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Innovative Space Materials and Structures 
SBIR Phase I Final Report 

1.0 INTRODUCTION 

ABLE Engineering, Inc. (ABLE) has been under contract through the 
DARPA Small Business Innovative Research (SBIR) Phase I Program 
(Contract #DAAH01-03-C-R070) to investigate, develop and demonstrate 
the feasibility of a new structural architecture for deployable space 
structures: Monolithic Elastically Deployable Lattice Structures (MEDLS). 
MEDLS has the potential to offer order-of-magnitude reductions in 
structural mass over current deployable technologies. The architecture 
incorporates two key features. First, higher than state-of-the-art orders of 
structural hierarchy can be incorporated into MEDLS. Preliminary 
analyses have shown that highly hierarchical structures are extremely 
efficient for a wide range of applications. Second, elastic strain energy 
deployment is used to eliminate the parasitic mass and complexity 
associated with other deployable systems (such as articulated, inflatable 
and shape memory systems). In MEDLS, the same material that provides 
for structural stiffness also provides the deployment motivation and 
latching strength. Further, the elimination of joints enhances dimensional 
repeatability and stability and minimizes dead-band in the deployed 
structure. 

A primary objective of this Phase I study was to identify and characterize 
monolithic deployable truss architectures that are conducive to efficient 
packaging by means of elastic material straining. To meet this objective, 
elastically deployable-latticed structures based on rod-like flexible 
elements were studied in two independent analytical investigations. In the 
first, robust optimization tools were developed and used to calculate the 
dimensions of lightest weight trusses subjected to bending strength and 
stiffness requirements. This investigation revealed that even with element 
straightness imperfection effects included, gossamer space structures 
(those with high stiffness and low strength requirements) optimally employ 
very slender elements. Gossamer space structures (structures to which 
MEDLS technology is directly applicable, such as support structures for 
membrane optics, satellite decoy support structures, solar sails, 
sunshields and mesh/wire antennas) have optimal slenderness (element 
length/diameter ratio, L/d) as high as 400. This is an order of magnitude 
greater than contemporary space-based deployable structures. In the 
second study, several structural architectures were considered and 
evaluated using non-linear finite element analyses for elastic packaging 
geometry and perfonnance. The Single Elastic Loop Folding (SELF) 
method was identified and developed as a feasible and efficient method to 
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package many conceived truss-like arcliitectures. In this unique 
implementation to MEDLS, a single circular loop is elastically formed in all 
members, effectively allowing structure stowage without global truss 
rotations. The SELF method requires high element slenderness ratios, 
and therefore is limited to very gossamer applications. 

Additionally, a survey of potential MEDLS applications was performed and 
a MEDLS application table developed that includes a description of the 
MEDLS structural application, design-driving structural and material 
requirements, the optimal degree of structural hierarchy introduced, 
packaging requirements and capabilities, manufacturing requirements, 
and an assessment of the design maturity (TRL). The results of the 
analytical evaluations of the MEDLS elements to identify member sizes, 
material strain limits, and stiffness/strength degradation allowed an 
assessment of the viability and performance of the various concepts, and 
led to the down-selection of two candidate MEDLS space deployable 
structures for which conceptual design drawings were generated: a large 
linear truss structure capable of deploying membrane optics/reflectors; 
and a large parabolic dish antenna that utilizes a second-order MEDLS 
support backing structure. 

In this Phase I study, MEDLS have been analytically shown to have great 
potential to provide weight-optimal deployable structures for gossamer 
space applications, providing the space community with support structures 
that are as lightweight as the membranes, meshes and wires they are 
intended to deploy and support. 

1.1 SUMMARY OF TASKS PERFORMED AND STUDY OBJECTIVES 

During this Phase 1 SBIR study, the following tasks were performed: 

■ A survey of potential MEDLS applications was made that resulted 
in the generation of a MEDLS applications table that included: 
driving structural and material requirements, the optimal degree of 
structural hierarchy introduced, packaging requirements and 
capabilities, manufacturing requirements and an assessment of the 
design maturity (TRL). 

■ Several MEDLS design tools were developed: The effective 
Continuum Beam Equations Tool, and A MEDLS Structural 
Optimization Tool. These tools were used to determine the 
characteristics of an optimized MEDLS truss element of a given 
architecture, and to assist in finding the requirements (applications) 
that MEDLS are most suitable for. 

■ An assessment of structural hierarchy and its impact on optimal 
MEDLS structures was perfonned. 

■ A hierarchical truss packaging study was performed that included 
development  of  global/local   elastic   collapse   mechanisms  for 
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various MEDLS truss architectures using non-linear finite element 
analyses. The effect of initial member curvature and imperfections 
was also investigated. 

■ A unique MEDLS packaging architecture, the Single Elastic Loop 
Folding (SELF) method was developed. SELF is a simple 
packaging architecture that works for all lattice structures, as it 
does not rely on a choreographed sequence of simultaneous 
maneuvers among the truss nodes, and is customizable to many 
classes of MEDLS structures. 

■ From the survey of MEDLS conceptual applications and the results 
of the MEDLS analyses, two candidate designs were 
down-selected for further conceptual development: A large linear 
truss structure capable of deploying membrane optics/reflectors; 
and a large parabolic dish antenna that utilizes a second-order 
MEDLS support backing structure. Preliminary design drawings 
were generated for the two configurations. 

The Phase I program objectives are shown in Table 1-1, below: 

Table 1-1. Phase 1 SBIR Program Objectives 

Objective                                  Description                              Responsible 
Organization 

Applications / 
Requirements 

Definition 

1. Survey candidate MEDLS applications 
2. Define critical design features/perfomiance objectives 
3. Define critical requirements 
4. Establish initial TRL assessment 

ABLE 

Configuration Design 1. Define single element MEDLS designs 
• Basic truss element (bay) architectures 

2. Multiple element MEDLS design 
• Plate-like (distributed) applications 
• Beam-lil<e (linear truss) element applications 
• New packaging architectures 

ABLE 

MEDLS System 
Analysis 

1. Define analysis tasks (ABLE/GU) 
2. MEDLS analysis tasks (ABLE/GU) 

• Single-element strength/stiffness 
• Develop truss optimization tools to assess design 
space for MEDLS 
• Evaluate   elastic   packaging   geometries   and 
collapse modes using non-linear FEA 
• Evaluate     MEDLS     element    efficiencies    / 
perfomiance relative to material capabilities 
• Identify critical constitutive metrics / materials 
• Multiple element strength / stiffness 
• strength effects of initial imperfections 

ABLE/ GU 

Program 
Management / 

Reporting 

1.    Final reporting 
• Detailed program results summary 
• Technology development roadmap 
• Identify recommended Phase II efforts 
• Generate and submit final Phase 1 report 

ABLE 
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1.2 REPORT ORGANIZATION 

This report is organized as follows: 

Technology background, motivation and potential benefits - A 
review of MEDLS technology, it's potential advantages and the 
motivation for implementation of MEDLS into deployable space 
structures. 

Technology applications - A survey of potential applications 
benefiting from MEDLS technology is presented, including 
requirements and design criteria used to select the best candidate 
designs for MEDLS implementation. 

Hierarchical truss elements characterization I optimization 
study - development of robust optimization tools used to calculate 
the dimensions of lightest weight trusses subjected to bending 
strength and stiffness requirements/constraints. 

Hierarchical truss packaging study - Non-linear analyses 
performed to assess global and local elastic collapse mechanisms 
for several candidate deployed truss architectures. Description of 
various collapse modes and how they are applicable to stowed 
packaging. Description and advantages of SELF packaging 
method. 

Manufacturing considerations - A brief review of manufacturing 
issues and ideas for future manufacturing development are 
presented. 

Study results and conclusions - A summary of study findings 
and conclusions is given in this section. 

Recommendations for future work - Recommendations for 
future work, including recommended Phase 2 SBIR efforts are 
provided. 
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2.0 TECHNOLOGY BACKGROUND AND MOTIVATION 

MEDLS represents a new construction architecture and offers benefits to 
a broad range of space-based structural applications. Relatively large, 
lightly loaded (i.e. gossamer) applications are targeted as the best 
implementation of MEDLS because of the high member slenderness ratios 
required to stay within material strain limitations associated with elastic 
deployment. Shell-like applications (e.g., electromagnetic spectrum 
reflectors, thin film optics, radars, solar concentrators, sunshades, solar 
sails and deployable decoys) and beam-like (synthetic aperture radar, 
long baseline interferometry) applications are viewed as the space-based 
uses where IVIEDLS offers the most significant immediate benefits to the 
DoD. 

A primary spacecraft support structure requirement is to provide 
dimensional stability. This requirement is often specified as a minimum 
deployed frequency requirement for deformations due to transient external 
loads. Space structures typically have relatively high areal densities so 
that very stiff structures are required to maintain deployed frequency. 
However, the new generation of gossamer devices (e.g., thin film 
reflectors, antennas and solar sails) and distributed micro-sensors (e.g., 
synthetic aperture radar) change this situation, as the deployed areal 
mass loading for these applications can be extremely small. To maintain 
frequency, the required structural stiffness decreases in direct proportion 
to the decrease in mass. State-of-the-art articulated and inflatable 
rigidizable structures have been optimized for traditional payload mass 
loadings and do not efficiently scale down to the low mass loading of 
gossamer devices (because unrealistically thin wall thickness is required). 
Nonetheless, traditional structures have been applied (with some weight 
penalty) to gossamer devices. 

The traditional approach to support such gossamer devices is to tension 
cables or membranes and concentrate these loads into a point or line 
(e.g., NGST sunshade, Halley Rendezvous, NASA Space Technology-7 
Proposed solar sail, L'Garde Team Encounter solar sail; also Zmanya and 
blanket solar arrays such as Hubble and International Space Station). 
This approach allows the traditional, stouter deployable structural 
architectures to be used. However, the performance potential of this 
approach is limited due to the stiffness reducing and nonlinear 
beam-column effects of compressive loads introduced as structural 
members react tension. Tension structures can be mass efficient, but only 
when compensation for the resulting compression loads comes at a 
minimal "cost" of added mass (e.g., suspension bridges are efficient 
because they react their compressive loads through the ground). 
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New support structure architectures and technologies are needed to 
enable the benefits promised by the new generation of gossamer missions 
under consideration. MEDLS can provide an ideal support structure for 
gossamer applications for two primary reasons. First, the new devices 
have significantly reduced mass loadings, such that the support structure 
can be reduced beyond what traditional architectures currently are 
capable of. MEDLS readily scale to this reduced load level. Second, 
MEDLS provide distributed support for the devices so that tension 
structures are not needed. This allows MEDLS to be structurally more 
mass efficient than tension structures. 

MEDLS also offer several secondary benefits in their application to 
precision reflectors. The hierarchical nature of MEDLS allows for a 
precision, highly faceted surface (1.57 in facets) with deeper backing 
structure (157 in deep). This circumvents a problem of tetrahedral-type 
truss reflectors where increasing surface faceting decreases structure 
depth. Hierarchical construction is also quite amenable to active surface 
shape correcting. Global surface errors can be corrected with actuators 
on the 2"^ order lattice scale. Local surface errors can be corrected with 
actuators placed on the 1®* order lattice. Lastly, the extreme structural 
mass efficiency of MEDLS minimizes ground demonstration gravity 
effects. Large MEDLS structures will be ground demonstrable with simple 
ground support equipment (such as Helium balloons) placed at a minimum 
of locations. 

2.1 MEDLS DESCRIPTION 

Monolithic Elastically Deployable Lattice Structures (MEDLS) have the 
potential to offer an order-of-magnitude reduction in structural mass over 
current deployable structure technologies. The MEDLS architecture 
accomplishes by exhibiting three unique characteristics compared to past 
efforts in elastically deployable structures: 

• They are of monolithic construction in that no hinges or other 
mechanism-like features are employed. Monolithic structures are 
amenable to automated manufacturing techniques with a conceivable 
potential for cost reduction. Such a construction method is also 
conducive to incorporation of integrated multi-functional elements, such 
as conductive elements for power, data, antennas and embedded 
sensor elements. Monolithic structures are also inherently repeatable 
and stable when deployed (without requiring auxiliary preload), because 
stability influences due to mechanical joints are avoided. 

• The structures are based on beam-like (linear) elements as opposed to 
more shell-like (distributed) elements. Beam-like elements are chosen 
over shell structures for the following reasons: 
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o Beam elements utilize composite material fiber directional 
stiffness more efficiently because they can be made from 
uni-directional (pultruded) composite materials while 
composite shells generally require a significant portion 
material fibers oriented in the transverse direction (cross-ply 
or angle-ply laminates), reducing axial stiffness. 

o Continuous process pultruded composite rods are less 
expensive to manufacture, as shells generally require 
time-consuming hand lay-up techniques. 

o Thin, local buckling-limited shell structures are made stronger 
with reconfiguration of the same material as a truss composed 
of beam elements. 

