to magnetometer



distance of 13m [9]. Applications like SAR or X-ray Earth imaging missions require a
separation distance of a few tenths of meters between two transceivers to enable 3D
imaging within the desired accuracy. Other applications that require these appendices
include the deployment of instruments like magnetometers or gamma ray spectrometers,
deployment booms for ion thrusters or heat rejection systems, deployment systems for

dipole antennas or reflectors for mobile broadcasting [10].

Solar and De-orbit Sails

Increasing interest is given to very large lightweight structures which are increasing
the area of the spacecraft for either propulsion or increasing the atmospheric drag to de-
orbit faster. These spacecraft structures can be used as solar sails like the successfully
flown JAXA’s IKAROS solar sail with a dimension of 20m x 20m using the solar wind
as a means of propulsion [11]. Other applications, especially for cube satellite
applications are drag sails which are deployed after end of life of cube satellites to
increase their atmospheric drag for faster de-orbiting [12]. This is an important aspect
considering the increasing threat through space debris. The deployment technologies

used for sail deployment are currently through booms or spinning deployment.

Sun and Star shields

Especially for missions to the inner solar system or sun observation missions’ sun
shields become important additional structures. Also telescopes like the James Webb
Space Telescope (JWST) require very large deployable shields to decrease temperature
and stray light effect on the sensitive optic. The temperature difference between the star
facing hot side and cold science instrument side are 318 degrees (85°C hot side, -233°C
cold side). The five layer sun shield of JWST has the dimensions of 21.197 m x 14.162
m [13] and is therefore much bigger than the available payload fairing volume available

on launchers today.
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Fi 2-3: Deployed JWST heat shield in August 2014 (Copyright NASA/Chris Gunn)

In 2014, NASA and JPL presented a novel design for a star shade to assist future
telescopes to hunt for exoplanets orbiting around distance stars [14]. A star shade that in
a deployed form has the shape of a sunflower will be positioned between the space-based
telescope and the star to block its bright light. The starshade would make starlight
suppression possible which makes the light coming or blocked by the exoplanet better to
detect. The proposed deployment technique is a two-step system where in a first step the

outside pedals that are wrapped around the central section are being released. In the next

step the circular inner section gets expanded.

Figure 2-4: NASA JPL’s sunflower shaped star shade: Artist impression of deployment
(left) and placement to block starlight (right) [14].
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Habitats and Space Stations

To enable a human presence in space astronauts need to be protected against the
harsh space environment by providing a pressurized volume to live in and perform all
mission tasks. The NASA document NASA-STD-3001 (superseding NASA-STD-3000)
[15] gives guidelines on the required habitational volume depending on the mission
duration. Especially longer missions require larger volumes per crewmember due to the
higher importance of privacy counteracting confinement, isolation and stress that comes
with long space missions [16]. Figure 2-5 shows the pressurized volume per crew
member over the duration of the mission with the guidelines overlaid by data from

actual space missions [17].
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Figure 2-5: Pressurized volume per astronaut over mission duration (source [17]).

Decelerators and Balluts

Another application area that deployable structures are increasing their TRL is
within the field of terrestrial and planetary decelerator systems. To land a spacecraft
returning from Earth orbit or from interplanetary travel, the velocity of the spacecraft
must be greatly reduced [18]. A common method to do this is the use of Earth’s or the

planet’s atmosphere to reduce the speed by using the atmospheric drag. A large heat
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resistive / ablative surface is necessary to facilitate the drag breaking. In 2014, NASA’s
Low-Density Supersonic Decelerator (LDSD) project performed rocket powered re-
entry tests of an inflatable decelerator over Hawaii with velocities up to Mach 4. The
system (2014 test specimen in Figure 2-6) is designed to land bigger and heavier

payloads on Mars paving the way for future manned missions to the red planet.

NASA/JPL-Caltech)

2.1.2 Technologies

The following chapter summarized the available technologies to deploy the space
structures described in the previous chapter. The main technologies consist of umbrella
deployment, expandable booms and masts, foldable shells, spinning deployable

structures, tethers, electrostatic deployment as well as deployment via inflation.

Umbrella Deployment

A common deployment technology, especially for reflectors and concentrators is the
umbrella deployment. The deployable structure usually consists of a rib or rod truss
structure with multiple joints and hinges. During deployment the unfolding truss

structure tensions the flexible surface membrane mesh depending on its application. An
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example of this technology would be the AstroMesh reflector from Astro
Aerospace/Northrop Grumman which is based on a tension truss concept with the

deploying truss structure on its circumference [19].

Figure 2-7: Deployed AstroMesh reflector (source Northrop Grumman)

A good example for the umbrella deployment is also the Hinged-Rib Antenna from
Harris Corporation (USA). In their design, the ribs are hinged along their length

producing a small packaging volume.

Figure 2-8: Deployed Harris TerreStar reflector (source Harris Corporation)
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Booms and Masts

Booms and masts are deployable structure where by definition the cross section is by
far smaller than the deployed length. Masts are main structural members and therefore
having a higher stiffness than booms. In general booms are associated with hallow
cylindrical or circular sections beams while masts are large deployable structures usually
assembled in the truss type modular with multiple hinges [10]. Existing technologies for
booms and masts are hinged articulated rigid booms, truss structures, telescopic booms,
inflatable structures, CFRP (Carbon Fibre Reinforced Plastic) / SMC (Shape Memory
Composite) booms, STEM & Bi-STEM (Storage Tubular Extension Member), CTM
(Collapsible Tube Masts), Coilable Booms and Tape Springs [20].

Table 1: Various boom and mast types with examples (table source [20])

Articulated Boom 190 e

i

ESA — European Concept

Truss Structures

ADAM’s Mast (ATK)
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Telescopic Boom

PAYLOAD HARNESS CANISTER
STOWED OUTER TUBE
ADAFTOR AFENESS
KINEMATIC INSOARD
INTERFACE

AXIALLY
RIGID OUTBOARD cmﬁg'r
MOUNTING (SIC) & moorT

(s/)

Coilable Boom

(ATK)

Tape Spring

Shape Memory

Composites

Left Solar Sail (ATK), Right: Solar Sail (DLR)
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STEM / CTM

Deployable Tape
Truss
Deployable Carbon Tape Truss for Gossamer Space Structures
(DLR). Five bay truss prototype in deployed state.
Foldable Shells

Foldable shells can be divided into two parts, the solid surface and the largely
deformable shells [6]. Foldable solid surface shells are split into multiple pieces joined by
hinges in order to be foldable. These solid surface reflectors are very modular and have a
high surface accuracy. Largely deformable shells on the other hand are very flexible and
can be folded directly. During folding the structure needs to be constrained because it
will spring back in its original shape. Typically these largely deformable shells are made
of a CFRP membrane. Sometimes these flexible shell membranes require additional

back support structures.

Spinning Assemblies and Tethers

Spinning and Tether deployment are used for structures without any bending
stiffness like cable or thin membrane structures. Spinning assemblies make use of the
centrifugal forces acting on corner masses of a net or a membrane to deploy and stabilise

the structure. Example for this methods are the Japanese solar sail IKAROS deploying a
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solar sail via spinning introduced by thrusters on the central section and Strathclyde’s
experiment SUAINEADH, deploying a 2m x 2m web with spinning introduced by a
reaction wheel [21][22][23] [24][25]. A detailed description including experiment
design, launch campaign summary and result evaluation of the Suaineadh experiment

can be found [26].

Tethers on the other hand are kilometre long cables with masses on each end.
Tethers can be used for orbit alteration and power generation [27]. The deployment
method of Tethers includes spinning deployment via centrifugal forces, propelled

separation or via initial acceleration and dissipation.

Electrostatic Deployment

The means of electrostatic deployment is a more exotic method with currently the
lowest TRL. Electrostatic deployment makes use of opposing forces acting on thin
walled metallic structures which are electrostatically charged. The thin flexible structure
is electrically charged developing a repelling force on opposing surfaces also known as

the Coulomb force.

Figure 2-9: Drawing of two cells inflated by electrostatic forces

Individual charged cells made out of thin aluminium foil could be used to deploy
such a structure. Two of such cells can be seen in Figure 2-9; each cell initially has a
rectangular outline but becomes curved when the field is applied. Each of the cells has
only four sidewalls that are all charged with the same field resulting in a force from the
inside towards the outside. If no field is applied the cells collapse, this is caused either by

their own weight if gravity is present.
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Extensive research of this technology has been carried out by the University of
Colorado (Boulder, CO, USA) [28]. The technology has potential but high electric
fields of the order of a few thousand volts are required, and the EMC (Electromagnetic
Compatibility) problems that these high fields might cause on the satellite subsystems

needs further consideration.

Inflatable Structures

One of the most promising fields in deployable structures is the field of inflatables
structures. Reasons for the use of inflatable structures range from their low cost over
exceptional packaging efficiency, deployment reliability and low stowage volume to low
weight. Over the last few decades, inflatable structures became an emerging field to
overcome launch vehicle payload size restrictions [29]. Research in inflatable structures
can be dated back to the 1950s. The first major developments during this time showing
the potential of these novel structural concepts were the Goodyear antennas in the early
1960s and the Echo Balloon series from the late 1950s to the early 1960s. The
Contraves antennas/sunshades and the L'Garde, Inc., inflatable decoys followed in the
1970s and mid-1980s [30]. The biggest achievement up to date is the Inflatable
Antenna Experiment (IAE) of L’Garde which was launched from a Space Shuttle in
May 1996 [31].

Figure 2-10: Inflatable Antenna Experiment (IAE) deployed in 1996 (source NASA)
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Research has been undertaken in various institutions all over the world in the field of
inflatable structures [32],[33][34]; new membrane materials have been discovered that
can withstand the space environment, advanced simulation tools were developed that
capture the highly non-linear behaviour of the inflation process and rigidization
techniques have been investigated making the structure non-reliant on the inflation gas
after deployment [35],[36],[37].The industry is focusing on a variety of applications of
inflatable structures to enable future space flight at present. After 1996, inflatables were
mainly used as protection devices for planetary rovers. The inflatable balloons were used
to soften the landings of the Mars rovers Pathfinder in 1996 and Spirit and Opportunity
in 2003.

Figure 2-11: Deployment test of inflatable airbags of Mars Pathfinder mission in 1996
(source NASA)

Various companies are working on the use of inflatable antennas, reflectors, booms
and solar arrays as satellite components. Other research is carried out in inflatable boom
experiments like the CFRP Booms from the German Aerospace Center (DLR) [38].
Also NASA is working on a couple of inflation based structures which led to a successtul
test of the Inflatable Re-entry Vehicle Experiment (IRVE-3) in July 2012 and the above
mentioned Low-Density Supersonic Decelerator (LDSD) project with its inflatable
prototype test of speeds up to Mach 4 in July 2014. The most ambitious plan comes

from Bigelow Aerospace which has the target of building a Commercial Space Station
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consisting of inflatable modules. In January 2013, Bigelow Aerospace was contracted by
NASA to build an inflatable module called BEAM (Figure 2-12) to be tested on the
International Space Station. The BEAM module was launched with the SpaceX Dragon
capsule in March 2016 and was successfully inflated during the second try on the 28 of
May 2016 [39].

Figure 2-12: Inflation of Bigelow BEAM module attached to ISS (source NASA)

Other applications include the use of inflatables as capture and docking mechanism
like the Inflatable Capture Mechanism (ICM) developed by TAS-I (Italy), Aerosekur
(Italy) and SMA Research (Italy) for the Mars Sample Return reference mission in 2009
[10]. The use of inflatable tubes as part to deploy tensegrity reflectors has been also

considered at the beginning of this research work on smart deployable structures [40].

An important aspect in the development of inflatable structures is the method of
inflation, the three technologies that are most promising and considered further in this
work are pressure vessel inflation, cold gas generator (CGG) inflation and residual air

inflation.

The first option of triggering the inflation could be the use of a central pressure
source. This could be either a pressurised vessel or a cold gas generator that creates a
volume of gas once triggered. Nitrogen is the most commonly used gas in CGGs. The

pressure source can be built as a rigid element with the capability to take very high
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internal pressures. The other inflatable cells can be wrapped around the rigid part to
keep the storage volume small. The big advantage of this system is the reliable control
and the high TRL (Test Readiness Level) of the available systems, the disadvantage
would be its size and possible restrictions due to its added risk of explosion of

pressurized compartments for secondary payload launches.

Trapped or residual air is the air that is left inside the structure at manufacturing on
ground at sea level conditions. As soon as the structure is subjected to vacuum space
conditions the structure will inflate itself creating a very low internal pressure. This
pressure can be on the order of 10-200Pa, depending of the enclosed air mass [41].
Strathcylde’s experiment StrathSat-R [42], which is presented in Chapter 4.2.3, had the
purpose to validate the possibility of deploying structures in space using residual air
inflation [43]. Figure 2-13 shows the residual air inflation of a cell made out of two thin
sheets of Mylar welded together on their circumference. It can be clearly seen that the
trapped air inside the cell is enough to inflate the cell at vacuum conditions (Figure 2-13

right).

Figure 2-13: Cell Residual Air Inflation in Vacaum Chamber
left: at ambient pressure, right: vacaum pressure

There is also the option to seal the inflatable structure at a higher environmental
pressure which would result in a higher pressure in a vacuum environment. One of the
difficulties in this system lies within the manufacturing of the structure as well as air

containment of trapped air mass inside the structure.
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In order to make an inflatable structure rigid and resistant to micrometeoroid and
space-debris impacts [44]; the structure needs to be rigidized from the flexible inflated
state to a stiff rigid state. The rigidization also serves the purpose of obtaining a structure
that is independent on the inflation gas after inflation. The rigidization technologies
range from thermally cured thermosets to expandable aluminium film composites. The
following overview should give a short summary on available rigidization techniques
today, it is not meant to be a detailed scientific explanation of each of the available
technologies. For more detailed explanation on the technologies please refer to the

references.

One option is the use of thermally cured thermoset composites that consist of a
fibrous substructure impregnated with a thermoset polymer resin. By introducing heat
by for example solar illumination or resistive heating, the resin will cure and rigidize the

structure [45].

The glass transition temperature rigidization is working in the way that the stored
structure will be heated by the surrounding electronics and therefore stays flexible. As
soon as the structure gets subjected to the cold space environment the structure becomes
rigid [46]. The composites are also known as second order transition change or SMP

composites [45].

Another option is the use of composites that cure in ultra violet (UV) light. The
inflated structure is impregnated with a resin that will cure at certain wavelengths. The
two ways of rigidizing the structure are either through the UV energy of the sun or the

energy transmitted by UV lights embedded in the structure [38], [47][47].

The use of plasticizer or solvent boil-off is another possibility to rigidize inflatable
structures. The principle behind this technique is that a softening component in the
resin evaporates once subjected to the space environment and thereby rigidizes the

composite [45].

Foam rigidization fills the cavities of the inflating structure with structural foam that

reinforces the structure once deployed.
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The oldest technology is the aluminium and film laminate rigidization technology
which was used in NASA’s ECHO II program in the 1950s. The laminates used for this
approach consist of thin laminates made from ductile aluminium and polymeric film.
The principle behind this technique is to stretch the aluminium beyond the
aluminium’s hardening stress. After stretching, the pressure is released and the
aluminium is in a compressive stage while the polymer is still in its elastic range, the

result is a rigid structure.

Despite all the advances in the field of rigidization technologies, no in space
rigidization on any inflatable structure has been performed up to this date. One of the
biggest problems with the ridization is that in a real life application the rigidization will
most likely be uneven which creates distortions in the shape of the reflector that are

almost impossible to predict or simulate.
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2.2 Shape Changing Structures

Various space structures are serving just one specific purpose in space systems
nowadays. By developing a structure that can adapt itself to various mission stages, the
flexibility of the entire mission can be enhanced. With applying shape changing
structures, the spacecraft can easily adjust itself to the space environment and expensive
on-ground simulation to verify the accuracy of the structure when subjected to the harsh
space environment will become no longer necessary. Such a smart structural system is
commonly a sum of various different systems including sensors, controllers and
actuators. In the following, the most common adaptive materials are outlined which can

be used in conjunction with a controller to form a morphing structure.

2.2.1 Adaptive Materials

Adaptive materials are a specific field of materials that are capable of changing their
properties as a responds to an external stimuli. These external stimuli can be an applied
temperature change, an electric field alteration or by change of light. The number of
adaptive materials is as vast as their application areas; the list in Table 2 gives an

overview over the most common adaptive materials.

Table 2: List of Adaptive Materials

Material Name Stimuli Change
Chromogenic Systems Electric Field/ Thermal | Optical Properties
Dielectric Elastomers Electric Field Volume
Ferrofluid Magnetic Field Appearance
Halochromatic Materials Acidity Colour
Magnetic Shape Memory Alloys Magnetic Field Displacement
Magnetocaloric Materials Magnetic Field Temperature
Magnetostrictive Materials Magnetic Field Displacement
Photomechanical Materials Light Deformation
PH-sensitive Polymers PH-change Volume
Piezoelectric Materials Electric Field / Stress Length / Electric Field
Shape Memory Alloys (SMA) Temperature / Stress Deformation
Shape Memory Polymers (SMP) Temperature / Stress Deformation
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Thermoelectric Materials Temperature Voltage

Temperature Responsive Polymers | Temperature Deformation

The most interesting adaptive materials for the application in a shape changing
smart structure are the materials which are capable of alternating their shape by a given
external stimuli. These materials are temperature responsive polymers, dielectric
elastomers, shape memory alloys and polymers, as well as magnetostrictive,

photomechanical and piezoelectric materials which are described more in detail below.

Other adaptive materials include chromogenic systems that change their colour or
cloudiness as a result of applied voltage, temperature or light. Examples for this material
include liquid crystal displays or darkening sunglasses. Ferrofluids are a mixture of
nanoscale ferromagnetic particles and a carrier fluid. The mixture can obtain different

shapes depending on the applied magnetic field.

The adaptive materials of interest for this application are dielectric elastomers, shape
memory alloys and polymers, as well as magnetostrictive, photomechanical and

piezoelectric materials which will be outlined more in detail in the following.

Dielectric elastomers are actually a composite of multiple materials where a thin
passive elastomer film is placed in between two compliant electrodes forming a capacitor
[48]. When an electric field is applied on the electrodes, the Coulomb forces cause an
electrostatic pressure and thereby compressing the elastomer film. This thinning of the
elastomer makes is more compliant to tension letting the material responding with a
change of length depending on the applied electric field. Dielectric Actuators have a
high elastic energy density and are very lightweight. The field of dielectric elastomers
promises a paradigm shift in smart material application due to its very large shape

changing capabilities of up to 300% but their durability needs to be improved further

(49].

Photomechanical materials alternate their shape when exposed to light; the material

can be triggered, depending of the wavelength of the light [50]. These materials are
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polymers with an azo compound that can physically and mechanically respond to light.
Application of continuous wave light or irritation with an interference pattern result in

an expansion of the soft film [51].

Shape memory alloys are metallic alloys that can undergo martensitic
transformations when subjected to applied thermo-mechanical loads [52]. The alloys are
capable of recovering plastic strains when heated up above a certain temperature. SMAs
can also be heated using resistive heating through an applied electric field increasing the
application areas of the material. In a similar fashion, shape memory polymers undergo a
phase transformation depending on the applied temperature. Shape memory alloys and
polymers are inherently capable of being trained to almost any shape with one way and
two way memory effects [53]. The advantage of shape memory material is their wide
countless possibilities of obtainable shape but their disadvantage is their hysteresis
behavior as well as the required high temperatures for shape change which could cause

problems in the very low temperature space environment.

Electostrictors are ceramics that expand in the presence of an electric field by a
coupling effect between the applied electric field and the electric dipole of the material.
Magnetostrictors work in a similar manner as electrostrictors but they are actuated by a
magnetic field instead. These materials and actuators require high electric and magnetic

fields and are usually rather heavy.

The piezoelectric effect describes the displacement of monopoles in the piezoelectric
material when applying an electric field [54]. This forced displacement of the
monopoles causes an elongation of the material. Composites made out of piezoelectric
material and varying applied fields enables the structure to deform also out of plane.
Also the material can serve as a sensor or energy harvesting device due to its reversibility
of the piezoelectric effect transforming displacement to electrical energy. Piezoelectric
actuators are very precise and display as inherently low hysteresis but the applied fields
are high in the order of a few kilovolts and corresponding strains of only fractions of

percent.
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2.2.2 Smart Structural Concepts

A common misconception is the existence of smart materials, there are only smart
structures. A smart structure is a system that responds to a given stimulus with a desired
responds. To make the most use out of an adaptive material, it needs to be integrated in
an optimized system which is capable of obtaining the desired property change. A smart
system usually consists of an actuator, a sensor and a controller. The adaptive material
can act as an actuator and as a sensor; an example of this would be piezoelectricity which
can act both ways, as a displacement actuator with an applied electric field or as a
position or acceleration sensor which gives a specific electric field back depending on the
deformation. Unfortunately, most of the adaptive materials available today require a
constantly applied actuation force to obtain the desired shape which results in high
power consumption. Other devices are bi-stable, using a short actuation impulse to
switch between two different stable states. It is especially important that a space
structure can stay in the deformed shape without the necessity of constantly driven
actuation due to on board power constraints. The following subchapter outlines some
selected smart structures focusing on shape changing performance or technologies that

could enable programmable matter.

Over the last half century, continuous research and development work has been
undertaken in the field of pneumatic devices that mimic biological muscles for actuating
mechanical systems, for example in high lift surfaces on planes [55]. Pneumatic muscles
were created that shorten when inflated and thereby become capable of lifting
substantial loads [56]. Especially interesting for the proposed application are the
methods employed by R. Vos [57],[58] and his work on a morphing air foil that utilizes
gas filled elastic pouches that vary their diameter depending on the pressure of the
environment. Such an air foil is able to independently adapt its shape depending on the

altitude without the need for further control.

The researchers of the Whiteside Research Group at Harvard University took the
development of air actuated devices a step further by creating soft robotic actuators that

enables structures to move in a coordinated fashion [59]. These soft robots are
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manufactured from hyperelastic material that was cast in 3D printed molds inspired by

star and jellyfish.

Figure 2-14: Four legged soft robot (source [60])

Figure 2-14 shows a four-legged platform that is able to move by in sequence
inflating and deflating multiple cavities in its body. Thereby the robot becomes able to

crawl and squeeze through spaces.

In active fibre composites some of the carbon or glass fibres in a normal composite
are being replaced by adaptive material like for example shape memory polymers or
similar. With controlled fibre and layer placement the composite can be deformed in a
desired fashion through actuation. Another interesting approach is embedding these
active fibres in an asymmetric composite, e.g. a [0,90] layup forming a bi-stable

structure where the adaptive fibres can be used to switch between the two stable states.

EMPA is the Swiss interdisciplinary research and services institution for material
sciences and technology development. The Materials and Engineering laboratory,
created in 2005, developed electrically activated elastic polymer films that expanding
their surface when an electric field is applied. These electroactive polymers are also part

of dielectric elastomers which are described in Chapter 2.2.1. Figure 2-15 shows these
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very thin and light actuators attached on the skin of a light airship. Alternating actuation

of the actuators mimics the locomotion of a fish and thereby propels the airship.

Figure 2-15: RC controlled smart airship with electrically activated polymer film
actuators left and schematic of locomotion principle right (source EMPA)

The idea behind the self folding structure is the combination of rigid triangular fibre
glass panels which are connected to each other with shape memory alloy hinges. By
running electricity through the connecting hinges and thereby actuating one continuous
line of these hinges, the structure gets folded along this line. Researchers at MIT and

Harvard invented the self-folding sheet that can be seen in Figure 2-16 [61].

Figure 2-16: Harvard and MIT’s self-folding sheet (source [61])

These self-assembling structure consist of many identical smart own standing
systems that have interfaces on each side. These systems can assemble each other to a

bigger shape by controlling the interfaces with for example magnetism. The big
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disadvantage is the current size and weight of the systems and their rigid nature meaning
that they cannot deploy to a bigger volume in space. In 2010 work undertaken at MIT
was able to create cubes that that were able to disassemble themselves in a kind of smart
matter using custom-designed electro permanent magnets to attach the cubes to each

other, communicate with each other and exchange power [62].

Figure 2-17: MIT’s Robot pebbles creating programmable matter [62].

In 2014, researchers at the University of Harvard developed a new system that
involved a swarm of thousands of simple robots that were able to assemble themselves in

various different shapes [63].

Figure 2-18: Harvard’s 4D printed orchid actuated in water (source Wyss Institute at
Harvard University).
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Also at the University of Harvard, in 2016 researchers were able to create a 4D
printed structure which are designed to change their shape after they have been 3D
printed [64]. The structure is printed using two different materials, one which is stiff
and the other one that is water absorbent. Once the structure is immersed in water, the
shape of the structure can be changed as the water absorbing material is doubling its size.
By properly designing the structure and with the use of 3D printing enabling the
fabrication of complex structures, shape shifting structures can be created. Figure 2-18

shows such a 4D printed structure actuated in water.

2.3 Synopsis

In order to create the smart deployable structure and to fulfil the requirements of
low storage volume, deployment reliability, shape changing capability and shape holding
without power consumption, the best combination of deployable technology and
adaptive material needs to be chosen. For the deployment method, inflation is the most
promising due to its simplicity, reliability and very low storage volume. Regarding the
adaptive material and the smart structure, none of the excising concepts poses a viable
solution for very large smart structures either due to their small actuation length
(piezoelectric), high mass (magnetostrictors) or their temperature dependency (SMAs).
A new concept needed to be developed combining the smart and the deployable

structure to a harmonised system.
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Figure 2-19: SRI International/ DARPA specific energy chart of existing actuators and
the developed smart inflatable space structure (original from Ref.[57]).
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Figure 2-19 shows the DARPA/SRI International energy chart of exciting actuators
with their maximum strain and blocked stress. The developed smart inflatable space
structures design space is within the lower right part of the chart. Since these structures
are designed to be used in space under the influence of only small gravitational forces, it
is possible to design an extremely light, flexible structure with the capability of changing
its shape and overcoming very low blocked forces. The displacement and the
deformation capability on the other hand is very high reaching to 200% because they

are being used in a micro gravity environment with only minor, slow perturbations.
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Chapter 111

Bio-inspired Smart Structures

In the previous chapter, the need for a completely new technology to enable
deployable smart structures was outlined. In this chapter, inspiration is taken from
nature with its plants capable of fast movement to create such a deployable smart
structue. The original work starts with the development of a scalable mechanical
analogue capable of deployment and shape change. The main idea behind the
mechanical analogue is that the structure consists of colonies with hundred of
hyperelastic inflatable cells which can vary their size by shifting fluid in between them.
The main part of this chapter focuses on the description of a developed multibody code
capable of simulating the deployment by inflation as well as actuation through fluid
shifting cells and the influence of external forces. The multibody code outlined in this

chapter is then used for example applications in the next chapter.

3.1 Inspired by Nature

Over millions of years nature has optimised its organisms to survive the harsh
conditions on Earth. This evolution did not necessarily mean the survival of the
strongest or biggest but more the survival of the best adapted. To take advantage of these
million-year developments, more and more systems in our daily life are inspired by
nature. A popular example is the lotus effect property in plant leaves which is used in
current paints to repel dirt within the surfaces. In the following subchapters inspiration

is taken by nature to build a deployable shape changing structure.

3.1.1 Nature’s Deployables
Biology might be redefined as the natural history of deploying structures [65].

Interesting examples include deployable membranes link the wings of insects that can be
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also folded like origami once expanded and the deployment of tree leaves or flower
pedals. These leaves are deployed in a short timeframe and might be folded and stored
again in a diurnal rhythm. An example for the leave deployment can be seen in the

figure below for the legume plant.

Figure 3-1: Deploying leaves of a legume plant [66]

A most interesting case with respect to high volume increase is deployment via
inflation. A good example here is the deployment of dragonfly wings. The dragonfly
deploys its wings in a short amount of time, increasing the wing area forty fold. The
dragonfly wing consists of thin membranes connected by branching veins. By pumping
air in the small channels, the dragonfly can unfold its wings during its metamorphosis
from the larva state. After the deployment process, the dragonfly rigidizes its wings with
the help of the sun eliminating the need for the cannels to stay inflated; the wings are

now a stable and light structure.

Figure 3-2: Eclosion process of a dragonfly [66]
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Many plants also have the possibility to alter their appearance to adapt to the ever
changing environment. Such a plant-derived development is known as tropism and is

explained further in the following chapter on nature’s shapeshifters.

3.1.2 Nature’s Shapeshifters

Tropism is the Greek word for “turning” and it describes the biological movement
of a plant in reaction to an external stimulus e.g. a light in a specific wavelength [67].
According to its stimuli, tropism can be divided in different types. Existing tropism
include Chemotropism which is the movement or growth in response to chemicals,
Geotropism or Gravitropism as a responds to gravity, Hydrotropism to water,
Sonotropism to sound, Thermotropism to temperature, Electropism to electric fields,
Thigmotropism to touch or contact, Heliotropism to sunlight and Phototropism to

lights or spectral colours of the light.

Certain flowers have the capability to follow the path of the sun over the sky during
a day with their flower head or leaves. The phenomena was discovered and named
Heliotropium by the Ancient Greeks. However according to Aristotle’s logic of plants
being passive and immobile organisms, it was assumed to be a passive effect [68].
Following growth experiments in the 19 century, the observation was made that some
sort of growth processes in the plants stem were involved. Thus, the phenomena were
named Heliotropism in 1832 for the first time just to be renamed to Phototropism in
1892. The reason for the name change from Heliotropism meaning turned by the sun to
Phototropism meaning deformation caused by light influences was the result of lab
experiments on algae that showed strong dependence on light brightness and direction,

not purely on sun light.

The research undertaken here in this thesis was inspired by the movement of
sunflower heads from East to West following the path of the sun during a day [69]. In
nature Heliotropism and Phototropism can be used interchangeably because the sun is

the only source of light. This principle can be also observed by plants growing in arctic
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climates where the exploitation of heliotropism enables arctic poppies (Figure 3-3) to

retain warmth within the plant [70].

Figure 3-3: Arctic poppies moving their head towards the sun [70]

The cells that give the plant the ability for fast movements are called motor cells and
act like hinges or joints. The movements are driven by the shrinking and swelling of
opposing cell regions of the pulvinus (motor organ) [71]. The pulvinus is a joint-like
thickening at the base of a plant or leaf facilitating growth-independent movement.
These motor cells are capable of adjusting their intermembrane potassium ions (K+) to
change their internal turgor pressure and thereby their shape. The accumulation of
intermembrane potassium ions via channels in the plasma membrane enable the osmotic
uptake of water into the cell, which lead to increasing cell volume and eventually the cell
becomes turgid. On the other hand, the potassium channels can also release K+ away
from the cell membrane resulting in a water release and therefore a shrinkage of the cell
[72]. The change in turgor pressure happens gradually and takes from a few minutes up
to hours. Faster actuation example are carnivorous plants like the Venus’ flytrap which
can trigger the closing of its leaves to trap an insect in a fraction of a second. Once
triggered, the motor cells in the joint line of the leaf halves becomes freely permeable to
K+ forcing the water out of the cells resulting in an immediate collapse of the cells.

Therefore the leaves can close and the prey (e.g. insects) can be trapped.
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Figure 3-4: Functionality of motor cells (Photo: Copyright Pearson Education, Inc.
(Benjamin Cummings), 2005.)

With this mechanism, the flower has the ability for comparably fast movement of its
head without the need of growing additional cells. This simple pressure change principle

seems perfect for the application on deployable space structures.

3.2 Mechanical Analogue

The original contribution of the thesis starts with the development of the mechanical
analogue concept. The following subchapters follow the same outline as the inspiration
from nature. First a mechanical analogue of the deploying structure will be presented
followed by a description of how to enable shape change within this structure. The
mechanical analogue subchapter finishes with an overview on further applications of

larger arrays of these shape changing structures.
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3.2.1 Deployable Cells

The inflatable wings of the dragonfly are used as an inspiration for developing a
deployable structure. The dragonfly wings consist of channels that expand their volume
by inflation forming a stable beam element. The mechanism is taken on by using cells
which can expand with inflation and it can expand its volume to over 300-900% of its
initial stored volume. A material class that offers such a high elastic range are
hyperelastic materials like silicon rubbers. The cells can be inflated either by using
trapped air which expands once the environmental pressure changes or by releasing
stored gas like a cold gas generator. The gas can be then shifted between neighbouring

cells until every cell is inflated.

3.2.2 Shape Changing Structure

The motor cells of plants on the other hand can be taken as blueprints to develop a
shape changing mechanical structure. For the mechanical analogue, a structure can be
created consisting of hundreds to thousands of cells. The smallest reoccurring element in
this design is the single mechanical cell which is capable of changing its volume. The
shape of the overall structure can be altered by coordinated volume changes of single
mechanical cells which are incorporated in a cell array of multiple hundreds or
thousands of these cells. This volume change can be seen in Figure 3-5 and it is
undertaken by a differential pressure increase due to air molecule increase. Two methods
of this pressure increase have been evaluated. One option would be the use of micro
pumps in-between two cells that could transfer air molecules between them. This will
allow one cell to always be inflated while other deflated. Another option is the use of
valves between all the cells with a central pressure source. The system of valves would
transfer the air mass to the cell which needed to be actuated. Each method has its pros
and cons and the use of one over the other needs to be evaluated for every future

proposed application or mission separately.
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Figure 3-5: a) Pre-deformed membrane b) Shape change of flat membrane introduced
by volume change of neighbouring cells

The following subchapters should give a first idea how far this design can be taken
using biological inspired structures consisting of unit cells that all act in a specific way to
create a global structure with example rigid skeleton cells as well as flexible movable
muscle cells. As a follow up, a concept is elaborated using origami math and a flat smart

sheet to form any shape imaginable.

3.2.3 Organism architecture inspired structures

The above mentioned design can be even taken a step further into the bio inspired
structure by creating a system consisting of cells that have different properties creating as
an analogue to a living organism. Each cell can be optimized for one specific application
decreasing the overall mass of the system. Also a combination of highly specialized cells
and common flexible cells is possible; the best approach depends highly on the actual

application of the system.

The possibility of rigid elements in the system gives the structure a predefined shape
to overcome gravity or other perturbations. The rigid elements can form a skeleton that
can act as a backbone or supporting structure. The options of the deployment of these
elements are either to already launch them in their rigid configuration or to inflate the
cells in space and then rigidized them once deployed with one of the rigidization
techniques described in Chapter 2.1.2. The selection of the appropriate rigidization
technique is highly dependent on the chosen application; the first question that needs to

be answered is if the rigidization has to be just once or that it should be reversible. For
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the irreversible method either the UV curing composite or the strain hardening is
suggested. Both systems are light, reliable and can be stored in a much smaller space. For
the reversible application the thermally cured resin rigidization is suggested due to its
temperature sensitivity. The process of rigidization can be reversed by increasing or
decreasing the temperature of the cell material making it softer and therefore deformable

or hard and thereby rigid.

The shape changing cells can be treated as an analogue to muscle cells in an
organism. By adding arrays of these flexible or active cells in-between the interlinks of
the substructure between the skeleton cells the structure becomes more stable and the
actuation can be better controlled due to the higher overall stiffness. An example can be
seen in Figure 3-6 of an active joint with three types of cells, the rigid skeleton cells in

red, the passive flexible cells in white and the shape changing cells in green.

Figure 3-6: Schematic of cellular principle: Red cells are rigid, green are actuator cells
and white are flexible cells (cells are hidden in right image for better visualisation)

3.2.4 Self-folding Origami Structure

By adding thousands of these smart deformable cells together to a large array, a
smart sheet can be created. This smart sheet can create crease patterns and fold line by
itself just by actuating neighbouring cells. By combining the capability of the developed
system with the art of origami, almost any shape regardless of its complexity can be

created from a simple smart sheet.
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Origami is a traditional Japanese art of paper folding originating in the 17 century
AD. Origami is the art to create more or less complex sculptures or shapes via folding
from one single sheet of paper without the use of adhesive or irreversible cutting.
Especially this aspect makes it very interesting for using within the smart structure
approach undertaken here. The free flying smart sheet of paper would have the

capability to transform itself into any desired shape.

There are only four main laws behind origami math which were outlined by Robert

Lang [73]:

® Areas joined by a fold line can be colour coded in two colours and fields with
the same colour will never be adjacent.

® At any interior vertex, the number of mountain to valley folds must always
differ by two.

e Alternate angles around a vertex sum up to a straight line.

e However sheets are stacked during folding, a sheet can never penetrate a fold.

With these simple rules, Lang developed a mathematical code which is capable of
creating folding pattern for any complex shape. The left side of Figure 3-7 shows the

crease lines created to fold the beetle sculpture in Figure 3-7 right side.
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Figure 3-7: Crease pattern and corresponding sculpture (left and right, source: R. Lang
[74])

42



This can be used to create crease patterns which can act as the blueprint to instruct
the developed adaptive sheet to deform its flat shape into more complex application

dependent shapes.

The shifting of molecules within the structure described in Chapter 3.2 leads to a
volume decrease of the bottom cell and a volume increase of the top cell resulting in a
buckling of the sheet. Coordinated actuation can be used to control this curvature to

form the desired deformation or fold line.
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Figure 3-8: Static 2D plot of actuated cell array forming a 180 degree fold

To achieve a simple 180 degrees folding line over the entire sheet, cells in parallel
lines need to be actuated. Figure 3-8 shows the 2D static plot of the deformed two cell
thick array creating a 180 degree fold. Each cell is represented by a blue dot in Figure

3-8. It can be seen that the actuation occurs from the inside line to the outside line of
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cells with increase of volume of the outer cells. With a given actuation capability of 20%

of its original length, a full 180 degree fold will require 16 cells.
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Figure 3-9: Height of 180 degree folds depending on actuation and initial cell length

Figure 3-9 shows the relation of achievable fold thickness of a 180 degree fold in
relation to the initial cell diameter and the actuation capability of the used cell. This
graph highly depends on the used material and size of the system. The colour code in
the figure is the height of the achievable 180 degree fold where black is close to 0 mm
and red is 200mm folding height. The scalable nature of the developed structure enables
the creation of a system that is applicable from the nano scale up to large space
structures. The limiting factor today is only the fabrication technology for miniaturised

systems.