• The structures do not employ tensioned elements. Tension elements 
fundamentally reduce the strength of a structure because the tensioning 
induces compression in some parts of the structure. By eliminating 
compression elements, the most efficient structure is achieved. 

2.1.1 MEDLS Packaging Options 

Aside from the fundamental differences outlined above, MEDLS are 
envisioned as conceptually similar to an ABLE CoilABLE (CoilABLEs 
employ tensioned diagonals and employ numerous pin joints). As in the 
CoilABLE, MEDLS subscribe to an engineered packaging scheme that is 
uniformly repeated throughout the structure. The crux of this effort was to 
discover efficient packaging schemes allowing completely elastic 
stowage/deployment; two have been identified as offering the greatest 
potential for commercialization. The first of these is Single Elastic Loop 
Folding (SELF), as shown in the sequence in Figure 2.1 and described in 
detail in Section 4.2. In this method each element forms a single loop as 
node locations are scaled in one or more directions. Nodes may locally 
rotate, but the structure does not globally twist. SELF is appropriate for 
linear and planar structures and all applications, however, it is less 
efficient than the second method. The second packaging method is twist 
packaging. Figure 2.2. Twist packaging requires axial rotation of the 
structure, as the CoilABLE does. This method is highly efficient, however 
it is most appropriate only for first order linear structures and for many 
applications the twisting deployment motion is undesirable. Twist 
packaging is described in detail in Section 4.1.3. 
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Figure 2-1. SELF Packaging Example 

Figure 2-2. Twist Packaging Example 
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The above packaging architectures require large material strains. In fact, 
the element slendemess that result in the most efficient deployed 
structures typically require packaging strains larger than the capability of 
traditional materials. Figure 2.3 shows element slenderness as a function 
of material strain for a range of materials and packaging architectures. 
Twist packaging is the least severe since the longerons are bent 
approximately to the diameter of the deployed truss. A slenderness ratio 
on the order of 50 is achievable with graphite material systems and less 
slender elements are possible with higher strain material systems. For 
semi-circular packaging (conceivably, packaging architectures exist where 
each element forms a semi-circle) a slenderness ratio on the order of 157 
is achievable with graphite/epoxy and for SELF (each element forms a 
circle), a slenderness ratio of 314 is required. Clearly, very high strains 
are required for slenderness ratios in the range of traditional structures, 
L/d~30. Figure 2.3 provokes two general questions that were addressed 
in this study. First, what is the slenderness of an optimal truss sized to 
loads representative of space structures? Second, when a minimum 
slenderness limit (material strain limit) prevents the optimal slenderness 
from being attained, how much heavier is the slenderness limited structure 
than the optimal structure? The answers to these questions were found 
using advanced truss optimization tools and are described in Section 3.1 
of this report. 
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Figure 2-3. Minimum Slenderness Ratio as a Function of IVIaterial Strain Limit and 
Folding Architecture 

2.2 

Before continuing, the definition of an optimal truss structure, as assumed 
in this study, must be clarified. The required dimensions (element lengths 
and diameters) of trusses can be calculated purely from a deployed 
structure requirements perspective, regardless of packaging 
considerations. The optimized (lightest weight) structure determined in 
this way is called the optimal truss. Packaging considerations enforce an 
additional material strain limit such that the optimal slendemess may not 
be achieved. The best packaging architecture is therefore the one that 
requires the smallest strain. Design tools developed and analysis results 
obtained during this Phase I study to determine the characteristics of an 
optimized truss of a given architecture are described in Section 3 of this 
report. 

POTENTIAL IVIEDLS TECHNOLOGY APPLICATIONS 

In order to survey possible applications benefiting from MEDLS 
technology, a "brainstorming" meeting was held at ABLE to solicit MEDLS 
conceptual ideas and recommendations for requirements from ABLE 
engineering staff members with expertise in deployable space structures 
and materials. With the inputs generated from the meeting, an extensive 



ABLE Engineering, Inc. (ABLE) 3065D2014 
Final Report Page 11 

Unclassified 

list of potential MEDLS applications was generated. The conceptual ideas 
were then categorized based on size, general structural configuration (2D 
plate, 3D volumetric, etc.), MEDLS element type/behavior, and degree of 
required packagability. The list of identified MEDLS applications 
generated, along with additional notes from the meeting are given in 
Appendix A of this report. 

A MEDLS application table was initially developed that was updated as 
analytical work on the program progressed. The table includes a 
description of the MEDLS structural application, the driving structural and 
material requirements, the optimal degree of structural hierarchy 
introduced, packaging requirements and capabilities, manufacturing 
requirements, and an assessment of the design maturity (TRL). The 
results of the analytical evaluations of the MEDLS elements to identify 
member sizes, material strain limits, and stiffness/strength considerations 
was used to fill in the table and allow an assessment of the viability and 
performance of the various concepts. The MEDLS applications are 
summarized in Table 2.1. 
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Table 2-1. Potential MEDLS Applications 

Application Driving Structural Driving Maximum Packaging / Design 
Description Requirements Material Degree of Deployment Maturity (TRL 

Requirements Structural 
Hierarchy 

Requirements Assessment) 

Perimeter •     Circular deployed •     High specific 2"° order •     Elastic, linear TRL-2: 
stiffening geometry modulus deployment in Shown 
structure for •     Distributed •     Good elastic two directions analytically 
large, parabolic stiffness strain •     Controlled potential 
reflector (see •     Depth to section. capability deployment improvement in 
HSC spring- providing hoop •     Low CTE rate structural mass 
back antenna and torsional •     Low stowed efficiency over 
design) stiffness 

•     Good stability 
volume state-of-art 

Backside •     Distributed •     High specific 2™ order •     Elastic, linear TRL-2: 
stiffening stiffness modulus deployment in Shown 
(sliell-like •     Depth to section. •     Good elastic two (or three) potential 
platform) for providing hoop strain directions improvement in 
thin-film and torsional capability •     Sufficient stmctural mass 
tensioned flat stiffness •     Low CTE deployment efficiency over 
or parabolic •     Good stability force to state-of-art 
reflector •     Good repeatability deploy 

blanket 
• Controlled 

deployment 
rate 

• Low stowed 
volume 

Higher-order •     When deployed. •     High specific 2"° order •     Rotation of TRL-3: 
"CoilABLE" mast good linear beam modulus nodes during 
for SAR antenna stiffness (High El, •     High degree stowage / Cun-ently being 
or instrument GJ and GA) of directional deployment developed / 
deployment with •     Strength of stiffness preferred tested by ABLE 
longeron and stmctural (uni- •     Elastic, linear under IRAD 
batten members (local directional deployment in and NASA 
components buckling) composite) one SBIR 
made up of iso- •     Material in •     Good elastic dimension 
grid type tubes longerons strain •     Sufficiently 
or MEDLS distributed to capability small stowed 
elements that maximize axial •     Low CTE radius to fit 
stow axially and stiffness inside of 
elastically canister 

Deployable •     Strength of •     High specific 2™ order •     Elastic, linear TRL-2: 
linear support structural modulus deployment in Shown 
structure for members against •     Good elastic up to two potential 
large gossamer on-orbit strain directions improvement in 
distributed- accelerations capability •     Sufficient stmctural mass 
element SAR (local buckling) •     Low CTE deployment efficiency over 
or thin-film •     Depth to deployed force to state-of-art 
SAR antenna section, providing deploy 
reflector bending and 

torsional stiffness 
• Good stability 
• Good repeatability 

elements 
• Controlled 

deployment 
rate 

• Low stowed 
volume 
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Application Driving Structural Driving Maximum Packaging / Design 
Description Requirements IVIaterial Degree of Deployment Maturity (TRL 

Requirements Structural 
Hierarchy 

Requirements Assessment) 

Deployable •     Stable and •     Radar- 2™ order •     Elastic, linear TRL-1: Need 
satellite or other repeatable signature deployment in more 
space decoy deployed compatible up to three knowledge of 
sub-structure - geometry •     High specific directions requirements 
deploys •     Distributed modulus •     Sufficient for this 
membrane into stiffness •     Good elastic deployment application 
rigid shape that •     Thennal stability strain force to 
simulates capability deploy 
satellite .     Low CTE, •     Controlled 
signature high temp 

capability 
deployment 
rate 

•     Very low 
stowed 
volume 

Standard or •     Distributed •     High 2™ order •     Utilize stored TRL-2: 
thin-film solar stiffness modulus (stowed) Shown 
array •     Depth of section •     Good elastic strain E for analytically 
deployment providing good strain deployment - potential 
and/or deployed bending capability sufficient improvement in 
photovoltaic stiffness in "low 1" deploy force structural mass 
support direction •     Controlled efficiency over 
substrate for deployment state-of-art 
small or nano- rate arrays 
Sat applications •     Small stowed 

volume 
Higher-order •     When deployed, •     High specific 2™ order •     Capability to TRL-2: 
stem or tubular good linear beam modulus "roll up" into Shown 
boom stiffness (High El, •     Good elastic cylindrical potential 

GJ and GA) strain configuration improvement in 
•     Strength of capability and deploy structural mass 

structural •     Low CTE into final efficiency over 
members (local shape state-of-art 
buckling) elastically booms 

•     Material •     Sufficient 
distributed to stored strain 
provide maximum Efor 
bending 1 deployment 

motive force 
Pantographic •     High axial •     High specific 2™ order •     High available TRL-1 
deployment of stiffness of link modulus strain energy Concept 
panels using members •     Large strain for applied to 
distributed •     Depth of section capability deployment existing non- 
"edge links" providing good 

deployed bending 
stiffness in "low 1" 
direction 

• Must be able 
to fold flat 

• Controlled 
deployment 
rate 

MEDLS design 

Deployable •     Distributed •     High specific 2™ order •     Elastic, linear TRL-2: 
thermal radiator stiffness modulus deployment in Shown 
or sun shield •     Depth to section. •     Good elastic two directions potential 
support providing hoop strain •     Sufficient improvement in 
structure and torsional capability deployment structural mass 

stiffness •     Low CTE force to efficiency over 
•     Good stability deploy state-of-art or 
•     Reasonable blanket current 
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Application Driving Structural Driving Maximum Packaging / Design 

Description Requirements Material Degree of Deployment Maturity (TRL 

Requirements Structural 
Hierarchy 

Requirements Assessment) 

strength to •     Controlled concepts 
support radiator / deployment 
sun shield rate 
elements •     Low stowed 

volume 
High altitude •     Very lightweight •     High specific 2™ order •     Sealed to TRL-1: Need 
balloon •     In-plane (hoop) strength contain gas more 
structures strength •     High strain- 

to-failure 
pressure knowledge of 

requirements 
for this 
application 

Hybrid •     Very high •     Very high 2"° order •     Needs heat TRL-2-3: 
applications deployed stiffness strain energy to Research on 
utilizing elastic to stowed volume capability in change phase related 
rigidizable ratio non-rigidized and actuate / structures 
composite or state rigidize using these 
shape-memory •     High materials being 
alloy materials stiffness done at ABLE 
to increase 
packaging 
efficiency 
Elastic MEDLS •     Very high elastic •     Linear Nth order •     Must be TRL-1: Need 
actuator - uses stiffness / unit stress-strain (foam-like housed in better definition 
elastic strain volume behavior material containment of concept 
energy of •     No creep possible) housing that requirements 
metallic MEDLS can maintain and potential 
stmcture or preload on materials 
foam to produce material 
linear motion / 
force 

In order to meet several of the structural and packaging requirements 
consistently identified during the generation of the iVlEDLS applications 
table, and to increase the TRL of the various designs, further detailed 
development of MEDLS material application and deployment processes 
will be necessary to investigate the practical design issues associated with 
implementation of MEDLS. 

Some of these key requirements are: 

• Deploved strength: Given currently available materials, the ideal 
configuration for a large deployable space structure must satisfy 
competing requirements: maximize deployed stiffness and strength, 
and minimize stowed volume. The former calls for use of 
high-modulus graphite fibers. Unfortunately there is a nearly inverse 
relationship between fiber stiffness and strength, so strain capability 
drops off rapidly as modulus increases. Because of this material strain 
limitation, MEDLS component members must be very slender to 
maintain structural margins for elastic stowage.   This comes at the 



ABLE Engineering, Inc. (ABLE) 3065D2014 
Final Report Page 15 

Unclassified 

price of low deployed local buckling strengths of those members. The 
Introduction of higher-order latticing methods characteristic of MEDLS 
can reduce individual element size while increasing local strength by 
mutual bracing, greatly reducing the strain imposed by stowage, 
enabling the use of high-performance (and low ultimate strain) graphite 
fibers. Additional design studies of the implementation of higher-order 
latticing into the various applications needs be performed. 