The following chapter will present tools to simulate the deployment and shape

change of these kinds of structures,
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3.3 Discretization and Modelling

Simulations are very important to predict the behaviour of these initial very flexible
structures in the appropriate environment. Especially the simulation of a gravity free
environment is of great importance for the Gossamer like developed concept with its

application in a space environment.

To validate the functionality of the developed concepts with its multiple hundred of
inflatable cells forming a rigid or semi-rigid structure in space, commercial FEM
programs were consulted first to obtain a better idea on the behaviour of the deploying
structure. Simulations of the deployment of the membrane were performed in LS-
DYNA™. The initial shape was modelled in the LS-DYNA™ pre-processor LS-PrePost™.
LS-DYNA™ is a well-known software used in the industry for nonlinear dynamic
simulations. Its development for airbag deployment simulations is especially interesting
for this application. The control volume method was used to simulate the inflation of
the cells. For the control method approach a mass flow rate into the enclosed structure
needs to be defined. By using the control volume method and applying it to the entire
structure, a proper inflation characteristic can be achieved due to the fact that the entire
volume will expand without starting at one specific initial point. The mass flow required
for the control volume method was calculated by employing simple ellipsoid geometrics

and thermodynamic equations assuming ideal gas relationships.

For the simulation the use of cells with an initial diameter of 14.5 cm were chosen.
14.5 cm is the diagonal of a 10x10cm” box (cube satellite size). This dimension
originates from the sounding rocket experiment StrathSat-R which is described in more

detail within Chapter 4.2.3.

Simulations showed that by inflating a single cell from the initial flat shape with
14.5cm diameter, an ellipsoid with a volume of roughly 500cm® will form after full
inflation. Taking V.s = 500cm?® as the desired fully inflated volume in space and by
assuming a pressure difference between the inner structure and vacuum environment of

per = 100Pa (0.001bar), the trapped gas mass is in the order of m, = 595x10°kg at
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room temperature (Ten = 293K) by using the simple thermodynamic equation in

Equation 3-1.

m. = Peell” Vet Eq. 3-1
Gas R-T ol q. o-

A triangle shaped mass flow characteristic (as can be seen in Figure 3-10a) was
selected over the rectangular progression because of the nature of the residual air
inflation method which starts slowly then leading to a maximum at the highest
depressurization gradient and slowing down afterwards. By using the equations 3-2 and
3-3 that were derived by Mladenov [75] for the shape change of a Mylar balloon like
structure during inflation, the diameter of the inflated cell dus and its thickness s can
be derived from the uninflated radius 7us. f; and f are factors necessary to develop the

equation from reference [75].

r
1 1 1
tun = V2| £ (=) = = £ (=) rarp = 1.19815 115 Eq. 3-3
2\{2 2°1\2 1

Using the Mladenov’s theorem on a circular specimen with a diameter of 7us =
7.25cm (14.5cm/2) leads to an inflated diameter of dys = 10.78cm. With this
calculation it can also be said that the thickness of the inflated ellipsoid will be in the

order of #us = 6.46cm.

The triangular mass inflow can be seen in Figure 3-10a. By looking at the inflation
time plots in Figure 3-10b. Figure 3-10c and Figure 3-10d, it is obvious that the full
inflated volume is achieved after a fraction of the inflation time, while the pressure build
up requires the length of the entire inflation process. The pressure increase is due to the
defined triangular mass inflow, it needs to be verified if the actual pressure behaves the

same way during the bench test.
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Figure 3-10: LS-DYNA simulation parameters: mass inflow, mass of sphere, internal
pressure and internal volume of one single sphere during inflation

Two flat circular sheets with a diameter of 14.5 cm were placed over each other with
a 0.Imm gap. The elements on the circumference were then joint to provide the

enclosed volume required for the control volume method in LS-DYNA™.
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Figure 3-11: Inflation of single cell (LS-DYNA™ simulation)
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The single cell inflation was used to verify the design and the concept of inflation in
the simulation and vacuum tests carried out at the University of Strathclyde. Due to the
fact that the available vacuum chamber would only fit a few cells, simulations had to be
run for multiple cells. Another issue for the vacuum chamber experiments or the ground
test in general is that the structure is subjected to 1 g gravity. Especially for a low
pressure, low stiffness structure, the influence of gravity can be major and can falsify the
results of shape adaption experiments. For this reason a sounding rocket experiment

outlined in Chapter 4.2.3 was proposed.

The inflation simulation of a 5x5x2 cell array of 50 cells with a simulation time of
10 seconds took at least a full day to run. But to simulate the developed structure in the
appropriate environment and in orbital timescales of hours or days, a new much simpler
code had to be developed. The developed code had to treat every cell as a simplified
cube without the need to know the exact deformation of each and every facet of the cell
and therefore reducing the necessary calculations to make it run able on a common
desktop computer. Furthermore, the modelling of hyperelastic material in LS-DYNA
made it difficult to create a parameterized simulation tool that can easily be adjusted to
the dedicated application. Another reason for the development of an own standing code
was first the required license and the limitation on how many cores the simulation can
be run as well as the modification ability in regards to the applied external disturbances.
The previous LS-DYNA simulation can be seen as a verification tool to prove that the
structure assembled by multiple flexible inflatable cells form a stable substructure in
space. The developed code had the purpose to take the LS-DYNA simulation one step

further and also model the actuation and external forces realistically.

Due to the multitude of potential applications and cell geometries, it was necessary
to create a parameterized simulation code which can be scaled to the appropriate
application dimension. Figure 3-12 shows the basic principle in 2D by using point

masses and springs to discretisize the complex cells and model the deformation due to
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air mass change between the bottom and top cells. This simplified 2D model also shows
the expected deformation behaviour of the cells when fluid from the bottom cells is
pumped to the top cells resulting in the bottom springs to compress and the top springs

to expand.

Figure 3-12: Schematic of discretisation of cells

The spring elements in the 2D model need to transmit translational as well as
rotational deformations in order to create a structure that is capable of out of plane
deformations. For the 3D case, every cell in the simulation is modelled as a cube
surrounded by beam elements. These 3D beam elements are basically spring elements
similar to the ones that can be seen in Figure 3-12 but with the requirement of having
the displacements of the various degrees of freedom coupled. Different modelling
approaches for the cells have been undertaken [76]. The use of spherical, elliptical and
cube cells were considered. In conclusion, the cube cells were the best analogue for the
bio-inspired structure due to the fact that the cells in the discussed plants are cubic.
Furthermore, during inflation the hyperelastic spherical cells form cube like structures
because the walls of adjacent cells were constrained and were forming cubic enclosures
even though the original non inflated cell was spherical. A mass point is located at each
corner of the cube. Each beam element is able to transfer tension/compression, bending,
and torsional loads between the six degrees of freedom (DOF) nodes. Figure 3-13 shows
two inflated spherical elements (red) surrounded by two discretisation cubes. Every cell
is modelled with 12 beam elements (blue) and 8 nodes (black) on their corners. By

assembling a structure consisting of two cells, the beam elements and node elements in
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the centre are joined resulting in a total of 12 nodes and 20 beam elements for the

structure as shown in Figure 3-13.

Figure 3-13: Modelling of cells: two inflatable cells (red) inside discretisation cubes
made out of beam elements (blue) in-between nodes (black)

Every array has (#cux+1) * (#eny+1) © (121:+1) nodes (where 7c; is the number of cells
in the i-direction) resulting in a total of 108 nodes for a 5x5x5 cell array for example.
The equation of motion is written with mass matrix M, damping matrix D and stiffness
matrix K. Entries in all three matrices are dynamically modified based on the inflation
and deformation that each cell experiences during the simulation cycle. An example of
this change would be the added mass and stiffness while inflating a cell. The coupling
terms in the stiffness matrix are especially important for the out of plane deformation of

the entire structure.
M q + D q + Kq = Fint + Fext Eq3'4

The equation of motion in Equation 3-4 is continuously solved in the time domain
to obtain the displacement q and the velocity q. The input variable is the changing force
within the cells and the external forces perturbing the structure. The internal force Fine

includes the inflation force, the actuation force as well as all the internal contributors.
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The external force like the gravity or solar radiation pressure for example is summarized
in the external force term Fe.. In the developed model, all the forces are applied to the
nodes of the cubes and algorithms have been created to distribute the forces according to
their application. A more detailed description on the internal and external forces can be

found in Chapter 3.3.3.

First, the assembly of the property matrices K, D and M are described including
their change during the inflation of the cells. Secondly, the forces are described in more

detail.

3.3.1 Property Matrices

The property matrices in the equation of motion provide the simulation code with
the properties of the smart structure. Furthermore, the initial shape and linkage between
the cells is defined in these matrices consisting of stiffness matrix K, damping matrix D
and mass matrix M. Each of the matrices has six DOFs per node which for example
results in 48 x 48 matrix for a cell with eight nodes. The assembly of each one of the
three matrices will be outlined in the following subsections. The effect of the inflation

on the beam properties and the effect on whole cells is detailed in Chapter 3.3.2.

Stiffness Matrix

The developed structure takes most of its shape changing potential from the
coupling between in plane actuation and resulting out of plane deformation. The use of
simple tension/compression springs in the stiffness matrix does not lead to the desired
result necessary for the full three dimensional deformation of the structure. For this
reason, discretisation methods commonly used for finite element modelling were used to
construct a suitable stiffness matrix. The use of torsion-bending beams with their
coupling terms gives the stiffness matrix and therefore the developed model the

capability for out of plane deformations.

51



Us T qu

D

41 qz X
--------------------------------- N
" z T %ﬂlz o

Figure 3-14: Degrees of Freedom of a beam in local coordinates

Figure 3-14 shows the displacement and degrees of freedom in local coordinates.
The displacements ¢, 42, 43, 45 gs and gy are the translations while g4 g5, 96 910, q1: and
q.2 are the rotational DOF. The assembly of the element stiffness matrix of a single
beam element rotated into the x-axis, the y-axis and the z-axis can be seen in the
Equation 3-5 and onward.

K K Kyin Ko K K
Kx _ |: x11 le], K = |: y y :|, Kz = [ zl1 ZI2:| Eq. 3-5
Kx21 Kx22 Y I<z21 722 d

The unrotated three dimensional beam stiffness equation [77] is split into the
following three sub matrices. The unrotated beam stiffness matrix is oriented in the x-
axis. The matrices below are rotated with the Equation 3-22 in the y and z direction.

The entities of the matrices are described in detail in Chapter 3.3.2.

'EA
- 0 o 0 0 0
12E1 6EI
0 —— 0 0 R
12E1 6E1
y y
0 I -0 0
Ky11 = GJ Eq. 3-6
0 0 o - 0 0
6EI 4EI
0 0 - ~ 0
6El, 4EI,
0 — o 0 0 2
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T 0 0 0 0 0
12E1, 6EI,
0 -7 0 0 0
12E1 6E1
0 e - 0
K1z = G =Kl Eq. 3-7
0 0 0 -7 0 0
. 6EI, 2EI,
12 L
6E1, 2EL,
0 -0 0 0 .
rEA
T 0 0 0 0 0
12E1, 6EI,
0 3 0 0 0 -——
12E1 6E1
0 0 i =z 0
Ky2z = G Eq. 3-8
0 0 0 T 0 0
6E1 4E1
Yy y
0 0 50— 0
6EI, AEI,
] 0 - Iz 0 0 0

The following three equations give the building blocks for the beam element rotated

in the y-axis.

r12E1, 6E1,]
e o 00T
EA
0o — 0 0o 0 0
12EL, 6EI
0 = Tz 0 0
Ky = o o CEL 4EL Eq. 3-9
12 L
GJ
0o 0 0 o - 0
6EI, 4E1,
- 0 0 0 0
[E L
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12E1, 6El,
s o 0 Tz
0 £4 0 0 0 0
L
12El, 6EI
0 -0 7 O 0
Ky1z = 6EI 2EI = K;Zl Eq. 3-10
0 4 2 0 0
12 L
GJ
0 0 0 0 -— 0
6EI, 2EL,
0 0
12 L
r12E1, 6E1,
L3 0 0 12
EA
o — 0 0 0 0
12E1 6EI
0 0 —(> -] 0 0
Ky22 = 6EL, 4EI Eq. 3-11
0 0 ——2 L4 0
12 L
G
0 0 0 0 T] 0
6EI, 4E1,
B 0 0 0 0 —

The submatrices of the z-axis rotated beam element are described in the following.

r12E1 6FE1 1
y y
= o 0 5o
12E1, 6EI,
[E Tz 0 0
EA
0 0 A 0 0 0
Kzll = 6EIZ 4‘EIZ 0 0 Eq 3—12
L? L
6E1 4E1
Yy Yy
0 0 0
12 L
G
0 0 0 0 0 T]
12E1 6F1
Yy y
R 0 0 = 0
12E1, 6EI,
R 0 -5~ 0 0
EA
0 0 - 0 0 0
K,12 = 6El, 2EI, =Ko Eq 3-13
0 - 0 : 0 0
6FE1 2E1
y y
- 0 0 0 0
L? L
G
0 0 0 0 _T]
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K22 =

P 12EL,
5 0 0 O
12E1, 6EI,
0 = 0
0 o Mo
L
6EI, AEI,
0 = 0
6E1
y
-0 0O 0 O
0 0 0 O

6EI,
-2
0 0
0 0
0 0
4EL,
L
GJ
0 —
L

Eq. 3-14

A code was created that is using these beam building blocks to assemble the global

stiffness matrix that is described in the following.

Global Stiffness Matrix Assembly

A mathematical model for the cells can be created consisting of four x-rotated, y-

rotated and z-rotated beam elements. To assemble the global stiffness matrix the

orientation and the numbering of the cells and nodes needs to be defined.

[l L L L

[l [ L L

X

Figure 3-15: Cell Coordinate System and Orientation

Figure 3-15 gives the orientation of the deploying cubes in a local coordinate system.

This convention is important to number the nodes and cells appropriately to support

the creation of any size of smart structure instantly.
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Figure 3-16: Numbering of cells and nodes

The numbering of cells and nodes can be seen in Figure 3-16 for a 2x2x2 box with 8
cells and 27 nodes. The used algorithm associates every cell with the correct nodes and
the appropriate beam distribution. This assigns for example the 4™ cell in the 2x2x2
array from the nodes 5, 6, 8, 9, 14, 15, 17 and 18. First it is important to determine
which beams are connected to which nodes to assemble the global stiffness matrix. From
Figure 3-16 it can be seen that the numbering of the nodes in the x-direction continues
until the end of the structure is reached while the numbering in y has always a step of
the number of nodes in x (7c.+1). The numbering in the z direction on the other hand

shows a gap in the nodal product of nodes in x and y ((7zcrs+1) * (Beety+1)).

Equation 3-17 for example shows the global stiffness matrix assembly for a three
dimensional cube with eight nodes and twelve beam element with four in the x-axis
orientation, four in the y-axis and four in the z-axis orientations. Each of the sub
matrices in the equations 3.16, 3.17 and 3.18 is a 6x6 matrix calculated with the

equations described further on the following pages.
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_ [K11 KIZ]
Kcube - [KZI KZZ Eq 3-15
Kx11 + Ky11 + Kz11 Kx12 Kyi2 0
Kx21 Kx22+Ky11 + Kz11 0 Ky12
Kyy = _
1 Ky21 0 Kx11 + Kyzz + Kz11 Kx12 Eq. 3-16
0 Ky21 0 Kx22 + Kyz2z + Kz11
Kx11 + Ky11 + Kz22 Kx12 Kyi2 0
Kx21 Kx22 + Ky11 + Kzz22 0 Ky12
Ky, = _
22 Ky21 0 Kx11 + Kyzz + Kzz22 Kx12 Eq. 3-17
0 Ky21 0 Kx22 + Kyz2z + Kz22

Kzz O 0 0

0 Kz O 0 /
K2=l0o 0 K o0 |7%n Fq.3-18

0 0 0 Ky

Distortion of the Model

During the simulation, the nodes will move in the global as well as in the local
coordinate frame which necessarily means that also the beam elements connected with
the nodes needs to be transformed. This transformation is facilitated by using Equation
3-18 on the full global stiffness matrix for each node with the node rotations qs, qs and
qs that are rotated with the rotation angles a, 8 and y. Figure 3-17 shows the relation

between the angles and their rotation axis.

\)B
b)(

b a
7 Y
Figure 3-17: Rotation Axes and Angles

The rotation angles come directly from the previous time step of the simulation and
are applied first around the z-axis, then y-axis and then a rotation around the x-axis (the

beam main axis). The rotation equations can be found in the following.
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Q,, 0
Q= [ o sta] Eq. 3-19

Q3X3 = QZ(Y) ) Qy(ﬁ) ) Qx<a) Eq. 3-20

[1 0 0
Q@) =10 cosa —sina
0 sina cosa |

[ cosp 0 sinp]

QB=1 0 1 0 Eq. 3-21
|—sinf 0 cosp|

[cosy —siny 0
Q,(¥) =|siny cosy 0
L 0 0 1

Ko = QT K- Q Eq. 3-22

This transformation is constantly performed for each beam element and for each

simulation time step in the equation of motion using the ode45 solver in Matlab.

Damping Matrix

The damping matrix D in the equation of motion has the main purpose of making
the structure controllable by damping the vibrations within the structure creating an
equilibrium condition. In an actual assembled structure multiple factors like
interconnects, opening and closing of micro cracks and friction between the structure
are contributors to the energy dissipation. It is almost impossible to describe
mathematically each of these energy-dissipating term in an actual structure [78]. For this
reason, the damping is usually modelled in a highly idealized manner. Therefore for this
code, the damping matrix was assumed as directly proportional to the stiffness matrix.
Simulations with a fraction of 1/10 to 1/100 between stiffness matrix and damping
matrix values obtained good results and controllability. This simplification was used
with the justification that the to be simulated structure needs to be treated as a free

flying object with only energy dissipation through structural damping. For a more
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precise damping behaviour for a specific real application, extensive testing and

experimentation is needed.

Mass matrix

The global mass matrix M is assembled of the mass matrices of all the beam elements
in the structure. Assembling the global mass matrix is carried out in a similar fashion as
the global stiffness matrix assembly described above. The mass matrix of each beam
element [77] distributes the mass over the two nodes and their six degrees of freedom.

Each beam element has the same initial properties as can be seen in Equation 3-5.