• Deployment motive force: Because of the characteristic small 
member sizing associated with MEDLS, the total amount of strain 
energy developed when the structure is elastically stowed can be 
significantly less than that of a typical structure (such as a CoilABLE 
boom) comprised of larger, lower hierarchy members. In many of the 
identified applications, the inherent strain energy is used as the 
primary motive force to deploy the structure and attached membranes, 
harnesses, instruments or sensors, saving the added weight and 
complexity of auxiliary deploy-force-generating mechanisms. Further 
study is required to assess the deploy force margins available for 
particular MEDLS applications, and whether auxiliary deployment 
actuation methods are required. 

• Controlled deployment rate: In many applications, when MEDLS 
structures are deployed, it is desirable to have the rate and sequencing 
of deployment motion controlled (known) to avoid a rapid dynamic 
release of strain energy that could break the (slender) MEDLS 
elements, or cause unwanted dynamic disturbances to a supporting 
spacecraft. Further design development of ways to simply control 
deployment rate (with passive damping) and geometric sequence 
without introducing undue complexity needs to be performed for the 
various applications. 

2.2.1 Down-selected MEDLS Applications for Further Development 

A review of the viability of the MEDLS applications identified was 
performed that included assessment of member sizing, available truss 
geometries and deployment scenarios developed during the hierarchical 
truss characterization/optimization and packaging studies. From this 
review, two candidate MEDLS designs were selected for further 
conceptual development: 

• A large linear truss structure capable of deploying membrane 
optics/reflectors 

• A large flat or parabolic dish membrane antenna/reflector that utilizes a 
second-order MEDLS support backing structure 
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Both of the selected applications for implementation of MEDLS 
architecture are large, gossamer space structures that deploy lightweight 
and thin membrane payloads; thereby taking full advantage of IVIEDLS 
capability for good packaging efficiency, low deployed mass and 
distributed support, without tensioned members. One beam-like deployed 
geometry (the linear truss structure), and one shell-like structure (the dish 
antenna support structure) was selected. 

A conceptual drawing of the large linear truss structure is shown in 
Figure 2.4. Additionally, full deployment animations were generated to 
better visualize deployment kinematics. The structure utilizes the Single 
Elastic Loop Folding (SELF) packaging architecture described in 
Section 4.2. This preliminary MEDLS concept does not incorporate 
member structural hierarchy beyond 1®*-order. 
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Figure 2-4. LARGE LINEAR TRUSS STRUCTURE DEPLOYING MEMBRANE OPTICS 

A conceptual drawing of the large parabolic dish membrane 
antenna/reflector that utilizes a MEDLS support backing structure is 
shown in Figure 2.5. This structure implements second-order hierarchy, 
as shown in Figure 2.5. 
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Figure 2-5. Large MEDLS Parabolic Dish IVIembrane Antenna Support Structure 
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3.0 HIERARCHICAL   TRUSS    CHARACTERIZATION    /   OPTIMIZATION 
STUDY 

During the hierarchical truss characterization / optimization study phase, 
the following two MEDLS design tools were developed: 

1) Effective Continuum Beam Equations Tool - The direct stiffness 
method of matrix structural analysis was implemented symbolically in 
the Mathematica software program. The tool is used to generate 
symbolic equations for the deflections and loads in arbitrary three 
dimensional pin jointed truss structures. For MEDLS, the tool is used 
to model a single module (bay) of a much longer truss structure. The 
resulting symbolic equations from a single module are used to derive 
symbolic equations for the effective behavior of a beam constructed 
from many modules. The tool has been applied to a simple 
three-longeron truss and shown to yield results identical to those 
obtained by Renton (2000) and Noor (1978). The tool is readily 
adaptable to future MEDLS configurations that may become of interest. 

2) MEDLS Structural Optimization Tool - The effective continuum 
equations derived using the previous tool were programmed into a 
nonlinear minimization routine to determine the appropriate dimensions 
for lightest weight first and second order three longeron trusses. The 
tool is based on Microsoft Excel and includes the following features: 

• 1®' and 2"*^ order structure versions. 
• Effective continuum approach for built up truss strength and stiffness 

properties. 
• Stiffness reductions due to initial straightness imperfections. 
• Strength reductions due to initial straightness imperfections. 
• Estimates node (connection point of intersecting elements) mass. 

Node mass is a significant fraction (20-50%) of the total mass and was 
calculated consistently throughout. The mass of each node is 
assumed to be equal to the mass of a sphere with radius equal to 
twice the longeron diameter. 

The tool is primarily documented in the paper written during the course 
of this Phase I study entitled: "Performance Trends in Hierarchical 
Truss Structures," presented at the 44* AIAA Structures, Dynamics 
and Materials Conference in Norfolk, Virginia (and provided as 
Appendix C to this report). Since its presentation, the tool has been 
updated to include the features listed above. The tool considers a 
beam of arbitrary length subject to both bending stiffness and bending 
strength requirements and finds the lightest weight per length bay that 
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satisfies the requirements. For the first order system, bay length and 
diameter are optimized along with longeron, batten and diagonal 
diameters (5 parameters total). The effective beams are assumed 
regular in that member diameters do not vary along their length. For 
the second order system, bay length and diameter are optimized for 
the first and second order elements (8 parameters) along with 
(independently) the diameters of the three 1st order elements of the 
three 2nd order elements (9 parameters) for a total of 17 optimization 
parameters. This optimization procedure was carried out for a range of 
bending stiffness and strength requirements. While the tool is easily 
adaptable to alternate architectures it is currently configured for the 1^' 
and 2"^ order three longeron trusses shown in Figure 3.1. 

w 
^®-»3smsJ 

Figure 3-1. 1^* and 2"** Order Three Longeron Trusses 

3.1 OPTIMIZED TRUSSES 

The MEDLS Structural optimization tool was used to determine the 
characteristics required of optimized trusses. Rather than focusing on a 
specific application, the design tool was used to find the requirements 
(applications) that MEDLS are most suitable for. To accomplish this, the 
truss requirements were reduced to bending stiffness and bending 
strength requirements and other structural requirements were inferred 
from these. The plots in Figures 3.2 and 3.3 show the weight per length of 
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ind optimal 1 and 2 order trusses for a range of these two requirements as 
well as element straightness imperfection, c (see AIAA paper, Appendix 
C). The assumed truss material properties are E = 200 GPa, r=1660 
kg/m^ and s^^^= 100 MPa and correspond to a high-strength 
graphite/epoxy material system. The results in the figures are for 
optimized lightest-weight structures and represent an ideal to which 
MEDLS and other structures can rationally be compared. 
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Figure 3-2. Weight Per Length of 1^* Order Optimized Trusses Without 
Slenderness Constraints for c = 0.0001, 0.00001 and 0.000001 
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)nd Figure 3-3. Weight Per Length of 2   Order Optimal (No Slenderness Restriction) 
Trusses for c = 0.00001 (Reasonable Straightness Imperfection) 

Additional constraints due to packaging considerations, namely 
slenderness, can prevent these optimal dimensions from being attained 
and increase the truss weight. Figures 3.4 through 3.6 show the effect of 
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a minimum slenderness restriction on weigiit efficiency. Tiie ratio of the 
weiglit per length of a slenderness-restricted truss to the weight per length 
of an optimal (no slenderness constraint) truss is plotted. When the 
weight increase incurred with the minimum slenderness restriction is 
greater than approximately two to three (shown on the vertical axis), 
MEDLS are not an efficient architecture - a lighter weight CoilABLE or 
articulated truss could be made. For some requirements, the optimal 
structure has a slenderness ratio on the order of 300, implying no weight 
penalty. MEDLS are ideal for these gossamer applications and the 
general region for which this occurs is shown in Figure 3.5 for c = 0.00001. 
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The plots reveal a very Important material requirement: the minimum 
element stralghtness required for efficient slender structures. For 
slendernesses on the order of 300, c<0.00001 Is required. Larger 
Imperfections (c=0.0001) result In structures that are 2-4 times heavier. 
Structures with smaller imperfections (c=0.000001) are nearly the same 
v\/elght as structures with c=0.00001, which Is considered a reasonable 
Imperfection. For reference, c=0.00001 corresponds to an element outer 
surface fiber strain of -0.01 %. 

3,2 1 ^Ws. 2^^° ORDER STRUCTURAL HIERARCHY 

This Phase I effort also addressed the issue of structural hierarchy. 
Increasing structural hierarchy Is often associated with more efficient 
structures and the monolithic nature of MEDLS Is highly conducive to 
unprecedented orders of structural hierarchy. However, as documented In 
AIAA paper (Appendix C), It was generally found that 2"^ order hierarchy is 
optimal for most reasonable requirements. 3"^^ order hierarchy is optimal In 
extremely high stiffness and lightly loaded applications. While there may 
be applications where 3''^ order structures are optimal, they are currently 
peripheral and there consideration is left for future research. Figure 3.7 
shows how the performance of 2"^ order optimal trusses compares to 1®' 
order optimal trusses; the 2"^^ order trusses are 16 to 100 times lighter 
than the 1®* order trusses with the greatest weight reduction occurring for 
the low strength and high stiffness trusses typical of space applications. 
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With 2"^ order trusses, it is again prudent to question wliether or not 
slenderness restrictions significantly reduce the efficiency of the structure. 
Such was investigated with the 2"^^ order truss optimization tool and the 
results are presented in Figures 3.7 and 3.8. Figure 3.7 shows the ratio 
of the weight per length of a slenderness restricted (slenderness>300) 2"^ 
order truss to an optimal 1^* order truss. The 2"^^ order-restricted truss is 7 
to 100 times lighter than the 1^* order optimal truss and the greatest weight 
savings occur for low strength and high stiffness applications. Figure 3.8 
shows the ratio of the weight per length of a 2"^ order slenderness 
restricted (slenderness>300) truss to a 2"^^ order optimal truss. The 
slenderness-restricted truss is 1.5 to 2.5 times heavier than the optimal 
truss, indicating a greater mass penalty for 2""^ order trusses than occurs 
for 1®* order trusses with slenderness restrictions. Even so, 2"^ order 
restricted trusses are always much lighter than 1®* order trusses and 
alternative technologies in this load range are non-existent. 
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Figure 3-8. Ratio of 2"^* Order Slenderness Restricted (Slenderness > 300) Truss 
Weight Per Length to Optimal 1^' Order Truss Weight Per Length with c = 0.00001 

(Reasonable imperfections) 
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4.0 HIERARCHICAL TRUSS PACKAGING STUDY 

Both computational and classical mechanical analyses were applied to the 
study of candidate elastic packaging architectures for MEDLS structures. 
The primary objective of these analyses is to predict the strains involved in 
elastically packaging hierarchical truss elements to allow for the rigorous 
design of their members. This section describes both the analytical 
methods which were applied and corresponding results for a number of 
structural architectures and packaging approaches. 

Two general packaging approaches are described in the following 
subsections. The first, termed Global/Local Elastic Collapse (GLEG), 
involves packaging MEDLS elements through primarily global loading in 
an effort to simplify the packaging and controlled deployment process. 
The more carefully controlled Single Elastic Loop Fold (SELF) approach is 
then described. In each case, the scalable strains required for packaging 
are identified and related to required member slenderness. 

4.1 GLOBAL/LOCAL ELASTIC COLLAPSE 

One intuitive approach to packaging MEDLS class truss structures is 
through elastic buckling modes. The coupling between global and local 
elastic buckling in these structures provides the opportunity to package 1^' 
order elements by collapsing them through controlled global loading and 
displacements. Given the geometric complexity of these buckling modes 
and post-buckling collapse deformations, a computational approach was 
selected to study the strains involved in the Global/Local Elastic Coupling 
(GLEC) approach. 

4.1.1 Non-Linear Analysis Methodology 

The ABAQUS/Standard finite element analysis package was applied to 
this modeling effort. Candidate MEDLS architectures were meshed in 
ABAQUS input scripts that allowed their global and local properties to be 
parameterized for studying design trends. B31H hybrid beam elements 
were assembled typically with 10-20 elements per truss member. Member 
slenderness (L/D) was kept above 100 to ensure bending deformations 
dominated the packaging process. 

Elastic collapse analyses involved a two-step process.   Initially, the first 
few global elastic buckling modes of an architecture, boundary condition, 
and load case were identified through a linear static Eigen analysis. The 

I resulting Eigen modes were then used as initial geometric imperi'ections to 
' provide control over the subsequent large deflection collapse analyses. 

initial imperfections were typically chosen near L/100. 
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Both the basic Newton and more advanced Riks analyses were applied to 
model the strongly nonlinear large deflections involved in elastic collapse. 
While the Riks analysis provides a more robust integration process in the 
case of unstable elastic buckling, the classical Newton technique was 
found to provide accurate and more computationally efficient solutions in 
the majority of cases. In particular, the use of static Eigen modes as initial 
imperfections allowed the Newton analyses to traverse the initial unstable 
displacements involved in these packaging analyses. 

As described below, it was found that the maximum member curvature 
involved in the elastic collapse modes serves as an excellently scalable 
metric for each packaging case. The product of the maximum member 
curvature and member length provides a non-dimensional metric that is 
independent of global and local geometries. The values and interpretation 
of this metric are presented in the following sections. 

4.1.2 Deployed MEDLS Architectures Studied 

Three general boom architectures were studied in the GLEC analyses. As 
illustrated in Figure 4.1, these consisted of: 3-longeron, 4-longeron, and 
octahedral designs. Single and double bay models were generated for 
each case and four bay models were developed for the 4-longeron and 
octahedral designs. 
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Figure 4-1. Three General Boom Architectures were Studied 
in the GLEC Analyses 

4.1.3 Collapse Modes 

In each model, the base nodes of the boom or bay were fixed and the 
uppermost nodes were displaced axially to induce collapse. The lateral 
constraints on the uppermost nodes included both fixed and free 
conditions. Again, the intent of the GLEC packaging approach is to 
simplify the packaging process by involving primarily global control. 

In some cases, the fixed-free conditions allowed relative rotations of the 
batten planes to develop due to the reactions of the diagonal elements 
during collapse. An example of this behavior is shown in Figure 4.2. In 
this case, a 3-longeron single bay model is collapsed through axial 
displacements of the uppermost nodes in the absence of lateral 
constraints. The resulting torsional response is most evident in the third 
frame of this figure. 
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Figure 4-2. Fixed-Free Axial Collapse of 3-Longeron Single Bay Model 

Another important trait found in the collapse of multiple bay models is 
localization of the deformations. A clear example of this is shown in 
Figure 4.3. In this case, the fixed-free axial collapse of the 4-longeron 
double bay model results in an initially global collapse mode followed by 
the complete collapse of the uppermost bay. 
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Figure 4-3. Fixed-Free Axial Collapse of 4-Longeron Double Bay Model 

This localization is even more pronounced in the four bay model shown in 
Figure 4.4. Again, the global response appears to cascade from the top 
bays down. In this fixed-free collapse of the four bay 4-longeron model, 
we also observe the upper bays being driven inside of the lower bays. If 
such modes were applied to the packaging process, this may indicate a 
need to drive collapse at additional internal locations. 
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Figure 4-4. Fixed-Free Collapse of 4-Longeron 4-Bay IVIodei 

As seen in Figure 4.5, the fixed-sliding end condition initially deformed in a 
more evenly distributed collapse shape, but quickly localized into a final 
collapse similar to that of the fixed-free case. This bay-by-bay localization 
appears to be analogous to a pair of nonlinear softening springs in series 
- since either spring loses stiffness during compression, any uneven 
deformation quickly leads one spring to collapse ahead of the other. 
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Figure 4-5. Fixed-Sliding Collapse of 4-Longeron Architecture 

In an effort to avoid this localization in the collapse process, torsional 
displacements of the uppermost bay were added to the model cases. An 
example of such an analysis is shown in Figure 4.6. Again, localization of 
the collapse is observed. In this case, the upper bay does not collapse as 
readily due to the additional constraints involved in applying the torsional 
displacements. 

It is useful to consider the potential differences between this modeling 
case and the packaging of a CoilABLE longeron boom. At least two 
architectural differences may contribute to the localization seen in the 
GLEC analyses. Initially, the relative truss member properties are much 
different in the case of CoilABLE longeron designs. Specifically, the 
tensioned diagonals and sprung battens of a CoilABLE longeron truss are 
not well represented by the uniform member properties in the current 
GLEC models. The resulting collapse mode in a CoilABLE longeron is 
focused on decoupled global bending of each longeron, which is not 
possible in the case of the MEDLS assemblies. 
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Figure 4-6. Torsional Collapse of 4-Longeron Truss Architecture 

The octahedral truss architecture was of particular interest due to its axial 
symmetry. In principle, it was expected that the equivalence of this 
architectures longeron and diagonal elements might lead to relatively 
unifomn collapse behavior. However, single and double bay models of the 
octahedral design quickly revealed that this symmetry is not necessarily 
reflected in its large displacement collapse modes. 

Figure 4.7 illustrates the collapse of the four bay octahedral model under 
fixed-free conditions. Again, the localization of collapse to the uppermost 
bays was observed. Figures 4.8 and 4.9 provide a similar result for the 
fixed-sliding and torsional cases, respectively. The octahedral design was 
found to more evenly distribute packaging strains, however. 
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Figure 4-7. Fixed-Free Collapse of Octahedral Truss Architecture 
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Figure 4-8. Fixed-Sliding Collapse of Octahedral Truss Architecture 
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Figure 4-9. Torsional Collapse of Octahedral Truss Architecture 

The frame-like connectivity of IVIEDLS structures leads to strong coupling 
between adjacent members. This Is in contrast to a classical pin-jointed 
truss in which each member would be able to buckle independently of its 
neighbors. This coupling leads to the majority of complexity of the 
coupled global/local buckling of the candidate MEDLS structures that were 
investigated. 

4.1.4 Maximum Normalized Curvature and MEDLS Member Sizing 

In extending the results of the above collapse analyses, the maximum 
element curvature was identified as a particularly scalable measure of the 
strains required for packaging.  In particular, the non-dimensional product 

of the maximum curvature /f and bay length L can be used to identify the 
relative merit of various collapse modes independent of local and global 
scaling. A non-dimensional curvature term was defined according to: 

Again, this term is independent of the member cross-section properties 
and global scale of the truss. Since the strain-curvature relationship is 
given by: 
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DK 

the non-dimensional curvature can be used to calculate the minimum 
slenderness L/D for a given collapse mode and maximum allowable strain. 
In this case, 

a 
D„.„ 2s 

In the case of the GLEC analyses, the non-dimensional curvature was 
found to vary between 3.5 and 6.5. For a maximum allowable strain of 
1%, this corresponds to minimum slenderness ratios between 175 and 
325. 

In packaging 2"'' order MEDLS assemblies; it may also be of interest to 
only partially collapse 1®* order elements. In order to relate partial collapse 
to corresponding strain levels, the maximum curvature history was 
extracted from the ABAQUS collapse analyses. A typical example of this 
result is shown in Figure 4.10 for the 4-longeron boom. Bays of unit 
length lead to a one-to-one relationship between the non-dimensional 
curvature and the value of maximum curvature shown in this plot. 
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Figure 4-10. Maximum Curvature During Collapse of the 
4-Longeron Two Bay Model 
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As shown, the majority of curvature is developed during the first third of 
the collapse process. As a result, only small reductions in packaging 
strains may be achieved by reducing the percentage of collapse. It is also 
interesting to note the local maxima near 10% and 90% collapse. These 
features were typical of most of the modeled architectures and collapse 
modes. 

4.2 SINGLE ELASTIC LOOP FOLDING 

Single Elastic Loop Folding (SELF) is a packaging architecture that works 
for all lattice structures. The architecture is simple in that it does not rely 
on a choreographed sequence of simultaneous maneuvers among the 
truss nodes. To the contrary, each element simply forms a loop; 
independent of the remaining structure. Figure 4.11. As shown in Figure 
4.12, several continuous elements can also be SELF packaged without 
the need for hinge joints. This independence of motions allows for a great 
deal of packaging options. The truss can be made to package only in the 
axial direction as easily as it can be packaged simultaneously or 
sequentially in other directions. This is illustrated in Figure 4.13, which 
shows a SELF packaging truss structure supporting a membrane. 
Further, arbitrary truss configurations can be packaged using SELF 
because it does not rely on specific deployed truss architecture. In this 
regard it is very customizable to structures that have not yet been 
considered. 
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Figure 4-11. Sequence Illustrating SELF Packing of a Single Truss Element 

^ 

Figure 4-12. SELF Packaging of a Longeron with Several Loops 
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Figure 4-13. Deployment Sequence of a SELF Packaging Truss with Membrane 

SELF packaging trusses require an element slenderness ratio of 
approximately 300 for a material that can strain to 1%. This is a 
reasonable working strain limit as several high strength graphite/epoxy 
material systems have failure strains between 1.5 and 2.0% (Hexcel IM9 
for example). 

SELF packaging is considered to be the lowest strain option for a generic 
element packaging architecture such that the nodes positions are only 
scaled in closer to each other.   The next best generic element folding 



ABLE Engineering, Inc. (ABLE) 3065D2014 
Final Report Page 42 

Unclassified 

pattern requires elements to be ribbon concertina folded (tear drop 
profile), however, this results in a significantly higher slenderness of 400. 

4.3 HIERARCHICAL TRUSS PACKAGING STUDY CONCLUSIONS 

Both the GLEC and SELF approaches appear to offer viable alternatives 
for packaging MEDLS structures. While the GLEC approach offers the 
potential for simplified packaging procedures, the analyses performed in 
the Phase 1 study suggest that additional control of the packaging process 
may be required. The localization of deformation in GLEC collapse modes 
would otherwise limit the achievable packaging ratios. 

Along with packaging efficiency and simplicity, the necessary strains play 
a major role in the selection of packaging approaches. Again, both GLEC 
and SELF offer similar ranges of performance. If member slenderness is 
to be minimized for a given application, the selection of GLEC 
architectures and modes may allow slendernesses as low as 175 to be 
packaged. In addition, both GLEC and SELF approaches could be 
tailored to focus packaging strains on batten and diagonal elements which 
could tolerate greater slendernesses without adversely impacting the 
global performance of the MEDLS element. 

5.0 MANUFACTURING CONSIDERATIONS 

Even though slender structures are lightest weight structures, engineers 
traditionally avoid them because they are sensitive to anything that may 
influence the straightness of the truss elements. In space based MEDLS, 
element straightness will be influenced by material dimensional stability 
errors (due to temperature gradients coupled with thermal expansion, 
residual stresses, moisture gradients and hydroscopic expansion, creep, 
radiation exposure) and element initial (stress-free) straightness errors. 
Construction tolerance errors effecting member line-of action may also 
lead to moments at nodes that result in element curvatures. These are 
materials and manufacturing issues that, unlike traditional trusses, will 
require careful consideration and engineering. These issues are 
discussed here to demonstrate our knowledge of them and our realization 
that they must be addressed, however, rigorously addressing these issues 
is left for future work. 

The general approach taken in this Phase I Effort was to 1) invent novel 
elastic packaging architectures and 2) analytically demonstrate the 
structural viability of these architectures based on a mass efficiency 
criteria. The rationale being that we should only rigorously consider 
manufacturing issues if the structures are stmcturally sound. Due to time 
and resource constraints during Phase I, we were not able to complete a 
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detailed assessment of manufacturing issues, however, after completing 
the two tasks mentioned above, we do believe MEDLS to be an efficient 
solution to many eminent structural problems and manufacturing issues 
will be more fully addressed in a Phase II effort. Several of the key 
manufacturing issues and benefits of MEDLS are discussed below: 

MEDLS are envisioned as being constructed from high strength pultruded 
unidirectional carbon fiber and epoxy resin material systems, e.g. carbon 
rods. Through independent research and development and flight 
hardware programs, ABLE is working with pultrusion vendors to develop 
such rods in a high quality form suitable for slender structures 
applications. 

MEDLS structures share the characteristics of low cost structures; they 
have relatively few unique parts and each part is required in high volume. 
Further MEDLS trusses are identically repeated so that they are 
conducive to automated continuous assembly processes. The challenge 
of configuring such a process is how to make a strong and reliable (solid) 
connective joint at the intersection (nodes) of the individual slender 
members. Ideally, such a process would manufacture such joints in a 
"one-shot, integral" fashion, avoiding the need to fabricate and join 
numerous parts with a secondary assembly or bonding process. 

A conceivable continuous 1^* order MEDLS construction technique is a 
machine, similar to a screw machine, but with injection molding 
capabilities. The machine would have continuous spools of carbon rod 
(one for each diagonal) and hoppers containing the diagonal elements. 
One bay at a time, the machine could position the elements and place 
molds on the nodes. The molds would be injected with a structural 
thermoplastic to form the connection. Chopped fiber reinforcements could 
be added to the molding material to add strength and improved thermal 
performance. The molds would then be removed and the process would 
repeat with the next bay. With such a machine, 1^' order MEDLS 
elements could be made extremely cheap to manufacture in large 
quantities. An added feature of continuous processing is that quality 
control also becomes easier to manage, as automated optical inspection 
techniques could be implemented during the molding process. 