4 1 .
- 0 0 0 0 0 — 0 0 0 0
3 6
13 11L 9 13L
0 % 0 0 0 2—10 0 % 0 0 0 74—20
13 11L 9 13L
0 0 — - 0 0 — — 0
35 210 70 420
0 0 0 Iy +1 0 0 0 0 0 [y 1, 0 0
3A 6A
11L L? 13L L?
00 Tap o 000 o "o
2 2
0 £ 0 0 0 L_t_ 0 g 0 0 _L_
Mipgquns = pAL || 210 105 420 140
' -0 0 0 0 0 = 0 0 0 0 0 -
6 3 Eq.3-23
9 13L 13 11L
0 % 0 0 0 4—20 0 % 0 0 0 72—10
9 13L 13 11L
0 0 = “ 0 0 0 = 0 510 0
0 0 0 Iy +1 0 0 0 0 0 [y 1, 0 0
6A 3A
13L L? 11L L?
o0 3% "o 0 Y e 0 o O
13L L? 11L L?
Y~ Y 0 O~ Y "ag O° 0 105

In Equation 3.23, Mbeam,i is the beam element mass matrix. The matrix gives the
mass distribution over the DOF of the nodes creating an inertia for all movements
associated with this node. The mass of the beam originates from the scalar term pAL in
front of the matrix, this term will be called 7200 in the following calculations, 72em, is a

scalar.

1 1
mbeam,i = pAL = Emcell,i - E (mcellstruct,i + mgas,i) Eq 3-24
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For a 3D structure assembled of twelve beam elements, the mass of a single beam
element is therefore a twelfth of the mass of the cell m.;;. The mass of each cell itself is
made up of the structural mass 72, and the inflation gas mass 7. The structural
mass of each single cell in the structure stays the same but the gas mass changes 724
depending on the cells current inflation status therefore the only variable for the mass

matrix Mpeam..

3.3.2 Adaptive Global Matrices

During the inflation and actuation process, the entities of the mass, stiffness and
damping matrix change due to a volume change of its cells. The volume change is
undertaken by adding or removing air or fluid. Figure 3-18 shows the principle of the
cell expansion by adding gas or fluid mass inside the cells. The figure also shows the

initial spherical cell and the modelled cube with its beam elements.

Figure 3-18: Schematic of cell inflation

The size of the cells increases by adding gas or fluid mass to them, the relationship
Vi in dependence on #a,; can be formulated with the ideal gas equation with the

Bolzmann constant R, the internal cell pressure p..; and the average cell temperature 7%

m 'RTcell

Veen = —"—"= Eq.3-25
pcell

As the cells are made from an ultrahigh elasticity silicon rubber that can expand over
the manifold of its initial size, the pressure within the cell is assumed to be constant due

to the added gas mass inside the cell counteracted by the increasing volume enabled by

60



the hyperelastic cell material. The temperature is assumed constant over the inflation

and actuation process.

As the cell is inflating, also the material in the cell wall is thinning. The volume of
the cell walls is the cell structural volume (V. .smue), similar to the mass of the walls which
is also the structural mass of the cells. This can be calculated by using the equations of
the surface area of the inflating sphere and the cell wall thickness Zeua. The cells can be

treated as spheres with the radius 7.

— 2
‘/cellstruct - tcellwall 47rTcell = const. Eq3-26

Giving the following relationship between cell wall thickness and sphere radius

between state 1 and state 2:

t
t

2
cellwall,1l Tcell,Z
= ( ) Eq.3-27

cellwall,2 Tcell,l

The equations above give the geometrical basis for the property alteration assessment

described in the following subchapters.

The property alteration is carried out for the mass matrix only with the mass changes
due to the gas mass that is added or removed by the inflation process. The geometry
changes are accounted for in the stiffness and damping matrix. As the developed code
uses inflatable spherical cells that are modeled as cubes with beam elements on their
edges, the moment of inertia needs to be reformulated to obtain a valid code. In this
case, the single cell with its 12 beam elements is the smallest reoccurring element and is
therefore used to obtain the properties for every single beam element within the cell.
Each cell is modelled with 12 beam elements and every beam element has the same
properties. These basic properties can be grouped into the following three categories:
geometrical entities like the area of the beam A and the length of the beam L, the
material properties like the modulus of elasticity of the material £ and the shear
modulus G and the inertia terms, like moment of inertia 7 and the torsional moment /.

Their behaviour during the cell inflation is discussed in the next couple of pages.
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Area A and Length L

The length L of each beam element changes during inflation of the cells depending

on the mass inflow inside the spherical cells and can be calculated using the volume

3V,
L=2y/2cell 3-
Vi Eq.3-28

With the modeling approach using a sphere made out of hyperelastic material, the

equation of the inflating sphere:

assumption was made that the area of the beam elements A in all three direction stays

constant of the sphere. The change in geometry is already accounted for in the variation

in the length L.
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Figure 3-19: Length of beam depending on gas mass inflow
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Second Moment of Inertia I,, I, and Torsion Moment of Area ]

The moment of inertia of a cell with an outer radius 7.z, and an inner radius 7.; can

be calculated with the following sphere equation [79].

Iell:

c 0 (Tzlello - Tgell) 0

|
I
\ 0 0

with Teello = Tcell + tcell

Eq.3-29

IS

T
(Z (Tileuo - 7"21510 0 0 \
|

(reetio — Tgell)}

NS

To obtain the moment of inertia of the 12 beam elements in all three axes, the
moment of inertia of the inflating sphere must be adapted. Figure 3-20 shows the cut
though in the y-z plane of the discretisized cube model. As the cells were modeled as
spheres with identical properties in each direction, the dimensions and orientations will

be the same in all planes.

2:r
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V2r
r
IZ

» -
Figure 3-20: Moment of inertia: cross section geometric drawing

The figure shows that there are four beams oriented out of y-z plane in the corners
which will contribute to the sphere moment of inertia in x with Z (also known as polar

moment of inertia /). Then there are two times four identical beam elements oriented in
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the y and z axis contributing with 7, and Z. It is to be noted here that all twelve beam

elements will contribute.

By using the parallel axis theorem [80] to calculate the moment of inertia in the

beam centre can be calculated with the following equation.
I'=1I.- Abeamrcell2 Eq.3-30

Substituting the parallel axis theorem equation with the positions and distances of
the twelve beam elements displayed in Figure 3-20 and setting it equal to the moment of
inertia of one of the identical axis of the sphere a relationship to calculate the moment of

inertia of the discretised beam elements can be created.
41, = 2ApcqmTien) + 41, — ApeamTion) + 41, — Apernroen) Eq.3-31
= %(rzlello — Teen)
To solve the equation above, the following two relationships need to be used
1. the Moment of Inertia is identical in y and z directions:
I=1, Eq.3-32

2. the relationship between the Moment of Inertia in x and z can be formulated

as follows with the perpendicular axis theorem [81].
IL=1,+1, Eq.3-33

Substituting Equation 3-31 and 3-32 into Equation 3-33, the moment of inertia of

each beam element can be calculated depending on the inflation of the cell:

[ [ T r A 34

y z 64 ( gello L 3ell> beam ] Zell Eq3 3
[ — [ [ T 4 4 2 -35
x J = Y + z _32< cello rcell) + AbeamTZell Eq3 5

The plot of the moment inertia depending on the volume change due to the gas

mass inflow is plotted in the Figure 3-21.
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Figure 3-21: Moment of Inertia in x and y depending on the volume increase due to gas
mass inflow

Modulus of Elasticity E and Shear Modulus G

The Modulus of Elasticity £ and the Shear Modulus G for the hyperelastic material
are constant if only the material is considered. Due to the fact that during inflation and
actuation, the cell becomes a composite material consisting of the hyperelastic cell wall
and the inflated cell core, both properties will become lower as the cell is inflating. This
is accounted for by obtaining a specific modulus for the inflating cell which is

mathematically expressed via the following two equations.

E = ‘/cellstruct Emat Eq3’36
cell + ‘/cellstruct
G _ chellstruct G . Eq3'37

cell + ‘/cellstruct

In these equations Vi is the volume of the uninflated cell that just consists of
hyperelastic material while Vi is the volume of the inflated cell enclosed by the
hyperelastic shell. The initial values of modulus of the elasticity and shear modulus .,

and G, were taken from the literature.
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Figure 3-22: Modulus of elasticity and shear modulus depending on gas mass inflow

In the following the downstream effect of property alteration on the deploying

structure will be outlined more in detail.

Property Alteration

To better plan for the mission application it is important to understand how a
change of properties will affect the shape and the performance of the deployed structure.
For this investigation a single cell was used consisting of twelve beam elements with
their rotated properties. The cell is free flying in space with no external forces and no
actuation forces. The only force acting on the structure is the inflation force which is

modelled as a gas mass inflow into the cell.
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Figure 3-23: Single inflated cell
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As mentioned above, each of the blue beam elements in Figure 3-23 are described by
their properties E, A, L, I, I, G and /. It is important to know the impact of changing
each of these properties in relation to the deployed structure. For this reason, the
following assessment has been carried out to better understand the impact of the
changing properties of the beam elements on the behaviour of the full cell (made out of
8 beam elements). The element properties above were obtained by using a static system.
In this calculation the developed property equations are included in the dynamic system
with the equation of motion in its core. The two main parameters of interest here are
the cell dimensions to observe the deployment behaviour of the cells (Figure 3-24) and
the frequency behaviour during the inflation (Figure 3-25) to allow drawing conclusions

on the structural performance of the deployed structure.
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Figure 3-24: Radius of cell over gas mass inflow

The increasing cell size by adding gas mass into the cell displayed in Figure 3-24
models reality very well. In the beginning of the inflation, the walls of the cells are very
thick and it takes a considerable amount of gas mass to initiate the deployment. Once
this initial inflation period is overcome, the increase in size is almost linear until the cell
has such a large volume that the further added mass has no impact on the size of the cell
anymore. In reality, the cell will also rupture at some point due to the thinening of the

cell walls during volume increase. For the simulations it is considered advantageous to
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stay well below this rupture point, therefore the decision was made to stay below 0.25m

cell radius to ensure reliability.

As another figure of merit, the eigenfrequency behaviour over the mass inflow is
shown in Figure 3-25 for a single cell for the first eigenfrequency of the system. As
expected, the frequency decreases with the size of the cells even though that mass is

added into the system.
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Figure 3-25: First cell eigenfrequency over gas mass inflow

By assessing Figure 3-24 with a maximum cell radius of 0.25 m and therefore a mass
inflow of 0.01 kg, the first eigenfrequency range of a single cell can be determined to
~0.3/0.4 Hz in inflated state to ~1/2 Hz in the stored state. This assessment is just
considering the cells alone without any attachment or satellite substructure. For the
launch the cells will be tightly packed in a storage container significantly increasing the

eigenfrequency of the assembly to ensure no interference with the satellite and the

launcher.
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3.3.3 Forces
The control and alteration of the cells are facilitated over the force entry in the
equation of motion. The following subchapters are giving an overview of the used force

model to simulate the desired behaviour in the appropriate environment.

F = Fint + Fext Eq. 3-38
The total force can be separated in two forces, the internal forces Fin like inflation
and actuation and the external forces Fe. like gravitational forces. The forces are a
column vector with the same dimension as the property matrices. Similar to the stiffness
matrix, the applied force also needs to be transformed in the appropriate node

coordinate system using Equation 3-24 as soon as the structure is being transformed.

Internal Forces

The internal force Fin that is made up of the inflation force deploying the structure
and the actuation force changing the shape of the structure. Also the thermal force can

be considered an internal force.

1. Inflation Force:

Before inflation, all nodes are located in a centre point (e.g. the pressure storage)
with an infinitesimal spacing between them as an initial condition. During inflation the
differential pressure inside the cells increases which results in an equally applied force on
the walls of the cell. Similar to the internal differential pressure of a plant’s cell acting on
the walls to sustain the integrity of the cell, the inflation force is modelled as an outward
force normal to the walls of the cell. The force acting on the wall surface is then split

and distributed equally to the four nodes in the corners of the cell wall.

Figure 3-29 shows the force acting on the walls (blue arrows) and their equal

distribution over the nodes (black arrows). The forces in the nodes are always in the
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global coordinate system which requires a coordinate transformation of the pressure

force in case the cells are deformed or distorted.

4

o
<«

A
v

>
Zal

Y

A

“

Figure 3-26: Force model of one cell

The code evaluates each nodal cell connection and sums up all the applied forces in a
line of connected nodes and applies it to the nodes on the edges of inflating cells. It is
also possible to simulate broken cells within the array to observe the deployment
behaviour and the obtained shape. The forces acting on each of the nodes can be
calculated by using the equation provided below. The equation was derived using the
fact that the gas inside applies a pressure with a force against each wall. By substituting
the pressure with the force per wall in the ideal gas equation presented in Equation 3-1
and the assumption that each wall has 4 nodes at is corners separated by the distance d,

the following equation can be developed.

3 RT
F —"m cell )
node 8 gas T ool Eq 3-39

The nodal force originates from the pressure that the fluid molecules apply on the
inner surface of the cells. In the equation, 7, is the mass of fluid within the cell and
therefore the main parameter that is used for the inflation/actuation. R is the Boltzmann
constant, 7 is the temperature and 7. is half the edge length of the cell between two
nodes. During the inflation and actuation this distance also changes depending on the

stiffness of the cell material. The force is calculated for each node in each of the three
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directions creating a force vector with 24 values which is the number of nodes per cell
(3D: 8 nodes/cell) times the translation degrees of freedom (3 DOF). The equation
below shows the force vector for one three dimensional cell, the numbering and the

direction convention can be found in Figure 3-15.

[_Fnode _Fnode _Fnode FﬂOde _Fn0d6 _Fnode
Fcell — _Fnode FnFojde _§node ?node f%de _§node Eq 3_40
“ 4 node T * node node node node node ***
_Fnode Fnode Fnode Fnode Fnode Fnode]

To account for distorted cells, the cell force is then rotated in the correct orientation

by using the rotation equation outlined in Equation 3-22 in Chapter 3.2.

To obtain a global force vector the sum of the forces at each node is established. The
number of columns in the global force vector is the number of nodes in the structure
times the dimensions. So if the three dimensional structure would have two cells with

one shared cell wall, this would mean that the vector would have 36 columns.

3
Fiobati = Z Feeij Eq. 3-41
=0
In the equation i stands for the number of nodes while j stands for number of

directions.

The inflation force has a linear slope for a constant time # After inflation is
complete, the differential pressure stays constant but it is also possible to apply a leakage
to certain cells or the entire array of cells. In practice, this leakage could be caused by
micrometeoroid impacts, fabrication errors, degradation of materials, or natural leakage

of an inflatable in the space environment.

As described above, the structure deploys from a single point which corresponds to
the stored configuration. The inflation time was taken as four seconds which only
impacts the damping characteristics of the structure. For this deployment demonstration

it is assumed that every cell is fully functional and that the inflation force is the same for

all the cells.
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Figure 3-27: Inflated 11x11x2 cell array
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boarder cells and the edge effects. The edge effect of the boarder cells inflated to a
smaller volume than the centre cells comes from the modeling of the cells. The walls
between the cells as well towards the edge have the same wall thickness. When inflated
with the same pressure, the cells form a curved shape towards the edge. This can be seem
in nature and the hyperelastic cell benchtest samples as well as in the simulation (e.g.in
Figure 3-27). The displacement of the deploying structure separated in the three axes
can be seen in Figure 3-28. Each line in the plot corresponds to one node of the 432
nodes in the model, due to the fact that perfect inflation was assumed, all the nodes in
each direction are overlaying each other. Figure 3-28 shows that for the first seconds

after the inflation, the structure is oscillating a bit but it’s dying down due to damping.

2. Actuation Force:

The actuation of the structure is triggered by changing the pressure within the cells
which causes a shape change of the cell membrane. The actuation force is applied in a
similar manner to the inflation force. The actuation force is, depending on its
application, added or subtracted from the inflation force. If only pumps between the
cells are used, it is important that the fluid mass budget stays in equilibrium meaning
that if one cell gets inflated another one needs to be deflated with the same amount of
gas. This force can be applied in a specific pattern to trigger a particular response, for
example if the membrane sheet should be folded along one line, this line of cells can be
actuated. If micro pumps between the cells are used the air mass is getting transferred
between neighbouring cells which makes one cell inflate and the other deflate. On the
other hand if valves are used, the air mass is transferred only to the cells with a lower

pressure until the system is in equilibrium.

After the deployment through inflation formed a flat sheet, the cells are being
actuated to form the desired shape. For the actuation the top cells pump air molecules to
the bottom cells to create a positive curved surface. To change the curvature of the dish,

the structure was actuated twice with the second actuation cycle having twice the air
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mass exchanged from the top to the bottom layer. The following simulation was carried
out with a 11x11x2 cell array. The following figure shows the central 9x9 cells of the

actuated structure without the border cells (without edge effects).

y(m) % (M)

X (m)

x (m)
Figure 3-29: Top central 9x9 array of deploying structure: a) inflated structure, b)
structure actuated once and c) structure actuated twice
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Figure 3-29 shows the evolution of the deformation due to actuation. To increase

the readability of the graphs, only the top layer of the full array without the border cells.

The array in Figure 3-29a shows the inflated structure, Figure 3-29b is the array after

being actuated once and Figure 3-29c shows the increased curvature of the structure

after being actuated twice.
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Figure 3-30: Displacement plot of actuated structure

The position over time of all the nodes can be seen in Figure 3-30. In the first ten

seconds of the simulation the structure was inflated homogenously. After the oscillation

has mostly settled down, the first actuation was started at 100 seconds with a linear

increase for 25 seconds. The second actuation started at 200 seconds and also lasted

again for 25 seconds with a linear increase.
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3. Thermal Force:

The thermal force has an external source but acts as an internal force due to
expansions and contractions that occur inside the structure. The thermal force is the
force that is introduced in the structure due to thermal gradients. Figure 3-31 shows the
temperature gradient principle of the modeled structure. In this example a increased
temperature is applied to node 9 resulting in a temperature gradient between node 9 and
6, 6 to 3 and so on. From the heat source (e.g. heating up from the sunlight), a heat flux
is calculated through the structure giving each beam element of the cells the according
temperature difference and thereby different forces. These forces are applied directly on

the beam elements in opposite directions on the nodes.
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Figure 3-31: Thermal force distribution in model

The internal force caused by the thermal gradient can be calculated for each beam

element with the following equation:

Ftnermat = 0Apeam = E€Apeam = E(CrgAT)Apeam Eq. 3-42
Where o is the stress due to temperature expansion £ is the Youngs Modulus of the

beam, ¢ the strain, C7z the temperature expansion coefficient, A is the cross section area
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of the beam and A7 the temperature difference between two beam nodes (e.g ATos =

T,-T between the node 9 and node 6 in Figure 3-31).

Fxternal Forces

Depending on the environment the structure is operated in, the external forces may
vary. The main two environments described here are the space and terrestrial
environments. Based on the nature of the application, some forces may only be applied
to mass nodes, other forces may act on the inside walls, and others are just applied to

one surface on the outside of the structure.

1. Gravitational Force and Centrifugal Force:

In space, the main external force applied to the structure is gravity, which may
include a gravity gradient for very large structures. Even small gravity gradients can
affect the structure due to its low differential pressure and lightweight nature. The
gravitational force is applied to each node towards the center of gravity with a value
changing depending on the distance between the cells. The gravitational force at each
node changes at each time step due to the shifting mass during actuation; this is done
through the adaptive mass matrix described earlier. Also due to the fact that each node
has a different distance from the centre of mass, the differential gravity effect acts on the

structure which is calculated for each node continuously with the following equation.