6.0 PHASE I STUDY CONCLUSIONS 

The following conclusions can be drawn from the completion of the 
Phase I SBIR study: 

1.   Relatively  large,   lightly  loaded   (i.e.  gossamer)  applications  are 
targeted as the best implementation of MEDLS because of the high 
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member slenderness ratios required to stay within material strain 
limitations associated with elastic deployment. 

2. When the weight increase incurred with a minimum 
slenderness-restricted truss is greater than approximately two to 
three, MEDLS are not an efficient architecture, however MEDLS are 
ideal for gossamer applications where the optimal structure has a 
slenderness ratio on the order of 300, implying no weight penalty. 

3. It was generally found that 2"^ order hierarchy is optimal for most 
reasonable structural requirements. 3'^'' order hierarchy could be 
optimal in extremely high stiffness and lightly loaded applications, 
further study is warranted. 

4. The Single Elastic Loop Folding (SELF) method was identified and 
developed as a feasible and efficient method to package many 
conceived truss-like architectures. In this unique implementation to 
MEDLS, a single circular loop is elastically fonned in all members, 
effectively allowing structure stowage without global truss rotations. 
The SELF method requires high element slenderness ratios, and 
therefore is limited to very gossamer applications. 

5. Global/Local Elastic Collapse (GLEC) involves packaging MEDLS 
elements through primarily global loading in an effort to simplify the 
packaging and controlled deployment process. The coupling between 
global and local elastic buckling provides the opportunity to package 
1®* order elements by collapsing them through controlled global 
loading and displacements. 

6. Both the GLEG and SELF approaches appear to offer viable 
alternatives for packaging MEDLS structures. While the GLEC 
approach offers the potential for simplified packaging procedures, the 
analyses perfomried in the Phase 1 study suggest that additional 
control of the packaging process may be required. The localization of 
defonnation in GLEC collapse modes would otherwise limit the 
achievable packaging ratios. 

7. Necessary strains play a major role in the selection of packaging 
approaches. Both GLEC and SELF offer similar ranges of 
performance. If member slenderness is to be minimized for a given 
application, the selection of GLEC architectures and modes may allow 
slendernesses as low as 175 to be packaged. 

7.0 RECOMMENDATIONS FOR FUTURE WORK 

The Phase I effort demonstrated a sound basis for MEDLS within the 
framework of accepted theoretical mechanics. With that done, it is 
reasonable to pursue a Phase II SBIR Effort towards developing MEDLS 
for commercial and defense applications. The objective of a Phase II 
Effort would be to focus on the hardware development and system 
implementation of MEDLS technology into a working multiple-bay 
Engineering Model (EM) of a deployable space structure.  The Phase II 



ABLE Engineering, Inc. (ABLE) 3065D2014 
Final Report Page 45 

Unclassified 

Plan will be composed of three efforts. In the first, MEDLS brassboards of 
several truss configurations will be constructed from super-elastic 
nickel-titanium alloy. The purpose of these simple models is to develop 
packaging geometry, kinematics and deployment control methods. Even 
when restricted to SELF packaging, there are numerous choices for 
orientation of the loops and the best choice is not immediately obvious. 
However, with the models it will be very easy to physically investigate all 
possible orientations and the characteristics of each option will be readily 
observable. Ideally, several architectures will be constructed including (in 
order of priority): four longeron truss, three longeron truss, octahedral 
truss and tetrahedral truss. 

Simultaneous to the construction of these models, a pultruded graphite 
material system and supplier will be selected. ABLE has extensive 
experience selecting and evaluating the quality of similar unidirectional 
composite materials and this experience will be utilized. Suitable 
materials will be acquired and characterized for its suitability to MEDLS 
applications. The graphite rods will be evaluated for: 

o Initial straightness 
o Bulk modulus 
o Flexural modulus 
o Flexural strain limit 
o Creep (set taken after storage at high strain and/or elevated 

temperature for extend period of time) 
o Thermal flexure (stiffness/strength behavior at hot/cold extremes) 
o Axial load vs. deflection (stiffness and strength) 

With the above two tasks complete, a prototype graphite/epoxy MEDLS 
truss will be designed and built. Design details and issues identified by 
the Phase I Study will be addressed. Manufacturing considerations 
identified will be implemented into the development of the assembly 
process for the model. After manufacture, the prototype will be tested for 
deployment function as well as static deployed structure stiffness and 
strength. 

In parallel with the hardware development effort, system-level analytical 
models will be developed that leverage off of the analysis techniques 
developed in Phase I. These models will be used concurrently during the 
boom design process to allow system optimization, and will also be used 
to correlate the prototype EM perfomiance testing. 

At the end of Phase II, MEDLS will have the physical test data, as well as 
correlated analytical studies to demonstrate the technology. Such an 
effort will advance the Technical Readiness Level of MEDLS and ready 
the technology for implementation into commercial and defense space 
applications. 
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Appendix A 
MEDLS Applications Notes 
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9  Monolithic 
» the idea is to do away with 

mechanization of any flavor 
and ideally be homogeneous 
like a foam at least on the 
macro scale 

®  Elastic 
» the structure stores the strain 

energy for deployment (likely 
no phase transition or 
actuators 

o  Deployable Lattice Structure 
a employing some level beyond 

typical (if applicable) of 
structural hierarchy in order to 
create an efficient deployable 
truss structure 

Applicability and 
conclusions so far... 
a more applicable to stiffness 

driven applications rather 
than strength 

9 higher than 2nd order may 
have diminishing benefits 

® have a great potential for 
mass savings and compact 
stowage 

General 
characteristics 
investigated 
(preliminary) 

•stiff 
•low mass 
•efficient packaging 
•potentially very stable 
•reliable and easy deployment 

Initial assessment of 
the expected perfonnance of 

MEDLS applications 

Further element 
analysis underway 

Applicability to 
deployable space 
structures to be 

investigated 

•given a practical lower limit 
to element size, what level of 
hierarchy for a given element 
size is most efficient? 
•analysis approach: 

•imperfection 
sensitivity 
•characteristic 
peribnnance 
•candidate materials 

•can smaller elements be 
combined for larger scales? 
•micro-febricafon? 

Murphey and CU 
refine performance, 

define levels of 
hierarchy best suited, 

develop element 
design 

•what is the embodiment? 
•what applications do they benefit? 
•wtiat is the staictural scale? 
•wtiatis the assembly/manufecturing 
process? 
•wfiat is tfie macro behavior? 

ABLE defines element 
behavior and 

applications and size 
' \ ranges 

A list of application ideas (and comments) from 2/28/03 brainstorming meeting at ABLE: 

a. Application: Perimeter stiffening of a large deployable parabolic reflector (HSC 
spring-back antenna). 

b. Application:  Backside stiffening (2-D shell-like platform) for parabolic dish or 
flat SAR reflector with tensioned thin-film (Mylar) reflector element. 
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c. Comment: Use tapered members to optimize deployed MEDLS structural 
configuration - more uniformly distribute max strain areas of structure. Selective 
tapering can also be used to enhance packaging. 

d. Comment: Unidirectional composite rods do not take shear - they yield when 
twisted, so you need to configure the deployment path of a structure using them to 
avoid pure torsion of the members. 

e. Application: "Coilable" mast with longeron and batten components made up of 
iso-grid type tubes, or MEDLS elements that stow axially and elastically. 

f Application: Deployable satellite decoy structure. The MEDLS would deploy 
and tension a membrane into a space-based structure that has a similar signature 
as an actual satellite. Multiple (additional) decoys could be packaged within the 
launch volume of an actual satellite, and deployed into similar orbits. 

g. Application: Standard or thin-film solar array for small or nano-Sat applications 
(MEDLS type structures may be more suitable for small deployable panels 
because these may not be as stiffness driven). MEDLS applied to nano-Sat bus 
structures. 

h. Comment: Ideally, the MEDLS basic "building block" element needs to be 
manufactured as a single part, otherwise the part count gets very high when higher 
levels of hierarchy are introduced. Look into low-modulus, high strain materials 
that can be used in a stereo-lithography machine to make the elements. (Can we 
make our Phase 1 MEDLS element model using stereo-lith?). 

i. Comment: We should look into using Nitinol (memory metal) in certain 
MEDLS applications because of its high strain capability. 

j. Application: Distributed SAR that utilizes a network of small distributed sensors 
on a gossamer MEDLS platform. 

k. Application: Apply MEDLS to high altitude balloon structures - less need for 
complete stowing. Package for shipping to different locales quickly. 

1. Comment: A primary concern of MEDLS that use their elastic strain energy for 
deployment is how to control the sequence and rate of deployment. 
Rate-of-deployment control should be considered as a requirement for certain 
applications. 

m. Application: Higher-order hierarchy STEM that utilizes MEDLS and can be 
rolled up elastically. 

n. Application: Pantographic deployment for panels (similar to current PUMA 
edge links) that uses elastic strain energy for deployment force. These elastic 
deployers can be distributed throughout a structure to increase hierarchy and 
distribute deployment forces: 

o. Application: Thermal radiators, sun shields or multi-functional structures 
requiring low mass and efficient packaging (specific area). 

p. Comment: Increase packing factor or capability of deploying utilities by better 
utilizing the interior volume of the coilable configuration with the implementation 
of MEDLS elements. 

q. Application: Incorporate the elastic-rigidizable materials into MEDLS 
applications (hybrid approach) to increase packaging efficiency. Requires heat 
energy to deploy, but allows better deployment control and enhanced strain 
performance / packagability. 
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r. Comment: For non-linear packaging analysis to be performed by CU, we should 
work with them to define the displacement path that nodes of the MEDLS 
elements take - some predicted stowed shapes that are based on post-buckled 
shapes would be unrealistic for actual structural configurations. Example: a pure 
axial deployment of a coilable mast, with no twisting will require unrealistically 
small longeron elements. 

s. Application: MEDLS actuator - take advantage of large amount of stored elastic 
energy in an elastically deformed metal "foam". 
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Appendix B 
Second-Order MEDLS 

Optimization Results Examples 
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3  Longeron,  3  Batten,  3  Diagonal truss  MEDLS  element 
optimization results 

Material: Graphite/Epoxy, E=29e6 psi; Density=0.06 Ib/in^ 

108 r 
Bay Weight Per Length 

10 100 1,000 
M(N-m) 

10,000 
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Bay Radius 

10 100 1,000 
M(N-m) 

10,000 
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Longeron - Longeron Diameter 

10 100 1,000 
M(N-m) 

10,000 
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Longeron - Longeron Length/Diameter 

10 100 1,000 
M(N-m) 

10,000 
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Appendix C 
AIAA Paper 

"Performance Trends in Hierarcliical Truss Structures" 
44'** AIAA Structures, Dynamics and Materials Conference, 2003 
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SOME PERFORMANCE TRENDS IN HIERARCHrCAL TRUSS STRUCTURES 

Thomas W, Miirphey' 
town D. Hiriklc* 

Abstract 
It has hca\ previously denioa'itrdted lliat increasing 

stnictutal complfeKity can lead to li^iia- tveiglil 
stfueturcs. Hojves'w, it is iw cleai- flist structural 
complcxily or hicnircliy cruiiik-s ligliter weight 
stnictures (or aJI ardliitecture'; and Irad caws In lhi<; 
piipcr, the ptifornilvice l«nds in litK-ar truss siructwrcs 
ere invcstisoled as a function of seif-siniiL'sr hierarchy 
order and of loaditit; conrfilions. JTic investigation'; 
sliow tfie order of sWicluRil tii^iarcliy resulting in fl 
iightcsl wciglil sclf-simllar four loiigfrosi solid cicnioit 
Irass-cfllumn is 2"' (a iniss midu tram trusses) for 
requirtnwnts representative of space structures. The 
lesulling trvs^cotunui is typically tta order of 
magnitude lighter tlian the corresponding 1" order 
tfuss-coluinn mid two to four times larger iu diaiiieier. 
Long and liglitly io;ided calsiiiinr, arc shown to liave the 
greatest potential For imss reduction with incrcasiiig 
Sliciarehy. Optinii/alion lesulis for 1"" and 2"* orJer 
sclf-siniiliu- trtniijatdar single-laced double-bay trusses 
subject, to bending strength and stitlhcss requircBient'; 
arc also pitsenied. A contparison of 1" and 2"' order 
results show a faclor ofSO rcduelinn in truss mass and a 
simiiltanenns factor of nine increase in tniss diameter. 