GC mbody Muode

Fdiffgravity,node = - Eq. 3-43

I'lz)ody—node

Where G is the gravity constant, 7244 is the mass of the body that’s being orbited,
Mpode is the current mass distributed to the node at this point in time and rpody-node is the
the three dimensional distance between the centre of mass of the body and the node

which is taken from the previous time step of the simulation.
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For orbjects that are orbiting a large mass body with a velocity v, the gravitational
force is balanced by the centrifugal force (equation below) keeping the object in its
circular trajectory.

Muode V

Fcentrifugal = r Eq. 3-44
body—node

In the code, the centrifugal force does not need to be modeled as it a result of the
orbit simulation when the structure is placed at an distance 75414 With the velocity v

perpendicular to the gravity force vector in the beginning of the simulation.

2. Atmospheric Drag and Solar Radiation Pressure:

Other perturbing forces are solar radiation pressure (SRP) and atmospheric drag
which apply a force on the surface of the structure. In order to model these forces in the

code, only the nodes on one surface experience the force.

1
Fatmdrag = Ep v? CpAp Eq. 3-45

Where p is the density of the air, v is the velocity of the space craft, Ap is the
reference area and Cp is the dimensionless drag coefficient which is related to the
object’s geometry and surface friction. The air density is calculated using the COSPAR
International Reference Atmosphere 2012 (CIRA-2012) Model [82] and its value highly
depends on the solar activity. At high solar activity, the atmosphere expands and the
space craft experiences a higher drag force. On the other hand at lower solar activity, the

space craft experiences less drag force.

These forces depend on the orientation and the shape of the structure as well as the
source of the external force. Figure 3-32 shows the force application points for the
different external forces. In this example a three cell structure is moving from left to the
right while getting propelled by solar radiation pressure, decelerated by atmospheric drag
and pulled downwards by gravity. Due to the fact that the orientation of the structure

changes in every instance, Figure 3-32 only gives the application forces for this specific
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time instance where the solar radiation and drag are opposite each other and gravity
perpendicular to both of them. It can be seen that even though the forces act on a
surface or a mass, the forces in the model are distributed over the nodes of the different

cells. These forces are depending on the orientation and the shape of the structure.

A/ (

\ 4

SRP
GRAVITY

Figure 3-32: External force application areas at specific instance

Other forces that can be applied to the model are short term impact forces, for

example meteoroids or space debris.

3.4 Control

The definition of a smart structure says that the structure should be able to respond
to a given stimulus in a desired fashion. To realize this, the structure needs to consist of
a sensor that measures the displacement, the structure that can alter its shape and a
controller that accounts for environmental effect to ensure the final shape of the

structure is as desired.

As a controller for the structure a simple PID controller was implemented that uses
the control variable for actuation force F; at the time step i, the actuation force for the
next time step Fii can be calculated by using the discrete velocity algorithm PID

controller Equation 3-46 (source [83]).
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F,,, =F +K, (1 +i+&> e — K, (1+2%> € 1
Eq. 3-46

The error e in the PID controller equation is the difference between the desired
position and the actual position at the certain time step and was used during every time
step of the simulation to obtain the corrected force input for the next simulation step.
To tune the controller the proportional, integer and differential terms are used where X,
is the proportional factor, K the differential factor, K; is the integral factor and T is the
time interval between two control steps. With this set up it was possible to investigate if
the actuation of the structure alone would be enough to overcome the influences of

external perturbations on the global structure.

The error term e is the distance between the actual z-position of the structure’s
surface and the surface of a sphere section that has the focal point in its centre. The
control force F; is the actuation force of each of the cells. The equation of motion
(Equation 3-4) is now continuously solved in a loop with the changing control force
based on the error of the previous two control cycles until the error has reached the

desired value.

As an example, to show the capability of the PID controller for use with this code,

the shape adaption of an array of cells shall form a part of a sphere (Figure 3-33) with

t*

the radius 7pper.

XY

Figure 3-33: Schematic of spherical concentrator
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The equation below was used to calculate the required z coordinate for each cell
based on its x and y coordinates and as well as the radius of the sphere 7. in which

center the focal point lies.

Z = \/Tgphere - xz - y2 Eq. 3"47

For this simulation, a 9x9x2 cell array was used in order to reduce the computational
time required to run each loop of the control cycle. A spherical radius of 5m was used in
this example. Using Equation 3-47, the necessary z displacement of all cells can be
calculated, compared to the existing displacement and an error term e can be created.
For the comparison between the simulation results and the shape of the sphere, the
coordinate system is in the centre of the reflector. This origin is marked with a 0 in

Figure 3-33, C stands for the centre of the sphere.

Figure 3-34: z-position error for each of the 81 cells at start of control cycle

Figure 3-34 shows the normalized difference in percentage of the existing to the
desired z-position of all the 81 cells. 100% is the maximum (+40% at the 5x5 cell in the
centre) minus the minimum error (-60% at the 1x1cell in the top left corner). In the
code the x and y position of all the cells are continuously calculated and the difference
between the existing position and the desired position is the error for the PID controller.
The goal was to find an actuation pattern that would obtain this shape with the help of
the controller. The PID controller was converged with the parameters set to K, = 0.5
(proportional gain), K;= 0.1 (derivative gain) and K;= 0.5 (integral gain). Figure 4-16

shows the resulting z-position error in meters of the 81 cells after 100 control cycles. In
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order to provide the error of the two previous time steps at the beginning of the
simulation, the first three error values are identically and are obtained by calculating the

positions of the single cells without any control applied to them.
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Figure 3-35: Development of error over 100 control loops

It can be seen in Figure 3-35 that most of the errors are approaching zero. Similarly
to the error at the beginning of the simulation shown in Figure 3-34, the error at the
end of the simulation can be seen in Figure 3-36 as a percentage of the total z-position

error from the perfect sphere at the beginning of the simulation.

Figure 3-36: z-Position error for each of the 81 cells at the end of the control cycle
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Through the PID controller it was possible to greatly decrease the error especially in
the centre of the reflector. There is still an error of 6-7% in the corners but it is

considered that these 4-6 cells are only a small percentage of the totality of 81 cells.
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Figure 3-37: Actuation of cells for at the end of control cycle

The actuation of the top cell layer is shown in Figure 3-37. This actuation at the end
of the inflation leads to a concentration of the cells normals at the focal point (7 =5m)

with a radius of just 0.2m. This concentration is displayed in Figure 3-38.
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Figure 3-38: Position of all cell normals at the focal point (rfca=5m)
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The shape changing structure together with the PID controller were able to alter the
shape of the structure to maximise the focus of the concentrator and reduce the focal

length from 30m to just five meters.

In Chapter 4.2.2, the applicability of this control algorithm to control the shape of a
paraboloid reflector is presented as part of one of the applications of the developed

structure
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Chapter IV
Simulations and Experiments

The developed smart structure and simulation code has numerous applications due
to the structure’s scalability from atom size self-assembling and deforming nano
machines up to cells in the range of several hundred meters to form very large space
structures. These range from applications such as smart reflectors and concentrators that
can change their focal point over shape shifting solar sails that adjust the area of the sail
subjected to the solar wind to steer the spacecraft to large appendices like beam elements
that have the capability to change their properties to immediately correct for

perturbations.

This chapter is structured in a way that first the concept of assembling very large
structures in space using self-contained colonies is outlined. To further increase the area
to weight ratio of these colonies the use of disaggregated electronics on their surface

enabling a satellite without any dead structural mass is envisioned.

The main two applications that are discussed in more detail in the following are
shape changing reflectors and beam elements. The subchapters are structured that first
the design and system concept is outlined and then a simulation to observe the
capability of the structure in a space like environment is carried out. Furthermore, the
experiments had the purpose to validate the developed concepts are presented as well.
The first experiment is StrathSat-R focusing on the deployment of a concentrator
investigating the residual air inflation and actuation. The second experiment iSEDE was
inspired by a beam design as an all inflatable satellite investigating disaggregated

electronics and hyperelastic actuator application.

4.1 Large Smart Structure Assembly in Space
The proposed design is a light weight flexible structure with low storage volume and

high deployed volume which has the ability to change its global shape in space. The
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global structure is made up of a number of similar self-controlling cellular colonies
deployed from a payload fairing, with only a small fraction of the volume of the
deployed structure [84]. There are various options to deploy and assemble these colonies
to create the full structure in orbit. One option would be to stack rigid modular
components in the launcher payload fairing to make use of the maximum available
volume. These rigid or semi rigid components are then assembled in orbit; a well-known
example of this in-orbit assembly is the International Space Station which required
multiple launches during its construction. The option shown in Figure 4-1 is to deploy
hundreds of cellular colonies in a single launch and then inflate them with the desired
cellular configurations. A construction robot can then assemble the global structure from
the free flying colonies. The advantage of this approach is that the assembly robot can
inspect the structures before assembly and use only the colonies which are fully
functional. The assembly robot can also be used to reconfigure the structure and

exchange broken components.

Figure 4-1: Schematic of deployment option 1 with the release of colonies from
launcher and assembly via free-flying robot.

Another option (shown in Figure 4-2) would be to eject an assembly robot that has a
storage unit filled with stored colonies. After the robot reaches the desired orbit, it will

start releasing colonies one after another, letting them inflate and inspecting them for
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possible damage. The robot can hold on to the assembled structure, inspect the newly

deployed colony and add it to the assembled structure.

Figure 4-2: Schematic of deployment option 2 with the release of colonies from
launcher and assembly via free-flying robot.

Deploying the structure already fully assembled would be also an option. This
option would make an assembly robot unnecessary; however, the danger of permanent
entanglement is substantial, especially when deploying very large structures. The final
selection of the deployment concept is highly dependend on the selected application and

needs to be further evaluated for each mission separately.

The main concept of the colony design is that a number of colonies, each composed
of a number of individual cells, will be assembled together in space to form a global
structure. Each colony is either a two dimensional plane or a three dimensional cube,
made up for example of a 5x5 or a 5x5x5 array (x,y,z) of inflatable cells respectively,
surrounding a central pressure source. The modular colonies as well as the cells are
scalable to be adapted to a desired application ranging from nano scale (within
fabrication constraints) to macro scale. The high pressure source is filled at the
beginning of the mission and uses the gas stored in the pressure tank to inflate
individual cells and change the overall shape of the structure until the tank is empty. To
deflate a cell, gas is released into space via exit valves. Each cell is connected via MEMS

valves [85] either to neighbouring cells, to the central pressure source, or to the external
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environment. The cells are therefore inflated and deflated by redirecting the gas from
the central source through the colony or releasing it to the environment. Figure 4-3
shows one smart element in a 3D structure; the central cell (blue) is connected to the
pressure source and is surrounded by hyper-elastic cells with six MEMS valves each.
Neighbouring cells are fastened together with mechanical MEMS interconnects,
allowing gas to flow through integrated micro valves. Electrical routing to a central

controller and intercellular electrical interconnects are also present on each cell.

Figure 4-3: 3D realization of one cell connected to pressure source (centre) surrounded
by inflatable cells connected via MEMS valves (remaining cells of 5x5x5 cube are hidden
for better visualisation)

The complexity of the system, and to some extent the weight, is highly dependent
on the number of valves in the system. The hard design requirements are that every cell
is accessible by the central pressure source by some path through neighbouring cells, and
that any configuration of cells being inflated or deflated is achievable. There is an
inherent trade-off in the design process; the approach that uses the fewest number of

valves, thus reducing the mass and the complexity of the structure, is also the approach
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that uses the most gas since more complex valve operations are required, with more
operations requiring that the gas be vented into the environment. On the other hand,
the approach with a valve on each cell side, meaning each cell can exchange gas flow
with all of its neighbours, makes the whole structure comparatively heavy and complex.
Several basic connection valve architectures, shown in Figure 4-4, are discussed to

demonstrate examples of these design considerations.
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Figure 4-4: Single path vs. tree path vs. full path (blue cell in centre: pressure source)

The three path types considered are the single path with just two valves on each cell
for 2D and 3D colonies, the full path with 4 valves in 2D (6 in 3D) and the tree

solution in-between with three to four valves.

The amount of actuation and therefore the amount of used gas mass highly depends
on the application and planned mission. For example if the mission is quite short, it may
be better to use a design that requires fewer valves, since more of the gas would be
expendable. On the other hand, a larger mission with many dynamic reconfigurations of
the structure would require a large amount of gas; to minimize wasted gas in this case, it
would be more feasible to increase the number of valves and complexity in the design.
Essentially, each mission must minimize cost as a function of gas mass, valve mass, and

complexity.

In order to compare the different architectures, a worst case scenario checkerboard
pattern was selected as an actuation pattern. To achieve a checkerboard pattern, where
each cell is in a state alternate to its nearest neighbours, then the number of operations
and the path of the gas will be different in each architecture. Figure 4-5 shows the

number of valves required in each architecture, as well as the number of gas units
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required to achieve this pattern due to inflation and deflation operations. Note that in
this analysis, it is assumed that the only outlet valve allowing the gas to escape to
environment is at the central cell. To achieve the checkerboard pattern, for example in
the single path approach, all the cells have to be inflated first until the air reaches the last
cell. Following this the air from all the cells except of the last one will need to be released
from the centre cell and is therefore lost. To inflate the third last cell in order to create
the desired pattern all cells until the third last cell needs to be inflated again and so on.
Depending on the cost function (as yet undetermined) which operates based on the cost
of gas and the number valves, it can be seen that there will be a large difference between

the Single and Full architectures for this application.

The amount of used gas can be further reduced by adding an outlet valve to each cell
to release the gas into outer space. By adding these outlet valves, each cell can deflate by
itself and is not required to deflate all the surrounding cells. The same analysis except

with outlet valves at each cell of the checkerboard pattern can be also seen in Figure 4-5.
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Figure 4-5: Required gas units and valves for each path design to achieve checkerboard
pattern (with and without outlet valves at each cell)

As previously mentioned, the added mass and complexity of the additional valves in
contrast with the mass reduction of the required inflation gas must be addressed for each

mission separately. From a comparison of the values in Figure 4-5, it can be seen that
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the extreme case to minimize the number of valves and complexity requires 24 valves
and 156 gas units for the single tree without outlet valves. While minimizing gas use
requires 64 valves and only 18 gas units for the fully connected tree with outlet valves on
each cell. It should also be noted that these calculations assume that all valves and cells
remain operational. In the case of the catastrophic failure of a cell or multiple cells, the
damaged cells need to be isolated via the permanent closure of neighbouring valves. In
this case, an architecture with increased valve connectivity has the added benefit of being

able to isolate damaged cells and reroute gas flow in the case of failure.

The same analysis can be undertaken for the required electronic routing and the
controller architecture and it also highly depends on the chosen application. The self-
containing free flying colonies obtain their autonomous behaviour from their
disaggregated control of each colony. While the size of satellites keeps on shrinking
which will enable all functionality to be packaged into just a 10x10x10cm’® cube, the
developed structure aims for target applications where a high area to mass ratio is
required. Nevertheless, the miniaturization of the electronic hardware and the
comparably low cost that the development of cube satellite electronics brought with
itself opens up the possibility to further increase the area to mass ratio of the developed

structure or even the whole satellite.

The flexibility of the system can be greatly increased by printing the circuit boards
directly on a flexible substrate. This method is already used in multiple commercial
electronic products like smart phones. In order to allow high packing efficiency during
launch, subsystems such as computers, cameras, gyroscopes, accelerometer, etc. need to
be miniaturized and distributed across the cells. The idea was to explode (disaggregate) a
common cube satellite and place its components on the cells and make all the
components communicate. The unique architecture of the inflatable structure opens the
possibility of changing its shape to be adapted to various space mission stages or
environmental conditions. By distributing the electronics over the surface of the
inflatable smart structure, a very lightweight giant structure in space can be created

without having the need for any rigid heavy substructures which would be dead weight.
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These satellites with a high area to mass ratio would be a great way to ensure that the
satellite will re-enter the Earth’s atmosphere in the recommended 25 years to mitigate

space debris.

4.2 Application I: Reflector & Concentrator

The first application discussed more in detail is the use of such a shape shifting
structure as a concentrator. The shape changing reflector can alter its shape to adjust the
beam width instantly to focus the energy on a specific point. The applications here are
countless, not just for concentrating the sun’s energy but also for radio frequency
(telecommunication and broadband) applications. Nevertheless, the use of this structure
as a sun concentrating system are discussed more in detail in the following through the
initial motivation of this work to provide a means to collect large quantaties of solar

power.

4.2.1 Concept and System Design

The following subchapter shall give an overview on the general concept of the
reflector application first as a sun concentrator for the Mirror Bees study [1] outlined in
the introduction as an initiation of this work. In the Mirros Bees Study, an asteroid shall
be redirected using solar sublimation. For this extensive amounts of energy are needed
that can only be provided by nuclear power stations or large concentrators that focus the
sun’s energy. The second possible application that uses the same concept but instead is

bringing the energy down to Earth is a Space Based Solar Power Satellite.

Mirror Bees — Asteroid Concentrator

A sun concentrator dish can be used to focus solar radiation on an asteroid directly
in order to ablate the asteroid and therefore change its trajectory [2]. In this scenario, the

dish must be capable of changing its focal point on the surface of the target and must
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also account for the unusual shape and rotation of an asteroid, thus requiring an
adaptive concentrator. During the mission, the concentrator changes its curvature in the
out of plane direction in order to focus the sun’s energy on the uneven surface of the

asteroid.

Space Based Solar Power — GEO-Concentrator

By looking at the increase of energy consumption over the last decades, it becomes
obvious that the energy sources here on Earth will be not enough to sustain the life
standards that we are used to today. Especially when more developing countries become
wealthier and therefore will increase their energy demands as well. A viable option
would be the more efficient use of the sun as an abundant energy source. By changing
the ground based to space based solar power plants the losses of energy through the
atmosphere can be reduced to just fractions [7]. For space based solar power to become a
viable alternative in terms of reduced costs, the structures in space must be larger than
everything that has been launched into space up till now. For this reason the use of
deployable structures becomes necessary to overcome the launcher payload restrictions

of rockets available today.

In recent years, increasing interest has developed in space based solar power
especially within the big space agencies ESA, NASA and JAXA as well as various
academic institutions all over the world. In 2012 as part of the NASA’s Innovative
Advanced Concepts (NIAC) program, a team under the lead of John C. Mankins
obtained funding to continue work on a modular solar power plant design called SPS-
ALPHA [86]. The system shown in Figure 4-7 redirects the suns energy via giant
movable mirrors arranged in a bee hive kind of structure onto solar panels and then

beams it to the ground via microwaves.
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Figure 4-6: Artist Impression of SPS-ALPHA [86]

The proposed design of the space based power system has two distinct sections, one
ground and one space based. Similar to SPS-ALPHA, concentrators will be used to
redirect and focus the sun’s energy on stationary solar panels (Figure 4-6). An important
aspect of space based solar power is the safety of the system because the energy needs to
be beamed down from space to ground in a reliable and safe fashion. For this reason
only the use of a geostationary space platform with a distinct ground station location is

viable.