Intfotitactitin 
llierc is evjdenc* to suggest that caniiniially 

increasing levels of siriicturni hierarchy lead to lighter 
wclljhi, better performing stnictures. Knr example, a 
tube is siroiicer llwii a solid rod of ecjusl weight. 
i.ike\vise, «truss constnicted oflubes is sironaer than a 
miss of solid rods of equal wcii'Ju, Indeed, topniogv 
optimisation touiincs often predict tiisjliiy latticed 
solutions mid eajt prt-ditl hicrarctiicul structures." A 
iKrtctsmari: topology optimiKuion prohlersi is » 
hoHronlal beam siibjecl to a center load. Sojutfoa'! w 
this problcjn show i(icreii';cd laltitina a? the n.Cih 
refinement is increased (Fiijure I) and it is stand.ini 

* EiigiiK-Criua Coiibiillanl. AEC-Ab!e EugineeriiiC, hit,. 
Member AIA."\ 
^ Rcsearcli As50ciale, Univfr.'shv ofColi^radn, Mein!icr 
A!AA 
CopyrijihiC 2tl!)? by Thomas W, MisrT^hey. published 
by the Atncrican Instiiirte of Aeronautics, Inc. wiTli 
m'rniission. 

practice to employ lilieriiig techniques to enforce Uiiiiis 
on minimum element sizes. 

TIK.' Eiffel Toft'tT is' a popular example of ti 
hicfKrchica! straclure, Figure 2, Hierarchy vtitt 
employed printarily for inamtfactuisng wnci'nis (only 
relalivefy sliorl iciigOis of.keel »vcre available at the 
time), but the resulting sinicture achieved Jtn 
imprtcedcntcd level ef low isffcctive density.' hi the 
Eiffel Tower, the lowest tS-der buijdino elements {C* 
order) ari» rcctanuular or li-shapcri cross-sceiltin bars 
Columns ore ballt-iip fioin ihess "eU-nwn'.s to fonn 
trusses with I" order hierarchy. Tii.-se trus'io arc tied 
together to build the lejis of the lowei. Ka:!i leg ha-: 2"' 
order hier.-vrchy. T\\c Riar legs are tied Uigeiher to form 
a lower with .V" order hierarchy. 

In depfaviible beam-li'si space struciures. I" order 
hiera.-ehy is nuiil toirynorj and is seen in structure's 
built by .At'-C-Abic Engineering {CoilAbie, FasiMas', 
AdantMus! and nctw lube).' Stnictures with 2"'' order 
hierarchy icrc also eoiniiKin in the f&tm of tnisKS built 
from juh« (AF.C-.Able SquJurelticaer solar array. Astro 
Aerosp.tce Astn.Aks!i ^ntenua, inniuablc iiuss 
stnictures by ILC Duver and L'Gr.rde. nnd the f-'oster- 
Miller fuhul.ir truss'). In these sinictnrcs, tlie I" order 
hleratchy Is si shell siruciU'-e and the 2"' is a tnis.'S. 
Wiiile Ihcy h:n'c been discujiscd, no ciisting space 
*(r\ictitro5 with 2"' order Iiierarehy and latticing at (ill 
levels arc knawn.* Also. space,i: structures \vith 
hierarchical order greater than 2"' arc unknown m the 
*(l!iors, 

from a stni;tural pcrtbrmanec |^ri;pe£ii^e, one 
wonders foe wim conditiojiS sifiKtures of increasiitj; 
liicrarcliy offer edvcntages Ovci kmer iviks struetureii, 
SitniSarly. when adnu'ilagcs nrc perceived, ii is 
important to know how great they are, Tlus p.lj'-er 
inve4li^;".e^ s\ich issues in an aneinp; ti> provide in'iiiih! 
itiio tlie perforin.ince steads in sp.iee sirucuircs ss tlieir 
Itjerarchy is inrrca'"*d. 'fhc primary pammoier (inder 
investiessioi! ts »; .the iink-rof struciuraUiierardty. 

'flic first reference Iti hsphiy hieraicliicat 5p>"!ce 
slriiclures appesri to be in o short essay by the 
futurolsseist. Freeniau Dysan,* iioucier, llier\: are few 
studies th.-it cmipprc the pcribrmance of space 
itruciitres with, liierrttchy. Mikiilas compared the mass 
cfileiency of se\'erel column con(tguraHens in his 
seminal paper on the ctilciencj- of loiif lightly loaded 
eohi:sw'5.  but  he was  not  specifically   looking  oi 
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hierarchy.' Ijifcrcst in structural hicrardi) is much 
more prolific from an effective contiiiiiiim w insicrlJil 
pcrspirclivo, Tn reference 2. takes provides u review of 
ihc work in tills area iuid cites SI records. Lake Inottfd 
St tlie ofTicivncy of vsiious sp,'(CC filliii.a tiusses in 
rtfeencc 8, Hicrsreliical nuiScrials are cainmpn iu 
nature and tiave inspired the develfpinen! of new 
materials.' "■ 

Piclimitiarv Co«iiiilcratioii.s 
In this psper, an eniplcuis is pistol on S£tf-<iimilar 

structures. Those are stnictures u-fiich are fractal-liKa in 
llal they obey the snme construction fulc with eadi 
level of hicrarch)'. Figure 3 tliuiamtc!: n t>vo- 
(liwensional itusi eonstftiction rule. Tlic <f'' order 
ek'mcnl is a solid rod. The I" wdcr tru'ffi is made from 
0* or<3fr elejftaits and a 2"" ofdcriiiiss is mirftf from 1"* 
order trujaci. This process can he repealed nJ 
infinimm. Self-similar hierarchical aructMrcs pre no; 
promoted here as offering a slruelural advantage over 
more general Ivcrarchical ."Jinicture*. 'nK")' ars? 
considered here for Ihdr snalytioal siniijlitily and for 
flicir clearly defined hierarehical order. 

Consider the longeron «ieflwtit of a l** order irus;., 
Tills clcnicnl behaves sis a shnply supported column 
subject to bodi axtat stiffiicss and axial strength 
r«)ij)rcmews. If this column is a slender solid circular 
rod, it will foil first in an Eyicr buckling mode. The 
element could be marie stronger in buckling through 
txsdisliibnUoii of lh« e"iisttng material in a tubular form, 
without a reduction in a-vial stiffness. As, the hihc 
raditi.": is increased and the w.ill thickness is decreased 
(to iiriiiimin constant axi.il «iffii«s WKI nvtii). the 
strength 'continues to- incrcnsc until local »v.ill bsisklin? 
bcconies the first failure mode. The equations for 
transition between llicse regions Witii incrcasina load 
Vi-ere derived with the a.ssumptinns SIKI«TI in Figufs'?. 

}'<■ 

HI- 

in' 

IE 
,v, 

jioii 

Tvbr (1) 

Vncirnr 
Hi'- 

These equations xc graplicd in Figure S for u liijih 
modulus graphim-epoxy material system and lenath of 
I tn. Tlitf lons^ron design rerpiiromwit paKsmeters 
(axial btiffncss and comprcssive sirenjjlti) are given on 
the horizontal and vertical axes, resjicctivcly. Ttic lines 
on the grtiph distinguish litswccn region.'; where a solid 
rod is od«|uasc (lowest region), a tube is advquaie 
(middle ruuion), uiid where liiulier order sliuclural 
configurations may be more appropriiilc (h.ighest 
region). For die rod and iiiia regions, iii'cs of con^Kii! 

EA f^eilicft!) are alw tirnS oreonsiiim ccitiimn mas', 
per lengtN, < 

Trnn-iitiosis lo configiirallutK of incrciisins 
hie.'-archicj! ord(?r occiir ^\f (0 ft Idcli of huiklt'iB 
SliCii^tti in till* IftniTcroii. For eiina! diarnEiar and inn';; 
mi.'jscs of inc'reaslns hietarvhy are >'iiily ns!c<ti\l lilivvi 
lower order S!rii«uif«5 arc itrenyfh liniitej. A;- a rcsiih. 
llic most appmpfi!>!e ilructtiral iiiriii ai Iwd'. ;ihn\f ti 
lfic.ll wall buckling limited tube is not cicfir. 
Reconfiguration of die material as a 1" order irtiM 
would cause a rcduclicirt jn axwl stiffness because 
material used for b«(ferts and diagonals do not 
contribulc to the clement a-jia! stiffness. This is quite 
significant as half the mass of a tmss istrlictiirc is 
Ijpicaliy in bottcris and diagonals, Kuconrh^uraiinn of 
the material into a cellular cfoss-swtioit (Figure 6) 
Bppcini to be more efficient since all material 
contributes lo B.<(ial jiliffii<»s. Jlowxvtr, when 
imidiieciitinal coinposii* maieritils ore ussd the 
difilerciice in ii.\ial sliffncssconlriballon baiwcen tnis'; 
and cellular ardiitcciiarcs may not be very different -- a 
tubfc made from unidirectioiKi! composite maierial 
requires sijjnificanl portions of material in the 
transverse direction to rvsisi }oCid wall buckling 

AttUiillv, Irusi diameter i* not lypieaily fi.sca uivJ 
tiic strcnctii and stiffiis.>iS of a triLss caii hi- siiinifi'var.il;' 
i.McreaiKd through an in;rc;uT in bnlh n u« di-imi'ier i i) 
and longM*! biickliiig sircnglli (iinihir'.y, ati inotcaic 
in diameter allows a reduction in mass if reinn'renionis 
.ire only maintained). The incre,-i5i; in truss disnicter 
aihws the axial stiffiicss of clcnienC; {lii\) to he 
reduced ftfiile keepins tmss bendiiu; siijTuess constant 
(EI-BAl'i and herein' lies the ambijiuity of 
hicr.vchy. for equal mass selt-.^imil.ir tnnses, 
increasing hierarchy tends lo continually reduce 
element axial sti'fTness. At some point, the tnus-s 
diameter required to compensate tar this reducttot) in 
element axifd stilTnitss otiuses an ovstall iiieicase In 
trit-a! rH:w.s: an optimal hierarehical order is expected for 
lightest weight self-similar truss stnicfnres. 

This process of clement axial siifiness rcdnclion is 
dramatic in irwsses, Consider a 1" order self'Slmilar 
truss gons-lnjclinn rule that allocates ti fraction, f), nf 
the total irii^'; nwss to iongcrosi?., f^or the 2"^ order 
slrni'lure, die fraction of mass allocated lo axial 
memti^TS is fl^,, ~ ii'. hi jciieral. 

/?„:=..■*■ (21 

is allocated to aiial material. A 3'' order .scU-.':imil;tr 
truss with fi = n.n idleeiite!. only \7S% iof maitfiirtt to 
HNial sfiOneiiS. 

The above consider.^tinns sll.■^^>• that periiinn.'snce 
trends viith increasing hierarehj arc not always 
obvinire;   Tea,irdk'!.s    of   co?.i    and    nui.nufattiirtJit; 
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coii!^icfcratiuns, an incrcissc in hiLTarcliy is not alwsiys 
belter. 

A Siiiinlc Kxamntc 
To illiistratt! snalytiwlly the trends in hierarchial 

SUUclures. a scir-simibr ItJctnrchtcsl four longcmn 
Imss-coUimn k ini'cstigatcd. 'Hiis truss is chosen 
bi-causi; it is reprfSCntBlivc of real slniclurcs mid tnn h: 
ansfyticilly modeled witli simple cqiiaft<5ns "nic 
roilDwini; diamclL-riitiics arc iissunizd: 

• The tru-ss hiis fcKir loDficrctK, four msiHhcr haV.cn 
fronis'! and fcuir diiigonals per bsy. 

♦ Eacit btiv is identicfll (a regulfir iriK";) 
« Eloincms^eiiiii jointed, 
* Bays ore cubic wiil> edge dinieiisiort. (. 
• All low«l order elements have idemical solid 

circular crn5S sections ch.ir.ic5eri7cd by a diameter. 
rf. 

Fnitr h.iys of a 2'^ order cx.implc are shovm in Ficlirc 7. 
All 1" Order bays iii the 2'^ order striiCltirc die aSiSulKcd 
fdenticnl and ii similar approach is taken for higfisr 
Otrtw.?. For tltis truss, p panimeior th.tt is uscfti! for 
driimctcrizing t]ie weiuht per tcnijtii h llie total \vni.lh 
(ifelemcnt.'i piT IctijYtli of b,w, 

^   = 1 ,i .CO (j) 

For iliis truss, the asia! material fraction is found iis 

'Che dimen.'iions of lightest weight hterarcliiral 
trusses subjected to avial compressive loads are now 
derived, tlie sliindiird procedure for high iitrciiatli 
stenclcr stnirliire?, am) lhn( which is misi here, is to 
equate globol and local buckling Diodes. In dolns so. c 
column length (t) iis introduced fur tlie global biKrkliii^ 
mode. With the above assumptions, only two design 
voriabtci are required to Sjieciiy a V' order truss {/ nnd 
d). This in convenient since tiicrc arc two desiyi 
eqiiatinn.'! (global and local buckling) for si?.ing ttsc 
colutnii. 