\ Flexible Concentrators

B

Rigid Assembly

Power
Transmission

Figure 4-7: Schematic of functionality of space solar power space segment
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As mentioned above, the orbital part of the SBSP station is based on a similar
architecture to NIAC’s SPS-ALPHA ([86]. The design consists of mainly two
components, the rigid solar panel/energy transmitter and a deployable concentrator that

redirects the suns energy on the solar panel [87].

Solar Panel/Power Transmission Assembly

The solar panel and power transmission assembly is made up of rigid hexagons
which have a diameter of just less than five meters in order to stack a few of them in the
launchers available today. The hexagon shells that can be seen in Figure 4-8 have a high
efficiency solar panel on the top and a power transmission system on the bottom
pointing towards the ground segment. The energy transmitting systems will use either
laser or microwaves for power transmission to the ground. Power transmission via laser
or microwaves have currently the same technology readiness level (TRL) but their
application depends on the legal framework and safety concerns of using those

technologies for power transmission through the atmosphere.

Self-looking
/ Interconnects

Solarpanel

Power Transmission
System

Figure 4-8: Schematic of rigid solar array / power transmission system

The rigid shells are assembled in space shortly after arriving at their destination in a
geostationary orbit. Each hexagon has mechanical and electrical interconnects on each of
its six sides with which each panel simply locks into place with its neighbour’s. Over the

interconnects, the panel shares health data with the other panels for transmission and
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monitoring to the ground. It is envisioned to use assembly robots to build up the panels
in orbit and perform maintenance tasks of exchanging broken panels in case of damage

through space debris or micrometeoroids for example.

Deployable Concentrator

The deployable concentrator on the other hand has to be very large to redirect and
concentrate the suns energy on the stationary solar panel / power transmission assembly.
The proposed design is a light weight flexible structure with low storage volume and
high deployed volume which has the ability to change its global shape in space. The
main concept of the proposed colony design is that a number of colonies, each
composed of a number of individual cells, will be assembled together in space to form a

global structure [88].

Each colony is either a two dimensional plane or a three dimensional cube made up
of inflatable cells surrounding a central pressure source. The modular colonies as well as
the cells are scalable to be adapted to a desired application ranging from nano scale to
macro scale. The high pressure source is filled at the beginning of the mission and uses
the gas stored in the pressure tank to inflate individual cells and change the overall shape
of the structure until the tank is empty. The global structure is made up of a number of
similar self-sustaining and self-controlling cellular colonies deployed from a payload

fairing, which is only a small fraction of the volume of the deployed structure.

Each of the flexible dishes of the space based solar power plant can be either free
flying (or formation flying) in a predefined distance to the solar panel assembly or it

could be mounted on a very light substructure like it is proposed for SPS-ALPHA.

4.2.2 Simulation
In this subchapter, the simulation of the sun concentrator for the asteroid satellite as

well as the GEO SBSP satellite are carried out. After the release of the satellite at its
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dedicated orbit position, the structure will inflate itself to form the large deployable dish.
To obtain the desired concentrator shape the cells in the structure need to be actuated.
Different actuation pattern and their resulting shape are shown with the use of a PID
controller to optimize the shape to focus the sun’s energy. At the end, the code’s
capability to show the behaviour of the structure subjected to external forces and

perturbation is shown for the asteroid satellite example.

Inflation

Figure 4-9b shows the qualitative displacement of the nodes of a 10x10x2 cell
structure Figure 4-9a with an inflation time of 5 seconds. For this array of multiple cells,
the sum of the forces at each node is formed creating an equal distribution and thereby
modelling the inflation. It can be seen in b that the whole inflatable structure oscillates
slightly after the inflation is complete. Each of the lines in this plot shows the

displacement of each node in the structure over time.
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Figure 4

the differential pressure stays constant but it is also

After inflation is complete,

possible to apply a leakage to certain cells or the entire array of cells. In practice, this
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leakage could be caused by micrometeoroid impacts, fabrication errors, degradation of

materials, or natural leakage of an inflatable in the space environment.

Actuation

The inflated dish has to be capable of changing its focal point on the surface of the
target. After the deployment through inflation has formed a flat sheet, the cells are
actuated to form the curved concentrator dish. During this actuation process, air mass is
transferred from the top cells to the bottom cells resulting in a positive curvature of the
dish. Similar to the inflation, the forces on the cell corners change by the transferral of
air mass. The sum of the internal forces will vary from cell node to cell node and
therefore the whole structure will alter its shape. To change the focal point, the structure
was actuated twice with the second actuation cycle having twice the air mass exchanged
from the top to the bottom layer. Figure 4-10 shows the evolution of the deformation of
cells from due to actuation. To increase the readability of the graphs, only the central
section of the top layer of the full array from Figure 4-9 is displayed. Figure 4-10a shows
the array before actuation, while Figure 4-10b shows the array after being actuated once,
and Figure 4-10c shows the increased curvature of the structure after being actuated

twice.

a) b) <)

0
0 47 0

2 9
y(m) x (m) y (m) 2 X (m) y (m) 2 - (m)
Figure 4-10: Central layer wireframe plot of a) inflated structure, b) structure actuated
once and ¢) structure actuated twice

The position over time of all the nodes can be seen in Figure 4-11. In the first four
seconds of the simulation the structure was inflated homogenously. After the oscillation

was mostly settled, the first actuation was started at twenty seconds with a linear increase
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for five seconds. The second actuation, also shown in Figure 4-11, was started at 40

seconds and also lasted for five seconds with a linear increase.

The displacement curves show clearly that most of the deformation of the structure
occurs in the z-direction which was the desired response. The observed oscillation of the

system is caused by the fast actuation time and the low damping nature of the structure.

Pos x (m)

Pos y (m)

Pos z (m)

Figure 4-11: Displacement of nodes during inflation in all directions (t<5s) and
actuation (t>20s)

The actuation that was leading to the displacement in Figure 4-10 and Figure 4-11
respectively was with an even distribution throughout the top and bottom cells. From
Figure 4-11 it becomes obvious that by actuating the structure too fast and too strong,
the whole system will start to oscillate. A slower actuation will lead to the smoother

displacement profile as can be seen on page 75.0f Chapter 3.3.3.

The deformation capabilities of the structure can be best seen by using different
actuation patterns. The following simulation was carried out with a 13x13x2 cell array

instead of the smaller array used to demonstrate the inflation and actuation capabilities.
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The increase of cell array size was mainly carried out to ensure that the actuation pattern
is applied to the flat part of the array which forms in the centre in order to assess the
results caused by the specific actuation pattern. The two patterns that were used here
was firstly a cross like actuation pattern that can be seen in Figure 4-12a. This actuation
pattern has the maximum actuation in the centre lines of the concentrator. The second
chosen actuation pattern can be seen in Figure 4-12b which also has its maximum in the

centre but decreases to the circumference cells in concentrically circles.
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Figure 4-12: Actuation of cells for a) cross actuation and b) circle actuation
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Figure 4-13: Shape change of array for a) cross actuation and b) circle actuation
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Figure 4-14: Focal area of array for a) cross actuation and b) circle actuation
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Figure 4-13 and Figure 4-14 respectively show the results of the two folding
patterns. In Figure 4-14 the minimum focal area for the cross actuation is at 4.6m and
has a radius of -0.5m (Figure 4-14a), for circle actuation on the other hand, the
minimum focal area is at 5.2m and has a radius of ~0.7m (Figure 4-14b) . Each of the
dots in the image represents the normal of one cell on the array projected to a focal
plane in a certain distance. This chart gives an indication of the concentration capability
of the concentrator. It can be seen that the cross actuation pattern has a slightly better

performance than the circle actuation pattern.

In the next step the controller that was outlined in Chapter 3.4 was applied to the
model to show the structure’s capability to control the pressures in the cells of the
reflector in a way that the shape can be optimized to focus all the energy in one point.
As most of the reflectors and antennas that need to focus for example RF waves on a

specific point, a parabolic reference shape is used.

iz

Figure 4-15: Path of rays in parabolic concentrator

X,Y

Figure 4-15 shows the basic shape of the parabolic reflector as well as the path of the
rays. For parabolic reflectors, the incoming rays are parallel to the reflector z-axis. Once
reflected on the surface of the reflector, the rays cross their path at the focal point F (the
focal length f'is the distance between the base of the reflector 0 and the focal point F).
To show the shape adaption capabilities of the structure, an axi-symmetric reflector was
chosen as a baseline. The equation below was used to calculate the required z coordinate
for each cell based on its x and y coordinates and as well as the focal point of the

parabolic reflector f.
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2 2
z :(:BT—;y) Eq. 4-1

In the simulation a 9x9x2 cell array baseline was used forming a reflector dish with a
diameter of roughly 3m. It is common to specify the reflector in regards to its diameter
with the focal length-to-diameter ratio F/D. To show the applicability of the control

algorithm to different reflector shapes a focal length of 1.5m and 2m was simulated

leading to a F/D of 0.5 and 0.66.

Using Equation 4-1, the necessary z displacement of all cells can be calculated and

compared to the existing displacement.

F/D=0.66:

Figure 4-16: z-position error of 81 cells before shape control (top F/D=0.66, bottom
F/D=0.5)

Figure 4-16 shows the normalized difference in percentage of the existing to the
desired z-position of all the 81 cells for the two cases. 100% is the maximum (+40% at
the 5x5 cell in the centre) minus the minimum error (-60% at the 1x1cell in the top left

corner). Similar to the spherical example case in Chapter 3.4, in the code the x and y
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position of all the cells are continuously calculated and the difference of the existing
position to the desired position is the error for the PID controller. The PID controller
was converged with the parameters set to K, = 0.5 (proportional gain), K4 = 0.1
(derivitave gain) and Ki= 0.5 (integral gain). Figure 4-16 shows the resulting z-position

error in meters for the F/D = 0.66 case of the 81 cells after 100 control cycles.
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Figure 4-17: Development of error over 100 control loops (F/D = 0.66)

It can be seen in Figure 4-16 that most of the errors are approaching zero. Similarly
to the error at the beginning of the simulation shown in Figure 4-16, the error at the
end of the simulation can be seen in Figure 4-18 as percentage of the total z-position

error from the perfect sphere at the beginning of the simulation.

F/D = 0.66:
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Figure 4-18: z-position error of 81 cells after shape control (top F/D = 0.66, bottom
F/D =0.5)

Through the PID controller it was possible to greatly decrease the error especially in
the centre of the parabolic reflector for both cases. There is still an error of 6-10% for
the F/D = 0.66 case and 7-14% error for the F/D = 0.5 case but these few elements (4-8

out of 81) only have a minor effect on the overall performance.
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Figure 4-19: Actuation of cells for at the end of control cycle (left F/D = 0.66, right:
F/D =0.5)

The actuation of the top cell layer is shown in Figure 4-19 after the 100 control
cycles. This actuation force is applied at the end of the inflation leading to a
concentration of the reflective rays in the focal point with a radius of just 0.1m for the

F/D = 0.66 case and a radius of for 0.2m the F/D = 0.5 case. This concentration is
displayed in Figure 4-20.
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Figure 4-20: Position of all cell normals at the focal point
(left: F/D = 0.66, right: F/D = 0.5)

With the results obtained by the PID controller after just 100 cycles, the focal area
of the concentrator could be significantly decreased by an order of magnitude. The code

also showed its capability to be adapted quickly to changing parameters.

Effect of External Forces (Asteroid Case)

The initial idea for this work came from the Mirror Bee project where large reflectors
were needed to focus the sun’s energy to sublimate the surface of an asteroid in order to
deflect it. In this chapter, the GEO reflector design for the space based solar power
application above is taken on as a solar concentrator to focus the sun’s energy to provide
power for the sublimation laser. The chapter above already showed that the developed
structure is capable of deploying as well as optimizing its shape to focus the sun’s energy
on a specific point (focal point). For the Mirror Bee application (see Figure 2-2), the sun

concentrator is mounted on a satellite that is flying over the surface of an asteroid.

As an example application for the deflection satellite mission, the Near Earth Object
(NEO) 99942 Apophis was chosen. This asteroid will come close to Earth in 2029 and
2036. 99942 Apophis has an estimated mass of 4x10'’ kg and an diameter of 325m (+/-
15m) [89].

Figure 4-21 shows a sketch of the satellite with the curved adaptable concentrator
flying into the shadow of the asteroid. The asteroid as well as the satellite has an own

inertial Cartesian coordinate system, Xu, Yo and Z. for the asteroid and X, Ye and
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Zi, for the spacecraft. The satellite is initially flying on a course along the satellite axis

XSQI'

‘]IHTH

Figure 4-21: Sketch with external forces of satellite passing asteroid

The two external forces acting on the satellite, are firstly from the gravitational field
of the asteroid and secondly from the solar radiation pressure originating from the sun.
The gravitational force is calculated with the differential gravity equation (Equation 3-
43) outlined in Chapter 3.3.3 with the mass of 99942 Apophis. The differential gravity
acts on the entire structure; therefore it is applied to every node with its distance to the

centre of mass.

The sun is located in the negative z-axis of the asteroid; the location of the asteroid
towards the sun is not changing during the simulation. In order to observe an effect of
the solar radiation pressure, total reflectivity of the structure as well as high solar activity
and close approximation to the sun was assumed. With this an assumptions, a value of
200 pN/m? of solar radiation force was used. The solar radiation pressure is only applied
to the surface that it directly subjected to it; therefore it is only applied to the nodes in

the sun facing surface of the satellite.
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Figure 4-22: Satellite flying into the shadow of the asteroid

Figure 4-22 shows the time step as the satellite is flying into the shadow of the
asteroid. In the shadow of the asteroid, the only external force acting on the satellite is
the gravitational force from the asteroid. As the satellite moves into the shadow, its large
concentrator will be partially in the shadow and partially in the sunlight as the right
edge moves in the shadow first. It is expected that this introduces a positive torque

around the y-axis (normal to the image plane in Figure 4-22.

As a concentrator baseline, a 10x10x1 cell structure was used. Each of the cells was
inflated in the beginning of the simulation to a cell radius of 7.;= 15cm leading to a
concentrator of 3m x 3m and a total area of 9m? To initiate the simulation, the
spacecraft was placed 10m above the surface (at closest encounter) and 200m before the
asteroid. The initial velocity of the structure was set to ¥=0.1m/s along the spacecraft x-
axis. With this velocity, the spacecraft will be subjected to 400 seconds of solar radiation
pressure before flying gradually into the shadow of the asteroid. It will take a total of 30
seconds until the full spacecraft is in the shadow of the asteroid. The simulation was
carried out throughout the spacecrafts passage through the shadow of the asteroid until
it emerged from the shadow. With this step, the effects of the gradual change of forces
on the surface can be observed twice. Figure 4-23 shows the position and Figure 4-24

the velocity of the spacecraft in the asteroid coordinate system.
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Figure 4-24: Mean velocity of the spacecraft over time (asteroid CS)
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The x and z-axis plot in Figure 4-23 and Figure 4-24 shows that from the initiation
of the simulation the spacecraft is propelled by the solar radiation pressure linearly in the
positive z-direction and the initial velocity in the positive x direction. At around 400
seconds, the spacecraft moves inside the shadow of the asteroid and the gravitation force
of the asteroid is the only external force acting on the spacecraft. The position slope of
the z position and the velocity in x direction after 400 seconds indicates that the
gravitational force is almost compensating for the momentum and displacement caused
by the solar radiation pressure. At around 3500-3700 seconds, the spacecraft moves out

of the shadow and the solar radiation becomes the dominant force again.

Looking at the spacecraft inertial coordinate system, Figure 4-25 shows the relative

position of all the nodes of the deployed concentrator dish over the simulation time.
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Figure 4-25: Position of spacecraft nodes (S/C CS)

From Figure 4-25 no large changes can be observed, therefore Figure 4-26 and
Figure 4-27 only show the relative node displacement from the ideal state at the time

the spacecraft moves in and out the asteroid’s shadow.

110



APos y (m) APos x (M)

APos z (M)

APos y (m) APos x (m)

APos z (m)

x10°

400 410 420 430 440 450

_ 1 1 1 1 1
390 400 410 420 430 440 450
Time (s)
x 10"
2 T T T T T
0 -
_ 1 1 1 1 1
390 400 410 420 430 440 450
Time (s)

Figure 4-26: Rel. position change at entering shadow (S/C CS)
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Especially from the z-axis plot in the Figure 4-26 and Figure 4-27 the effects of the
gradual passage of the concentrator into and out of the shadow can be observed. As
Figure 4-26 and Figure 4-27 show the displacement of all nodes of the deployed
structure from the ideal state, the shapes that all the nodes forming are an indication of
the orientation of the whole structure. The shape in the z-axis plot shows a maximum

thickness at around 415 seconds and 3615 seconds when half of the concentrator in is

the shadow and the other half is in the light.

This subchapter showed that the code is capable to simulate the deployment and
optimizing shape adaption for a reflector or concentrator. Furthermore, the effects of
external influences like gravitational forces or solar radiation pressure are featured as
well. To improve the simulation and the understanding of these deploable structures,
experiments were carried out. First, StrathSat-R had the purpose to proof that its
possible to deploy inflatable structures by using residual air inflation, while the iSEDE
experiment took it a step further in trying to validate the concept of an all inflatable
shape changing structure with disaggregated electronics. In the following the experiment

StrathSat-R with its deployable concentrator like structure is described more in detail.

4.2.3 Experiment: StrathSat-R

An important aspect for validating this concept and to obtain material properties for
the simulation of very large structures was the deployment of a structure in a micro
gravity environment without any perturbating effects from gravity due to the very
flexible and lightweight nature of the developed concept. To validate the concept of a
structure deployed in space using inflation, a technology demonstrator mission was
created and launched on a sounding rocket. The StrathSat-R [90], [42], [91], [92]
experiment from the University of Strathclyde had the purpose to investigate the
deployment behaviour using trapped air in a milligravity environment. A detailed
description including experiment design, launch campaign summary and result

evaluation of the StrathSat-R experiment can be found [41]. The experiment was
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launched in May 2013 on board REXUS13 and in May 2014 on board the sounding
rocket REXUS15 from the Swedish space range ESRANGE. Due to a procedural error
during the REXUS13 launch campaign the free flying units were not ejected and
therefore the mission objectives couldn’t be achieved. The REXUS/BEXUS organisers
therefore offered StrathSat-R a reflight on board REXUS15 a year later.

The experiment was deploying two different shaped inflatable structures from
ejected free flying cube satellites. The first cube was deploying a pyramid shaped
structure with inflatable booms giving shape to the Mylar covered pyramid. The use of a
structure like this can be envisioned for a de-orbit device increasing the area of the cube
satellite to decrease the orbital lifetime. The other cube satellite, named Self-inflating
Adaptive Membrane (SAM) was deploying a technology demonstrator for the bio
inspired concept presented in this thesis. The deployable structure itself consists of two
layers two layers of spherical cells that are deployed by using the expansion of trapped air
in the spheres when subjected to vacuum (space) conditions. The inflatable occupied
forty percent of the cube satellite’s structure, which led to a membrane diameter of
72.5cm once deployed with a packing efficiency of thirty percent. Over the two REXUS
missions the design and fabrication of the inflatable structure improved which lead to

two different deployable structures which are described in more detail below.
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Figure 4-28: Cut-through schematic of StrathSat-R deployable SAM

Cameras

The experiment had two main stages, the deployment phase and the adaptive phase.
After ejection from the rocket, the reduced pressure of near vacuum conditions passively

started the deployment and inflation of the structure from the storage configuration.
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During the deployment and adaptive phase, images from cameras on the cube satellite

and the rocket captured images from the dynamics of the membrane.