In the fbltowinji, this sizing procedure is carried 
out for the hierarchical iniss from 0'" order (.single solid 
rod) to iiigbcr orders and, upon identify iiig patierni in 
the rs.<:ultin^ performance equations, eqnalians as a 
function of n are wrincn. A notation in the ftimi of 
X^ or X, is used,  i indicates the top level hierarchical 

order of the truss «iid j fcfercrtces fln elcttient of j''' 
order of the truss (j < «). 

Consider the 0* order .■iolid rod wiih are.i {.»!,,;) and 
cross-section nioincitt-or-incrtia (/,„) given bv. 

=■!<■ 
L- 

M 4 f-i) 

wliere d, is tli;; cien-.eni dianmcr. Weight pijr lengtii of 

the rod (w,. — p.-l,,,) is givai by. 

pi 
where E h Young's nioduliLS and /) is the bulk 
niatcriai weight dcnstly, the I.':n!cr cohmin btickling 
Strength (/^„) of diJs element is. 

"-     u   ■ 
The iightest weic'iil ssiticlcre is TvMid by sobing 
fiquHiion (6) for the .single desijn variahlt-, ft, vviili 

c« 

m 
The 0]5!ttnl2ed tc.A weight puf lengtl; is found llsjoiiuh 
substitution of this desian variable soiislion into 
Ec)i!.iiion{5). 

1 W.'V 
-   K 

(6> 

A I* otitcr iniss cotnpused of 0'' order solid reds is 
now .similarly .sized, 'the tniss will have O"' and t" 
order etenicnt cross-section niomcntof-incrtijs uivL-u 
by. 

61 
where /I,,, is the area of a.single longeron. 

C) 

4 '^~,K m 
Th.- tniss-coUimn \veii;lir per lenjth i«, t'jien by. 

■a',, ^/>;<-^.i, (Ml 
,ind will have ginh.il biicklinr', strcntnh ! f\ ) .-.nd tnc.--,! 
bectlinp strength ( P,„) given by, 

^■'"""  /-• • '■" '  C 
Tlie lightest Vieijht truss is found b> solving Eqiit^'lions 
(12) for the two dcsmn variable;. |.,  and  rf.   ttiih 

(i::! 

;„ 13) 
! I PL']      .    ss Pin 

Substitution of these desijin variables into Etpi'ition 
(U)j!ivcs, 

'P)< O-'A 

A similar si^inu process was can-icd Out forbicher 
orders of hierarchy.    With each order, an nitdititutal 

American Institute of-Aeronautics and Asironaiitics 



ABLE Engineering, Inc. (ABLE) 
Final Report 

Unclassified 

3065D2014 
Page C-5 

buckling etpialiun and design variable iue added $o Uia! 
the system of ciqiiatlons is siifTiclenl lo SIM the 
structure. Tliis process wfiS carried out sgffiijictilly (6^ 
order) to idtnfify the patterns witti itK-TKi-sing n. ("he 
rfetilling geiiMn! cciucffions for element dianiewr, 
tongest lonaenin Iciialh ar.d structure wciglit per loiglh 

n«--?/' 
¥" 

-if 

(15) 

(16) 

(I7> 

Itic ci^tumn wdgiit per icDgdi, which is grapKcd in 
Fiaiire 8, l»s a nilrimum wilh respect to n ihnt 
lypiaiily ranges from two Jo four. The high«t order 
element length {which i.*; appro.simstefy equal to 
coluiHii diiunclcr) ftnd tlie iinatlc-si elemeiil diajneief 
erniations arc gmphcd in Figures 9a «nd 9b, 
respeciivejy. 

it is of prEcticii! iiitercit lo dclcrminc tlie relative 
truss wcigitt redDctifwi with incrcnsing « and the 
pnranicicrs tlie Optimal « is most tensiiive to, Tite 
mtio of tiie weigh! per length of a tru.^ of order 74 + 1 
lo a tru!!; of order n rcvt-alsthis. 

■ -- yi 
WEIJ] 

(IS) 

Wlicn tliis ratio firil exeei'ds imity, increasing hktaichy 
just bc^sin; to incrisuic tiie vwight of the stnieture. Tins 
point B the optimal n . EJjustiot) (18) is a function of 
ri and (he stnalc non-dim«tsional ntatefi.-i), geotnero' 

and load piiramctcr P/{Eff) and is graphed in Fisjure 

10 for /< = 13.66. Tlic graph shows hierarchy is 

increasingly bcncficinl as tlic non-dimensional 
parameter decreases. It i.? only for very long and lightly 
loadt'd dpplit-atioiis iliai a hierarchy greater tlian two 
results in lighter weight colorans. For example, flic 
load supported by a 100 m (328 ft) cohsmn with 
E = 200 GPB (29 .Msi) Shoufd be less than 2 N (0,45 
lb) before .')"' order hierarchy is employed. The loud 
below which the same coliirtin is oprimally 2"* order is 
2.0E6 N. Considering a short column of I ni. the !O.-M1 

should be ]ais Ihan 200 N for T' order hierarchy to be 
npiimni. These results seem lo indicate 2"' order 
hierarchy is oplimal for most rea.son.iblc cohimns. 

Where appropriate, an increase in hierarchy from 
1'' oKler to 2"^'-' order typically corresfonds to 3 factor of 
10 mas.s rcthictloii and a fuctyr of two lo four incrc!!.sc 

in diameter. Tne weight re'diiCtiin and diasncto- Kitio 
increase as the noa-dimcn?ipn.il parameter dccrc-.'SJ-es. 

fitiiicrai OtiiJTOi/atifin 

Willie llisy ch.irifcierJM gciwrsl treilris, (■()tir.H>(i<; 
(15) (hrau^i (18) nloy not bsVeprSwiniJlive bfeft'icicw 
Sp."vc structures, FirM, .Spscc slrncltires aa' more 
generally subject to bendiiia siilTiics!, f.n'd stifii^ih 
rcqitiremenls as opposed ; to cohitnii rcquircmerns 
(columns are often consld-irc-d tiish space striiciitrcs 
becu'jse die elements of miss.es ate columns). Second. 
structures are not Ij-ptcjdly limited w the Ciiiistrainis of 
cubic h.iy5 and uniformly'equal element dianiescrt. 
Despite tliese limltalions,' Hie previous ex'amplc 
analytically dcmonstrstes geiteral Irctsds with inercasuiit 
iiierarcliy asid shows the existence ofiniiiiima in these 
trends, in tlic following, more robust muiicn'cal 
optimizations of sdf^iniilar Irusscis arc considered for 
l** and 2'' order Werarchy, Resirletions on tfie 
iimiiiirities between elements within a bay are removed 
and iitrength and .stifthcss requirements arc more 
accurately calculated. Siraigtrtiiess imperfection efTecis 
sat also iiKiudcd. These opfimlzatinns are carried out 
for requireHtsnis spannina sbvera! ordeiiS of nragnitude 
io that tliu trends are revealed fur u large range ofspact 
snijcnircs, 
Triamndar Truss Oonsirticncin. Biije 

.\ three Intigcrtin regular truss tOiisfniciit»n risk is 
aswiisicd. This truis has bceii v.illed » trisi!;!;^:!- 
d;iubie-b?,y sinj/St-laced truss and is <-)ioivii in (■'ii.'.uie 
II. The geometry of the triiss. is ch.ir.ii:ie;i7ed by luo 
parameters, bay k'Hiitli (i) .wd radius (1 ). Tiit- ii;u-,e!( 
and diayos'.al lenttite are related to ihts; p;M;iine!crs by. 

(> ■-• 1 /.! 

,_ ■   ,_™ (19) 

The longeron, diagonal and batten stiffness properties 
ate ctiaracierized by their efiective asial spring 
stiffnesses: k;, t, and ^.respectively, Tliediauonals 

of .succcxsK'e bays ore assumed (o be taced in 
altetnatiug directions so that the simplest repe,^ting 
clement has Icrsith 21, Tlie WaiigtJlar truss ivns chosen 
because it is simple and comnumly used in engineering 
sliucturcs Solid circulsu; 0*' onler elements are 
assumed. The details of nodes Qoints w+ierc Itinaerons, 
diagonals iind battens intersei:!) are not considered. 
Requirements 

I he getsenl .set of 12 global rcc)i(ircmertt-s of a 
typicfd beam (stifliiess and strength for; axial loads, 
loisiuiial loads and ixiidiiiij and shear loads about (wo 
a.NCS) are rctiuccd to two. Hirst, torsion and »\)al loads 
are not considered (-1) bcc-iuse ilie stnictiire is assiimed 
lo act primarily in n 'benditig seJis-c, 'llic- bciim h alsy 
assumed to be isotropic so'lh.-ii fcendsna and jliv.'irini' 
are respecii\ei) e<)ual for IHMIS ase^ <-'(). Th's h'.'sves 
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foor parameters (bending end shear stiffnc;!; and 
sJrenj^h), For a ciititilcver beam, bending and shear arc 
net independent and thi5 is used to map shear 
requirements into bending rcquircniciits (-2), Tliii 
redncts the optimized beam r^quircaicnts to two: 
bending stifTncss siid bending strengtii. For trusties, fill 
iov/cr order elements act as columns and liaw 
requirements derived from llie global structure 
pcqiiiremenfs, 

A wntilever beam is as^nncd for mapping shrar 
requirements Onto beitding retiiiltenicms. Tite tip 
dispiacemcnl (A) nf K caiititevcr beiun is due to bolls 
folding and sltearing cflmptiance?;, 

«., = PV 

•I 
J 

(20) 

An cfTtclivc bending stilTness (£■/,,,) can be defiii«l 

that gives i..,^ When itsed in tlie equation thr *(,. 

3ii7' 

Pi' 
^pj „ 

- = w. 
:\Bl    GA J 

(21) 

'^'--fe+^r 
fn the currcnl wcirk, h is iissumed to be cqtnil to 10 
times the column riinmster. 'Ilii? procedure ensure": thai 
an opltniizcd bcom ccmpased of many bays does not 
avoid the bending stifliicss ret|uiremcnt by dcfomiinji 
tlirougl) a sliear coinplinnce. 
ElTccliveContiriunw StifTnes; donation; 

llic analysis of hierareliicfll structures is poteritialty 
daimtinjt l:K:cause Uic number of clanesit:^ increases 
ejipancmially with hierarchieat order. In the present 
work, liie probk-jh vs, Ytp manageable ihrmigh tive 
assumption of rcguliir misses. In regular triiises, a 
relatively simple bay that identieclfy repeals itself coji 
b« identified, Hie beh.ivior of a beam cnni>tnicted from 
many bays is liven only a function Of the behavior of a 
single ba)>- 'fhiis, siniplificd enbctive continuum 
equations representing the behavior of a tteam of 
artiitn>.r>' iengli) cart he iviitlen as funclion? of single 
bay gcnmctry and eletncnl properties. 

TJie direct stiffiless method of matrix sfruetiiml 
analysi.s was impicincntcd synibolicalty hi .1 
Mathcniatica (Wolfram Research Corporation) prograin 
to derive such equations. Tlie prog'^"'" generates 
symbolic cqnaiions for the defieetions and \ixsAi in 
urbitrarj" three dfmcrv;iona! pin jointed truss .«tTOCJi«'e:i. 
Tliis has been applied to the iriangiibr triKss and sliown 
to yield results identical to those obtained by Ketiton 

and Noor."'' The pmgram is readily adapl.ihle to 
future structural configuiations tluil may become of 
inier«l. Tiie effective continuum stiffhcsi equation; 
for the triangular truss SKr, 

fv.; = 

a A -.- 

f*A''-' m) 

V-\k, + 'lfc)4-12fc!-' 
Stfengih t^fjiiatinn--; ; 

Ttie strength equaiinn"; .ire dependent on vvht-iher 
Uw structure under consideration is tite liiglicst orde.' 
bay (subject to a bendin.q strength requirement) or a 
lower order elenisr.t (subject to coliunn strength 
requirements). Regardless, the Slrueiurci aps- subject to 
Ijoth mulli-bay and single bay requirement.';. 

Miilli-bay i!reni;/h rSQiitrvm^nts. ,A column 
element must have enouith combined bending arid shear 
stiffness to rcsisi gloha! btickling. Ilie equation for 
global bucklinii with combined bendinj! and shear 
compliance is.'' ' 

] + V, 

vvhere. 

P ==■. 