The shape changing structure is made of spherical cells that are inflated using
residual air inflation which is described in the chapter above. The initial spheres are
fabricated with similar volume and internal pressure. By changing the pressure between
cells, the volume of one of them increases, the other decreases. With this local volume
change, the shape of the global structure will change. A single actuator unit consists of
two rows of inflatable spheres with a micro pump in between them to establish a

pressure difference.

Inflating Seam Lines
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Figure 4-29: Actuator placement of Self-inflating Adaptive Membrane

There were two pumps mounted to the inside wall of the deployment storage
(Figure 4-28). The rows of spheres closest to the sides of the cube are joined to form one
big actuator as can be seen in Figure 4-29. The micro pumps will pump the residual air
from the top to the bottom layer of Actuator 1 to lift up the left side in the figure, and

from the top to the bottom layer of Actuator 2 to lift up the right side of the membrane.
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Membrane and Cell Design

Over the course of the experiment development period from June 2011 until the
successful launch in May 2014, the membrane design undertook an evolution in regards

to deployment reliability and fabrication quality.

An important aspect to increase the maturity and viability of the concept was the
investigation of possible cell fabrication techniques. Due to the wide range of
applications and the possible sizes, only a couple of cell types could be manufactured

and tested.

An inflated array of 5x2x1 (x,y,z direction) cells can be seen in Figure 4-30. The cells
are ellipsoid cells with an uninflated length of 20 cm (z direction) and a width of 15 cm
(x direction) per cell. The material used was 12um thick Mylar that was joined on its

circumference by a 3mm thick adhesive tape.

Figure 4-30: Prototype of 5x2cell inflatable smart structure
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The first cell fabrication materials that were considered were polyamide films like
PET, Mylar or Kapton. The big advantage of these materials is their availability for very
thin sheets of thicknesses down to a few micro meters and their low weight but high in
plane stiffness. The high in-plane stiffness is advantageous for providing a semi rigid
inflated cell but disadvantageous for increasing the volume further once the cell is
inflated. This is due to the high tensile stiffness of the material, keeping the cell surface
area constant. Heat welding of the material, self-adhesive material and additional

adhesive layer have all been considered as fabrication techniques.

Another option to fabricate these inflatable cells is the usage of hyperelastic material
like latex or silicon rubber which is capable of expanding its surface area due to internal
pressure change. The principle of heliotropism makes use of a volumetric increase and
decrease of certain cells, enabling an overall structure to change its global shape. In order
to mimic this behaviour and achieve an increase or decrease in volume, a cell requires a
membrane material that is highly flexible and elastic so that small differential cell
pressure changes result in a significant increase in volume. Additionally, this will allow
sufficient differential pressure within an inflated cell to self-deflate when exposed to the
vacuum of space. Although the requirements for elasticity and flexibility of the cell
membrane are crucial, it is also important that the selected material can be incorporated
with all other components into the overall design of the cell. For this reason, a silicone
based polymer material has been selected as the cell material, which can be spun into

thin sheets, cured, and then bonded at the cell borders.

The silicone rubber used for the bench test models is capable of elongating up to
900% of its original length before breaking and is useful at a temperature range of -53°
C to 232°C, making it suitable for the manufacture of inflatable structures for space
applications [93]. Nevertheless, further research has to be carried out into the materials
property alteration due to UV radiation or atomic oxygen degradation occurring in the

space environment.
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The tools used for the mould of the inflatable cells were designed specifically for this
purpose and manufactured using a 3D printer. It was found that the best way of
manufacturing was in two parts; a top structure involving the cavity for the air to travel
through and a base layer of thin silicone rubber that could then be adhered to make an

enclosed assembly [94].

Figure 4-31: 3D printed mould (top) used to cast 4x2x1 cell structures (bottom)

The two layers were adhered using another layer of liquid silicone rubber mixture
and allowing it to cure in order to seal the layers together. Several types of tools were
tested in order to manufacture working prototypes of the inflatable cells. However it was

found that moulds such as the one shown in Figure 4-31 (top) delivered consistent
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results (see bottom) and was the most straightforward to use. It would be desirable to
decrease the thickness of the cell walls in order to reduce the quantity of silicone used by
adapting the mould but this causes difficulties in the fabrication process, often resulting
in the silicone rubber being ripped on removal from the mould. If this problem was to
be solved, it would improve the inflation of the cells and make the structure more

lightweight and compact.

The inflation of the cells was undertaken with syringes to control the amount of air

within each cell. The inflation of two adjacent cells can be seen in Figure 4-32.

Figure 4-32: Two fully inflated hyperelastic cells

The quality of the inflated shape highly depends on the fabrication method. Issues
might arise due to air leaks between the air inlet and silicone cells. Additionally, the
limited volume of air that could be input may not reach their full level of inflation yet
an increased diameter of 200-300% can be observed. One of the manufacturing
limitations is the even spreading of silicon rubber in the moulds causing variation in the
thickness of the cell walls and resulting in uneven inflation of cells (as can be seen in

Figure 4-33).
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Figure 4-33

The two designs that are discussed further here are the two designs that flew on the
respective sounding rocket missions REXUS13 and REXUS15. Both designs have two
layers of 18 inflatable cells oriented in a hexagon around the central cube satellite. The
cells were manufactured by taking a 12 u m Mylar sheet and adding adhesive tapes
around the circumference of all 18 cells simultaneously before adding the second layer of
Mylar sheet to seal all the cells at the same time. The already flown structure can be seen

to the right in Figure 4-34.

The deployable for the May 2014 REXUS15 mission on the contrary was built with
the same 7.5 u m Kapton material that is used in DLR’s Gossamer project [95] that will
deploy a series of solar sail technology demonstrators between 2013 and 2015. The
geometry of the cells was changed from a circular outline to a hexagon to increase
manufacturability and quality of the structure. The hexagon structure before its flight
can be seen in Figure 4-34 to the right. The hexagon structure fabrication also changed
in regards to the REXUS13 structure by having a base layer of Kapton foil on which
every hexagon was sealed with adhesive tape and an added layer of Kapton tape (yellow

lines in Figure 4-34 left).
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Figure 4-34: Inflatable cellular structures for 2014’s REXUS15 mission to the left and
2013’s REXUS13 mission to the right

The hexagon approach reduces the unused area between the cells (the triangular
shapes in the 2013 structure) that also form enclosed volumes that inflate in vacuum
and therefore creating unwanted side effects. With the hexagon approach only the
volumes of the cells can inflate and the shape of the final structure becomes more

controllable and comparable to undertaken simulations.

Storage and folding patterns

In order to achieve the deployment of such a large structure, storage options and
folding patterns needs to be investigated very closely. The initial flat nature of the
uninflated structure enables the use of highly efficient folding techniques to decrease the
storage volume. Furthermore, the right choice of folding pattern can greatly increase the
reliability of the deployment and also its shape adaption capability. One example here

would be the Miura-ori folding pattern (Figure 4-35).
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Figure 4-35: Miura-ori folding pattern on flat sheet of paper

The Miura-ore fold [96] can be packed into a very compact volume with its folded
out of plane thickness which is only governed by the thickness of the material. The
entire Miura-ori folded sheet can be easily unfolded by pulling on two corners of the
membrane and likewise folded again by pushing the corners back together. This
unfolding scheme can also be applied between just two folds of the Miura-ori fold which
results in an unfolding of the entire structure. By applying this folding pattern to the
multiple cell structure of the developed structure the deployment reliability of the entire
structure is increased because even if a few of the spheres don’t inflate, the other

functional folds force a flat deployment with the Miura-ori fold.
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Figure 4-36: a) Schematic of star folding pattern and b) Benchtest structure consisting
of six cells folded with star folding pattern

121



The star folding pattern is mostly used in the folding of solar sails. This folding
pattern consists of valley and mountain folds rectangular arranged with a cross point at
the edges. Figure 4-36a) shows the schematic of the folding pattern with cease lines in
light blue, valley folds in black and mountain folds in black. Symmetric deployment
from one central point can be achieved with this folding pattern. The corners of the
initial rectangular sheet are longer after folding than the edges in-between the corners.
The additional material can be wrapped around on central point for storage. The star
folding pattern is quite complex and requires a pre ceasing of the membrane because of
the interaction between various fold lines. Another disadvantage is that at the end of the
folding operations the structure needs to be pushed from the outside of the box into the

box. This might causes an entrapment of the structure during deployment.

Figure 4-37: Schematic of flower folding pattern left and right StrathSat-R’s deployable
36 cell structure during folding inside deployable cube

The simplest and therefore most reliable folding technique is the flower folding
pattern. This folding pattern was used for REXUS13’s as well as REXUS15’s sounding
rocket experiment StrathSat-R. The schematic of the flower folding pattern can be seen
in a) where cease lines are light blue and the folding lines are black, the flower folding
pattern only has valley folds as the corners will always are folded toward the centre.
Figure 4-37b shows the StrathSat-R 36 cell deployable during crease operation with four
folding towards the centre until the deployable is stored inside the storage box. This

folding pattern is very simple and because through its folding from the outside towards
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the inside in alternating 45 degrees folds, at deployment the folding pattern already
pushes the structure outside the storage box. For this reason, this folding pattern is

suggested to be used for this kind of cellular flat structure.

Deployment Simulation — LS-DYNA

To show that the inflation of the structure leads to desired shape, a LS-DYNA
simulation was set up to show the feasibility of the concept. Only the inflation and not
the actuation could be modelled in LS-DYNA due to the computationally demanding
simulations. An array of 18 elements in two rows was modelled for the first deployment
simulation for multiple cells. In the beginning of the simulation, the cells were flat in
the plane of the 1U cube satellite deployment box. Inflation time was chosen to be again

one second, similar to the single cell simulation.

a) b) <)

Figure 4-38: Deployment of inflating membrane (blue) out from flat case

The membrane is completely constrained with the deployment box. The
deployment box is fixed and can be treated as a rigid body. Figure 4-38 shows the LS-
DYNA™ inflation simulation from the flat case in six frames. The first five frames are

each 0.1 seconds apart while the last frame is three seconds after initiation of inflation.
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The last frame was chosen to be at three seconds to show the final result of the deployed

membrane without any oscillation (see Figure 4-39).
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Figure 4-39: Radius of structure during inflation process from flat initial state

Figure 4-39 shows the variation of the radius of the 18 element structure over the
inflation time. It can be observed that the radius starts with around 35 cm and levels at

around 27.5 cm after an initial bouncing movement over the first 0.5 seconds.

For the second simulation of the multiple cell models, the membrane was
compressed into the storage box that lies in the middle of the membrane. Rigid wall

movement was used to compress the membrane before inflation.

a) b) <)

Figure 4-40: Deployment of inflating membrane (blue) out of constrained box (green)
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The LS-DYNA deployment simulation can be seen in Figure 4-41. The first five
frames are each 0.1 seconds apart while the sixth frame is captured after 3 seconds. The
last frame shows that the structure is now the flat desired shape which is similar to the

last frame in Figure 4-40. Figure 4-41 shows the radius of the membrane during

packaging and inflation.
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Figure 4-41: Radius of structure during packaging and inflation process from packaged
initial state

In the first second, four rigid walls and one rigid wall from the top compress the
structure into the deployment box. Inflation starts after the first second and also lasts for
one second. Figure 4-41 shows that the initial radius is 35 cm which is leading to an
inflated radius of 27.5 c¢m, the same result as the deployment simulation from the flat

state. As expected, it can be seen that the structure obtained has inherently the same

shape regardless of the packaging method.

Result of Experiment

At the second launch of StrathSat-R on board REXUS15 in May 2014, the two cube
satellites got successfully ejected shortly before apogee at around 86km. Unfortunately,
due to a loosen connection between the rocket based experiment and the cube of the

shape changing membrane due to vibrations and high g-loads at take-off the experiment
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did not start its timeline. Therefore the deployment of the structure could not be
recorded. Nevertheless, the second cube satellite that was investigating the possibility of
deploying a pyramid shaped inflatable successfully deployed its inflatable proving the
concept of residual air inflation. Figure 4-42 shows two pictures taken from the free
flying cube satellite deploying its inflatable structure shortly after ejection from the
rocket. The structure of the deployed pyramid consisted of four triangular sides with
inflatable boom elements at their edges giving the pyramid the necessary stiffness once
deployed. Figure 4-42 top shows one of the fully inflated tubes from the cube towards
the corner of the pyramid with Mylar material in-between. Figure 4-42 bottom shows

one deployed triangular side of the pyramid with inflatable tubes on each edge.

Figure 4-42: StrathSat-R’s ejected cube satellite deploying residual air inflated structure
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Many lessons were learned and knowledge was gained during the design, fabrication
and flight of these inflatable structures. The knowledge gathered at Strathclyde during
the sounding rocket and stratospheric balloon experiments enhanced the university’s
capability to continue research and fabrication of these inflatable structures [97]. In
March 2016, the Strathclyde’s follow up experiment, PICARD (Figure 4-43), was
launched on a sounding rocket and successfully deployed a one meter large inflatable
conical helix antenna in space [98],[99]. The experiment used a pressurized container to
initiate the deployment and aluminium rigidization (similar to the ECHO balloon) was

used to obtain a rigid structure that is not relying on the inflation gas anymore.

Figure 4-43: PICARD’s inflated conical helix antenna

The StrathSat-R as well as the PICARD sounding rocket experiments showed that it
is possible to obtain a rigid structure in space using inflation. Furthermore the material

properties obtained will be used to simulate a larger structure in space.
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4.3 Application II: Smart Beam Elements in Space

Another interesting application of the developed structure is the use as a long boom
element. These large structures are needed to enable various different missions also from
small satellites that require a large distance between the apertures. As an alternative to
formation flying, very long booms can be used to keep the relative distance between
parts of the spacecraft. Other applications could be the use of these long booms as
structural connection elements to build an orbital infrastructure. Furthermore these
booms could be used for space telescope applications where the optics need to be held at

a large distance to the reflecting mirrors.

Similarly to the reflector application, this subchapter is also structured to first discuss
the general concept and system design, then delve into the theoretical part on how the
beam element could be simulate when orbiting around the Earth to be followed by a

feasibility assessment with an stratospheric balloon experiment.

4.3.1 Concept and System Design

The LEO beam demonstrator needs to be designed that its length is much larger
than its cross section. Furthermore the structure needs to be built in a way that it can
quickly alter its shape. The idea behind this concept is that the multiple inflatable cells
are joined together and due to their changing shape can alter the moment of inertia of
the orbiting structure and perform attitude control tasks. To validate the performance of
the developed model in an orbiting set up, an application in Low Earth Orbit was

chosen.

4.3.2 Simulation

The simulation of the beam element orbiting the Earth had the main purpose to
investigate if the flexible structure will be influenced throughout its orbit due to
perturbating forces. To validate the analysis a 1 cell element was placed in an LEO orbit

with a distance to the centre of 6771000 meter and an initial velocity of 7.6723 km/sec
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which leads to a circular orbit with an orbital period of 92 minutes as expected. The
velocity over position plot as well as the polar plot of the centre of the beam element is

shown in the figures below.
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Figure 4-44: Position over velocity for orbiting structure
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Figure 4-45: Polar plot of orbiting element structure
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From the graphs it becomes obvious that the element is on a constant LEO orbit
without any perturbation due to its small size. It was concluded that the code was
working properly in balancing the differential gravity and the velocity introduced
centrifugal force to stay in a circular LEO orbit. The relationship between the reference
frame of the orbiting spacecraft to the reference coordinate system is given in Figure
4-46. The rotation matrix outlined in Chapter 3.3.1 is used to transform between the

two reference frames.

Figure 4-46: Relation between reference coordinate system of Earth and spacecraft

A beam architecture consisting of 50 inflatable cells joined in a 1x1x50 orientation
was used to observe the behaviour of the structure during the orbit. The boom structure
was oriented in three different configurations which can be seen in Figure 4-47. With
this 1x1 cell cross-section, the structure cannot perform out of plane deformations due
to actuation of opposite cells but also only the change of length of the cells through
external forces can help to alter the orientation of the structure by itself. For this reason,
the boom elements were just being deployed via inflation and set on orbital path around
the Earth to investigate the deformation of the structure caused by external forces like

the gravity gradient.
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Figure 4-47: a) Beam element oriented in x-axis (50x1x1), b) in y-axis (1x5(ikl) d 9]

in z-axis (1x1x50)

The initial starting point of each of the configurations is at an x-displacement of
6771km and a velocity of 7.6723 km/sec in positive y-direction. At the beginning of the
simulation, the axes of the Earth reference frame as well as the spacecraft reference frame
are aligned. The simulations were run for more than one orbit leading to a total

simulation time of 6000 seconds.

On the following three pages the results of the different configurations can be seen.
Every configuration has two graphs, the first one shows the displacement of the centre of
mass of the spacecraft from the ideal circular orbit shown in Figure 4-45. With these
graph (Figure 4-48 for the beam oriented in x-direction, Figure 4-50 for y and Figure

4-52 for z) a prediction can be drawn of the path of the whole spacecraft.

The other graphs for each beam orientation (Figure 4-49 for x, Figure 4-51 for y and
Figure 4-52 for z) show the position of each of the nodes of the deploying structure over
the simulation time in the reference frame of the spacecraft. These graphs also show the
deployment of the structure and any variation of the nodes with regard to the centre of
mass of the spacecraft. Furthermore, these graphs can also be used as an indication of the

size of the deployed structure in orbit which is in the order of 12m x 0,4m x 0,4m.
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Figure 4-48: Difference to perfect LEO orbit for x-beam. (S/C CS)
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Figure 4-49: Displacement of nodes x-beam. (S/C CS)
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Figure 4-51: Displacement of nodes y-beam. (S/C CS)
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Figure 4-53: Displacement of nodes z-beam. (S/C CS)
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The figures above showed that in each case, the orbiting beam element is being
pulled towards the Earth (negative z-direction in spacecraft reference frame) by
differential gravity. The simulation of a single cell with a concentrated mass in Figure
4-44 shows a undisturbed circular orbit. In comparison, the z displacement of the the
long beam simulation is significant. For the x-axis beam the displacement is of the order
of 400m while the displacement for the y-axis beam and z-axis beam is over 2000m. The
displacements in y and z direction are negligibly small. The displacement in the second
graphs of the nodes on the other hand showed no significant change over the simulation

time.

In a second step to observe if there are other advantages of the flexible structure
orbiting around Earth, the reference frames were changed. In the following simulation
the axis of the spacecraft and the orbit stayed parallel but displaced from each other with
the orbital distance (e.g. the x-axis of the Earth is the same as the x-axis of the
spacecraft). With this simulation the beam element is oriented differently in each
quarter. This resulted in interesting orbital dynamics; the polar plots of the centre of
mass displacement from the perfect LEO orbit of the three booms are shown in the

following figures.
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Figure 4-55: Polar plot of relative displacement in meters (y-axis beam)
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Figure 4-56: Polar plot of relative displacement in meters (z-axis beam)

These polar plots showed that these highly flexible structures can have an interesting
behaviour and they might be suitable for missions that common spacecrafts offer no

competitive solution.

Summary

In the simulation, a 50x1x]1 beam element in three different orientations was
deployed via inflation and set on an orbital path around the Earth to investigate the
deformation of the structure caused by external forces like the gravity gradient. The
simulation time was set to 6000 seconds (roughly one orbit) and the simulation showed
that the beam is being pulled towards the Earth by gravity which was expected. Only
small variations were recorded in the displacement of the beam itself which is most likely
caused by the relatively short simulation time. Another approach of reorienting the

beams during their orbit showed also promising results.
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As a practical application for the long beam element, the iSEDE experiment
investigating the creation of an all inflatable satellite with using disaggregated electronics

is detailed in the following.

4.3.3 Experiment: iSEDE

iSEDE [100][100],[101] stands for Inflatable Satellite Encompassing Disaggregated
Electronics and it was flown for 5 hours in the stratosphere at 29km as a payload of
BEXUS 16. A detailed description including experiment design, launch campaign
summary and result evaluation of the iSEDE experiment can be found [102].The
experiment had the goal to deploy a prototype of an all-inflatable satellite with
disaggregated electronics. The idea was to use inflatable, cellular structures as support for
all the subsystems composing a typical nano-satellite. Each subsystem and component is
mounted on a different cell. Cells are both individually inflated and individually
controlled. The aim was to design and build a prototype for this new type of satellite,

demonstrating the deployment and communication among components.

Experiment Design

The first objective of the iSEDE experiment was to deploy the satellites made up of
multiple cells via inflation and observe the deployment behaviour and to verify existing
LS-DYNA simulations. To demonstrate disaggregated electronics with wireless
communication between satellites was the second objective. The third objective was to
demonstrate autonomous behaviour of the whole system. The fourth and last objective
it to alternate the shape of the satellite via integrated soft robotic actuators and micro

pumps.

The concept of the iSEDE experiment was to have two inflatable satellites on board
the BEXUS gondola and a central controller, the hub. One satellite is deployed before
launch and the other was deployed when the balloon reached float altitude. When all
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satellites were deployed, communication between the satellites and the hub commences.

The hub communicates with the ground station through the BEXUS E-Link.

The main concern of the mechanical design was the size, shape, strength and mass of
the experiment in order to fit inside the given volume of the BEXUS gondola. The
iSEDE experiment consisted of the inflatable satellites, the deployment modules, the

hub, the camera housing and associated interfaces.

Figure 4-57: iSEDE experiment in BEXUS gondola

The deployed structure was entirely made of inflatable cells. It consisted of two rows
of five elongated ellipsoid cells deployed using the expansion of trapped air inside the
ellipsoids when subjected to vacuum conditions. These cells were manufactured from an
outer layer of adhesive Kapton and an inner layer of Mylar. These films are lightweight,
strong and can withstand the temperatures that the experiment will be subjected to. The
three middle cells (2, 3 & 4) included a soft robotic actuator element. This actuation
element was not affected by the harsh temperature but may degrade when subject to UV

radiation.

Each cell has an un-inflated length of 18cm and height of 13cm with a 1cm seam.

The deployable structure uses residual air inflation as a deployment mechanism. The
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inflation deformation of the cell is modelled using the equations established for the

inflation of a flat circular shape presented in [75].

Figure 4-58: Inflating iSEDE Mylar/Kapton cell in vacuum chamber

The adapted heliotropism principle described in Chapter 3.1.2 is used for the shape
alteration of the inflatable iSEDE satellite. Initially the concept was based around micro
pumps being attached between two adjacent cells to change the cell’s pressure and
therefore their volume resulting in a deformation of the entire structure. But due to the
inflexible nature of the used material Mylar/Kapton composite, another solution had to
be created. A solution is the use of soft robotic elements inside the Mylar/Kapton cells
enabling the cells to contract once the soft robotic element is actuated. These soft
robotic elements are made of highly flexible silicon rubber; soft robotic actuators are
used to create dedicated motion using pneumatics in an application oriented design.
The advantage of soft robotic elements is that they can be cast in every thinkable shape
and their actuation performance can therefore be tailored. Soft robotic elements usually
have a cavity inside them which can be inflated causing a deformation of the element.

Applications of these softrobotic actuators lie within controllable tentacles or grapping
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devices [59]. An actuator developed at the University of Strathclyde to investigate the
shape deformation capability of a smart flexible structure with these actuators integrated

will be described more in detail in the following.
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Figure 4-59: Principle functionality of a soft robotic actuator inside Mylar/Kapton cells
of iSEDE

The functionality of a softrobotic actuator, which is placed inside the iSEDE
Mylar/Kapton cells, can be seen in Figure 4-59. On the top, the actuator made out of
silicon rubber has a cavity that runs through almost the entire length of the actuator. If
this actuator cavity gets filled with fluid or gas, the actuator elongates due to the internal
increased pressure of the fluid. But there are many applications where a shortening of
the actuator is more useful like in the iSEDE experiment where a softrobotic actuator is
used to change the shorten the length of semi rigid inflated cells to change the shape of
the structure. To realise a shortening of the actuator, a stiffer but still flexible material is
introduced on one side of the actuator making the structure to curve and bend when
actuated. This principle can be seen in the bottom half of Figure 4-59. The bending of

the soft robotic actuator results in a shortening of the whole actuator.

To observe the shape changing behaviour and to improve the design of the actuator,
further experiments have been carried out. For these experiments a softrobotic actuator
of 5mm x 5 mm with a 2mm diameter cavity with nylon wire on one side to increase

the stiffness has been used. Antifreeze fluid (pink fluid in Figure 4-60) with a viscosity
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similar to water was pumped via a MEMS micro pump with a mass inflow of 7 ml/min

into the actuator.

Figure 4-60: Deformation of actuated soft robotic actuator

The vertical and horizontal deformation of the actuator can be clearly seen in Figure
4-61 during the actuation time of 45 seconds. It also becomes obvious that increases in
mass due to increased fluids leads the actuator in this experiment to elongate due to
gravitational forces pulling downwards. This phenomenon would not appear in space

and it is to be expected that the actuator would shorten even more.
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Figure 4-61: Displacement graph of actuated soft robotic actuatorfrom Figure 4-60
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The horizontal (red) and vertical displacement (blue) over the experiment time is
displayed in Figure 4-62. From this experiment it can be taken that the shortening
(vertical displacement) is linear and was used in the iSEDE beam actuation simulation
with the developed code from page 146 onwards (Figure 4-66 and Figure 4-67). Figure
4-62 shows the soft robotic actuators (yellow lines) embedded in the centre cells of the
iSEDE deployable. Once the soft robotic element is actuated, it shortens itself and
compresses the cell. This compression in z direction (see Figure 4-30) for coordinate

system definition) leads to a displacement of the structure in y direction.

Figure 4-62: Actuation of satellites (soft robotic actuator = yellow lines)

By using the soft robotic principle with micro pumps, the iSEDE inflatable obtains
the capability of changing its global shape. An actuator element consists of two soft
robotic elements connected by a micro pump can be seen in Figure 4-63. The soft
robotic actuators are place in neighbouring cells (y-direction) with the micro pump in

between the cells.
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Figure 4-63: Actuator element consisting of two micro pumps for reversible flow and
two soft robotic actuators

During fabrication, a cavity inside the soft robotic actuator was created with a metal
rod. In order to create the necessary higher stiffness on one side of the actuator to force
the actuator to bend and therefore shorten, a thin nylon string is placed inside the
actuator. If the soft robotic actuator gets inflated which would normally cause an
elongation is now getting transformed in a bending of the actuator, which means an in
plane shortening with a comparably high actuation force. During fabrication the
actuator tool is placed inside a vacuum chamber to remove small air bubbles from the

soft robotic actuators to improve the quality of the actuator.

The deployment modules are simple 1U (10x10x10cm) boxes made of lightweight
aluminium. The deployment method used contains a solenoid which is connected to a
linkage arm which in turn is connected to a latch. All components in the iSEDE
experiment were COTS and have been selected as they have low mass, volume and
footprint. Regarding to their datasheets, they should also work within the harsh
environmental operating conditions. The system architecture is designed to be robust

and fulfill its purpose with the minimum components and simplest implementation.
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The electrical system can be divided into two subsystems, the Hub and the satellites.
Although the experiment launched two satellite units, the electrical systems on each are

identical.

The Hub electronics consisted of a data acquisition system, a microcontroller, a
power distribution system and wireless transmission system. The Raspberry Pi
processing unit controlled the data acquisition system, communication with the satellites

and ground station, experiment timeline, solenoid and operates the cameras.

All data received by the Hub over the wireless network is processed by the Hub for
storage on the SD card and transmission through the BEXUS downlink to the ground

support station.

Figure 4-64: Full iSEDE experiment with the two deployed inflatable disaggregated

electronics satellites satellite at the launch campaign within the balloon gondola
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Each satellite (Figure 4-64) contains a microcontroller, micro-pump actuators with
control system, and a number of sensors for environmental readings and housekeeping.
The satellite microcontroller’s task is to receive commands from the transceiver; carry
out actions accordingly; read sensor data and transmit it to the Hub; actuate the micro

pumps for shape alteration and implement closed loop control of the actuation process.

Each satellite forms the basis of what would be a concentrated control hub as part of
a larger smart space structure. As such, its electronics are designed to facilitate an
intelligent performance of various measurements to monitor and control the
performance of the structure. Each satellite gathers ambient and component temperature
readings along with important voltage sensing for housekeeping. Differential pressure
measurements are also being taken to help characterise the inflation of the structure at
deployment and throughout flight. The actuation is driven by Bartels micro pumps
which are connected electrically to the microcontroller through their own sub-controller
(Figure 4-65). The control of the actuation is provided through two accelerometers
positioned on the structure. Data is not stored on each satellite; it is instead only
acquired and transmitted to the Hub via the wireless link. The data is then processed,

stored and sent to the ground support station.

L
-
-
o

Figure 4-65: Top cell of satellite with pump/pressure sensor unit (cables towards micro
pumps).
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iSEDE Deployment and Actuation

In the following, a simulation with the developed code has been carried out on the
iSEDE structure. The first simulation of the iSEDE structure was intended to show the
shape changing capability of the experiment. For this the actuation was based on the
capability of the softrobotic actuators developed, tested and implemented in the flight
hardware of iSEDE. The iSEDE experiment had an array of 1x2x5 cells and the top two
cells were mounted rigidly at the deployment box. For the simulation this mounting
situation was taken as a symmetry line for a free flying structure of the length of 1x2x10

cells. The deployed configuration of the 1x2x10 cells can be seen in Figure 4-66.

Figure 4-66: Fully deployed 1x2x10 array (iSEDE with symmetry)

To evaluate the shape changing capability of the iSEDE structure, the actual data
obtained from the softrobotic measurements during the experiment campaign were used
in the model (from the data displayed in Figure 4-61). Figure 4-66 shows the vertical

displacement over time for the iSEDE sofrobotic actuator.
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Figure 4-67: Vertical displacement of iSEDE softrobotic actuator

The iSEDE experiment had a pair of these softrobotic actuators in the three centre
cells. Each of the actuators was connected to the neighbouring cell’s actuator over a
micropump that would pump the fluid from the front to the back actuator. Similarly in
this simulation, the front actuator pumps the fluid into the back actuator or vice versa

resulting in a positive or negative elongation.

The following table gives the result of the y-displacement for different actuation
cycles. In total 8 different actuation cycles are possible when only the flow in one
direction is assumed. Only these cases are interesting for this application because these
will influence the y-displacement on the bottom cell. A YES in the table indicates that

the actuator is being used while the NO indicates that the actuator is unused.

Table 3: y-displacement at bottom for different actuation cycles

Act. Cycle 1 2 3 4 5 6 7 8
Actuator 1 NO YES NO NO YES YES NO YES
Actuator 2 NO NO YES NO NO YES YES YES
Actuator 3 NO NO NO YES YES NO YES YES

y-Displ. 0.00 | 3.39 1.93 | 0.87 | 3.56 | 6.14 | 2.05 5.28

The table shows that the structure is capable of controlled deformations also with the

iSEDE soft-robotic actuator. Especially the actuation of the top actuator influences the
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displacement in the y-direction. An advanced control algorithm that recognises this
behaviour could greatly reduce the power to displace the structure by only using the

actuators that have the highest influence on the desired shape change.

Launch Campaign and Results

The BEXUS16/17 launch campaign took place in October 2013 from the Swedish
rocket/balloon range Esrange. The BEXUS16 stratospheric balloon flew to an altitude of
27,3 km with a flight duration of five hours. During the mission all the disaggregated
electronics worked well with wireless communication. Even more, all components were
fully functional even at -50C, well below their specification. Unfortunately, the residual
air inflation and the shape change of the satellites could not be achieved due to fractures
of the soft robotic actuators during on ground handing. The leakage of the antifreeze
actuation fluid caused a dissolving of the bonding line between the Mylar and Kapton

layers thereby making the cells not airtight anymore.

Summary

The Chapter 4 showed how the concept outlined in Chapter 3 can be realized and
brought to orbit with the shape changing colonies assembling versatile space structures.
The multibody code was tested for a solar concentrator application that focused the suns
energy using while flying by an asteroid. Also, the code was applied to a second
application showing that the flexible structure can alter the orbit depending on their
orientation. These theoretical results were enriched with the sounding rocket and

stratospheric balloon experiments that gave valuable input.
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Chapter V

Conclusions and Future Work

5.1 Discussion

The origin of the idea for this smart structure came from the need of large
deformable structures in space which is also the field of interest of the author of this
thesis. Nevertheless, this structure and principle can be replicated at almost every size
with the only limiting factor being the fabrication techniques available today. But with
the current trend in miniaturization, this will not be the case for very much longer. The
developed structure and simulation code enables the creation of a smart ‘sheet” of cells
that can transform itself in almost every thinkable shape. This technology might become
the next 3D printing because by commanding the structure to form for example a
specific part, it is no longer required to bring spare parts to space or to any other remote

location.

5.2 Conclusions

A bio inspired system was developed that facilitates inflation as the most promising
deployment system and overcomes the gaps within available smart structures to enable a
large shape changing structure. The adaption of the ability of certain plants of rather fast
movements using pressure change in-between cells to a mechanical analogue bridges
those gaps. The proposed mechanical structure is made up of an array of hyperelastic
inflatable cells connected by valves and pumps to exchange air molecules and thereby
change the internal pressure and therefore their size. The developed multibody dynamics
code is computationally inexpensive and is able to run hour long orbital simulations also
on a personal PC. With this code it is possible to simulate very large structures in the
appropriate environment over longer time periods without the need for expensive
fabrication and on ground testing. This was shown in example applications like for a

shape changing solar reflector subjected to gravitation and solar radiation pressure
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around an asteroid that then optimized its focal point to deliver energy to the asteroid

sublimating laser. In conclusion it can be said that the developed technology in this

thesis might one day change our daily life because it might be the step further for

programmable matter that could be anything we want it to be.

5.3 Future Work

The countless applications and the multidisciplinary character of the developed

structure open the room for various areas of future work:

The principle can be adapted for various different applications but for every
specific application and size of the structure a couple of parameters like mass,
stiffness and damping matrices must be calculated or obtained through
experimentation. To minimize mass and complexity, the structure should be
designed specifically for each mission (e.g. which cells need to be deflated,
placement of valves, etc.). Further work needs to be undertaken in regards to
the proposed application and the used materials and technologies.

The control of the structure and the architecture of the used electronics need
to be investigated further to ensure the most optimal solution. The used PID
controller showed good results but some research has been already
undertaken at Strathclyde in using Artificial Neural Networks instead.

An important issue that still needs to be tackled it the survivability of the
used technologies and materials in the proper environment. The technologies
in question are the electronics specifically the flexible circuits and micro
pumps and valves performance under vacuum or low temperatures. The
iSEDE experiment already proved that some of technologies worked during
a stratospheric balloon flight but especially long duration testing is missing.
Similar for the materials where Kapton and Mylar are already proven space

materials but where more appropriate hyperelastic materials like Silicon
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Rubber needs to prove their space survivability especially considering
degradation issues through space radiation or UV-light.

Another important aspect is the improvement of the manufacturing
techniques for all kinds of sizes of the structure from nano to macro. The
undertaken work in the fabrication of these structures was more focused on
proving the general concept then to develop fabrication techniques for mass
production. The selection of appropriate components depending on the size
of the to be manufactured structure also needs to be investigated further
meaning that the selection of micro pumps for the 10cm diameter cells will
not be appropriate for any other size of cells. An important aspect here is the
improvement of miniaturization of the subsystems because smaller cells
enable an array with more actuators per square meter and therefore its
actuation and deformation capability.

Further space applications include a space telescope that can adapt its optic
in space to account for unpredictable thermal expansion in order to increase
its accuracy. Also application are envisioned in the field of solar sails where
the morphing structure can replace the entire altitude control system by
changing the solar sail surface area subjected to the solar wind. As in depth
orbital dynamics were not part of this work on the smart deployable
structure, detailed work on orbital determination is left for future work. Each
of the possible applications would require a dedicated detailed analysis for its
trajectory on its depending on its chosen mission.

An application for planetary or terrestrial rovers can be envisioned as well.
The smart cellular structure could be actuated to move similar to a snake
over any kind of terrain, or even swim through water. Due to the fact that
the actuation works with inflating and deflating the cells, the soft robot rover
can actually squeeze through small openings giving it an advantage compared

to conventional robots.
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Appendix A - Silicon Rubber Benchtest

For the shape change experiments two 4x2x1 layers were joined by using a thin layer
of silicon rubber to form a 4x2x2 array. To enable the shape change of the bench test
model, the channels in between the cells can be closed or opened with a clip to allow or
constrain airflow between the cells similar to the use of MEMS valves. To counteract the
effects of gravity, the bench test model was hung by strings attached to two points. The

attachment of the gravity off-load system can be seen in Figure Al between the first and

the second and the third and the fourth cell.

Figure Al: Shape alteration due to different cell volumes

Inflating the cells causes different cell volumes resulting in structure deformation.
This can be clearly seen in Figure A2 where just the front 4x2x1 array is inflated and the
top middle cell to the left is less inflated then the surrounding cells. This actuation

causes the array to form a positive curvature of the centre line.
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Figure A2: Shape alteration due to different cell volumes

By inflating the two opposing four cells of the array, an S-shaped structure can be
obtained. This deformation can be seen in figure above. Bench test models with higher
actuation and deformation capabilities and thereby more cells are possible but they
require a proper gravity off-loading rig and a lighter smaller air distribution system

between the cells.
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