(35) 

{V'\ 

The tvitten"; and di.'i^nnal? must prcH'idc enmitjh support 
to the lorteerons to enforee loc.-d buekling. Ali'O in 
refcrejiee l.i, 'fimeshenlsa derived an cxpresxiiin fur the 
minimum spring .ttitftici? of equally <p,iced support'; ai 
a lonj! eolu'nm required to ensure the tiir^i buckluv- 
mode has a wavelength equal lii the .support kpacina. 

o - .i-^ CM 
i 

where ll,   h the Enter buckling toad of tiie column 
with tehjtth equal to the distance betweeti sapjKirts. t-'or 
the current truss, »i   is assumed cqna! to ilie shar 
stiffness per length oftlie face of n bav, 

where h xa the lengtli of a batten. 
Sin^k- boy t:rK'Hg)h iTi'ii'ifiviik'ms. ("or pure column 

IrKtd;; and bending momCiiCs, only the longerons ore 
Stressed; diaffoails and battens arc not loaded and 
hence, not subjected to strength icqwircments, Tlie 
longerons of a column nntst be stiff cnoutsh to resist 
lociil  buclclinc and  this  slrenglh  is predicted  ivith 
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Eqti.ilioii (23). 
given by, 

'riii; lo.i(i a longeron mus! support is 

?; = ■ 
3 

(27) 

wlx-re P is the compre'jsive lewd .ippliod to tlic column 
For bending kiads lonaL-rms urc slrsKSKl according to, 

^>'i (28) 
As ntiirtlioned, shear strength requirements arc m.npfiftj 
imn ,1 beiulinij .ttrcngtii requirenienl. A raiililever tjeam 
of iengih I, Olid rcct moment il tus tip bad 
(iii.'i.<cimum stjcar, V) given by, 

V^j- (29) 

A .shcnr load cniise.i! Uie foliowini; maxsnwni clcmenl 
loPJls, 

-.Jv/S 

F.' 
zi'VT/Tv 

1-3,.^ 
(30) 

Equation (23) is used to «i«ure each elc-mcnt i.>! .stifi' 
enough lo .■viipport the load given by Equation {30). 

A luatcriul itrengtSi limit of 138 MPa (20 Ksi) is 
also enforced foral! elements. This consb-aint hecoraes 
active only for v<:^' low bending stiffness and high 
bending slrcnglhi requirements. 
Cieomelrjc Tmnerfcction Effqgt-< 

As element ."stmdcmtss (ienglh t« diameter ratio) 
incrcass*. stiaijshtness iniparfection-; cm degr.ide axial 
stiffncM. All analysis of tliis stiiTniss degradation tas 
been previously derived livr an initially cun'cd beajn- 
coliuiin and tlie solmicm is applied bcfo."'''' 
imperfections arc approximated as a sinusoid vvith half 
wave-length I and amplitude s. It can be shovvn that 
the effective spring stiffness of tiiis efcwehi is, 

,...M = A, p.) 
••       (       2cf 

where P„ is Uie Eulerbiicktingloiidofihe element nnd 

jr.,   is titc effective  Slioitenini;  strain due to liie 

imperfcclion 

P„ -f 
1        "'f"!' (V-) 

■a a 
The iniperfcctifm amplitude to length ratio (^/j) can be 

attributed  to   a  dimensional   stability   strain   error 
(pttlcntiiiily due to Uiennal or manufacturing cffceli). 

A unitWm outer fiber slrain'errnrtf) causes a sletider 
siA K> late tiie Shape of a ;ciicte.  'fliii ciiclc can !w 
fippro,xim;itcd as ii parBbola so that the rod imperfection 
amplitude to Itsigth ratio is given by. 

a     s I       i „.. -«.•--= c- (33) 
(     8 r       r 

In the currcnl woA, the SIRHII crrnr is tiiKiitncii to be 
0.012"o £0 that c= 0.000015.  This corresponds to a 
120 °C7 lempcralure change in a uRidircclionai graphite 

malcrini  with coefficient of thcimal  expansion of 
Ifts/"^/.     TItis  iiitperfeciion  is tissunicd  for all 

elements and all hier«tichtcol levels. 
The total effective spring sttfthcss of an elemfcnt is 

iliAt due 10 a cfimhinfition of sti etciiiiict iind betxiiny, 

■      if' k.~ -^ ,JJLx v-w 
For B M>1id rod cleniCiit. k is givi-n by, 

EA 

A ri'tliietion in local bisctliiig strenjiUi occurs iti 
Imperfect   eoluirms  due  to  non-tmifhrm   longeron 
loitdini:.   Tliis siretiath rcdiictioiv mechanism is not 
considered here. 
Design Variables 

The opiimiraticn method considers a beam of 
urUitrtiry leiislh subject to both bending slilTiieSs (ind 
bending strength reijulrements and finds the liglitest 
weight per length Kiy tJtat saiisties the rcijuirejuents. 
For the 1" order systetn, bay. length and diameter aic 
optiwi^cil along xviih longeron. Kitten and diagonal 
diiunctefs (five par.tmeteis tolrtt). *nie elTeetive beams 
arc aiaiumed regutar in that'member diameters da iitsi 
v,iry along their length, for the 2"" order s>'S!em, b-iy 
Icngdi and diameter arc uptintiied for the l" and 2"^ 
order elements (eight parameter.^ along with 
(indepcnifcntly) the di,im«ter<; of tlic three 1" order 
elettienls of (he thre* 2"^ «dei elements (nini? 
paraiiKtcrs) for a total of 17 cptinii&uion parfinteteri,, 
lliis optinircition procedure vins eaiTied out for a ranjse 
oftetding siitTness and strenaih re<5iiiri>menis, 

Tlw I"" and 2''' order triangular tniss opiifniratson 
results for ivt-ight per leneth. b.ty r.idiiis, 0"" order 
loiiitcron diameter and 0'" Order longeron slendcniess 
are shnwn in rigiirci 12 andl3, rcspecuvely. 
1" Oi-JerOpiimljation Restllts 

Below an Bi lo M ratio of lOQ m, truss weight 
per iMigth and lonjcrcjn diameter arc independent of 
E!. In lliis region strength reqiiiremcnis drive the 
tniss design.  Above an El to A/ nitia of 10''m die 
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truss is niare siiffiiiSs driven ai\i Ihc suetiaih 
reqniremeni'; are rot active. 

I-on{>eroii slerdcnifess exliibils iwo regions of 
relatively conjtam value?of 30 and US. 'ITIB iratnitinn 
bctwfcn OK Iwo regions is «!c.tively aairow but 
conrcqxintls to die cases whuc bfjth stiffness and 
stfcngtli CDiisiraitiis iire active. Tliis inttf«tiHe result 
itnplic-: stnicnirc; shrmlii be cither slender (l/ri ~ 115) 

or staul (lilt ~ 30), determined by the ratio of K/ to 

U. 
If Order Oi'timiyntioit R(?$ti|<5 

Tlw IT* orstcr truss opIsitiiMtion Ksults exhibit 
similiir regions of indcpeiidenc.' of El and A/ 
r<!(juirenients, hut llic transition rcjion is miicli b.'Mdcr. 
Bofli lil and M oonstrjiiiits are ttctivc over innst of 
the plot.'i. Irttcrcstiiig minima nrc observed on liie 
longeron diameter oontrmra lines. 
1" to 2"'' Order Truss: Trends 

The mtio of 2""* order Iri!!;'! weight per icnjjih to I" 
order ttus.'i vvci^Iil per Icneth is sJiovmi in Figure H, 
The opiinil?cd 2'" order sfnictiirc v/«ight par Iviigili 
ranges from 0.010 to 0.035 times tliat of the equivalent 
aptimized first order slnKturc. Tlsc gfrat«t weight 
savings is for l*" order structure,"; that ar2 farthest from n 
point ivfiere both stilliiH:ss and sifcngtli comtf.iiRts are 
kclivc Tims, structures wit!', high Kl tmd low A/ 
rcquirt'nieitts or low El jind high ft? reqiiircmenis 
receive tile grea'.Bil weishl j eduction witli an increase to 
2"^ order hierarchy. 

The ratio of t^ otdcr truss dl.-unatr to t" ordw 
truss dianiiClcr 1.? graphed in l-igurc 15. While iliis ratio 
ranjics from I to 14, there is a broBd pl.ite.iu at 9. IIHLS, 
isn optimized 2"' order irws is typically en order of 
magniiiKle Isrger thnn ?n opTimi/cd I* order traits. 

CoilClllSHUl.'i 
Spncc stnictnrcs often [Live stringcnl size 

retttlircinents isnd or* lij^iily Iraded. Such structures 
»rc more stiffness Kmiled Umi stu-ngth limited, 
precluding the need to incur tlie compltxilles of 
increased hierarchy.*'' However. w*cn an incrcise in 
diameter is allowed, liiefsrcliy greater than l" improves 
performance. In tlic Bssunied solid e!cni«it Irirss- 
c«lnnui, the optimal hierarchy is lypieatly 2^. A Jong, 
lightly loaded iruss-eolintin li,is the greatest potcniinl to 
benefit front an increase in hierarchy. Tlie ivcssitt 
efficiency of the hierarchical truss was shown to he n 
fiinctioit of ilie non-ditnension!tl psr.inwcr /'/(/•!') ■ 
ttiv Iraiisitioii from 1" to 2"' order hierarchy occurs for 
for values of this parameter near lO"*. Tiie tritnsltion 
from 2"'' to 3'' order hierarchy occurs for vsiliics of ttiis 
paraitieter near 10"", Very large solar sails are 
potentially in tlie load range where T' order hicmrcliy 
results in th? liahtest weigitt stnictiirc. 

Gener.il optiniiz-ttlon of I" and 2"' crdcf solid 
clement Inisses subject to bending reqiiiremcnts 
indifcite optintizwl S"'' order trnsses iire two orders of 
majtrilude lighter tlian l" order trusses. They are iJso 
tj'plcally flhve times larger In diameter, 'Iliese ristilis 
differ si^nincmitly fiwii Qjose for the colunui 
oplirtiizalions. It is hypntlieslzcd that the differences 
are due !o the change in rtquitements (bending vs. 
compresslve strength) and a higher eiTcctivc: a.\ia! mass 
fta^ition (;J) for ihe more jjeiicrally optintijicd beams. 

Se\er?l asstiwptions were msde in these studie-s 
lltirt have the potenual lo influence tlie results. For 
example, solid element as opposed to iiibular clenifni 
Structures were Kssnmed. Tlw siruciurc-s ivero assumed 
self-siniilar tius.<itti %i Opposed 1,0 ii|lu«'tng liisiict- and 
shrll archilcriurcs in the same slruawrc. Ittlalivcl.v 
noii-con.serv.itive imperfection amptititde?, were 
assumed. A!s6, a high modulus, low d*Hsit> and higli 
strength material s>'s>tcm was assumed. Tlie.se art nil 
interesting aspects of the current studs and warr.-ini 
!nve.i.ligaliori. It is hsv|)ed Ihiit suth eaii lie 
Rccoiftplishi'd in future \vori<. 
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Figure 1; Inc-reitsed liitttcing in topology optimizjiiiati 5u!ution<s for a bcnin witli leciifer iond iis mr.vli dcnslly is 
IncrenKcd (reference 1). 
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Figure J: l'hotooi-a|ihs KIIBM iag Ihc 3 levels of hierarchy in the titttl To«cr (Piii*is, France') 

0* 

1st 

2nd 

3rd 

Hfiiire 3: Increasing siructurat hit'i-arcUy with 11 tv^o-dimciisiDnat self-siniihir cortstriiciion rule. 
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Kod to tnbi! fnin.<!ltion e(]ualii)n ilerivalion; 

Cross-secfian area and Hiertia; A = —d' iuid I = ^d' 
4 M 

Axiai stiffness requirement detennmEs requirtrd d:  EA~ (EA)    —. if' - ~ 
4 m„ 
a  : B 

Transition load determined by Enter biicfclinj qonstraini; P^^ 

Tube to hfglier order transHlfln equsfion dcr)v.<rti<in: 

Cross-section urea and inertia: A ~ Trdt and I ~~d't 

Axial sfitTness and gloTial bulling retjiilrements determine tiibe thfckniss nnd diamcler 

{EAl,  =£ird! 

Trartsiiiwi locd drtcrmined by local buckling constraint: 

t   Hi flS^ 

.   1 'pt 

FiRiirt 4: llod-lulrt-highcf ord«' coiumft tttansition tqiitttioft derivations. 

lOOIK! 

10 10' lO' 10* 

EA(N) 
Figure 5: Simplest lonEcron form as a runciioii of itiffncss iind slrcttjilli reqtiireracnH, 

10' 

Hftiire 6: A i   order cellular beam cross-section. 
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Figure 7; 2"'' orrttr trasx-cisluran (2*' order diagunats not stiwvn). 

OS 

Column Hierarchy (c) 
Figure K: Column wbighl p«r length as a fiincHoa of hierarchy 6rdcr. 

is 0.4 

0.3 

I  0.2 
8 0.1 

0.0 

JB = 2aOGPa 
X-tOm 
PolOON 

0.5 
n) 

I      l..t     2     2.5     3 
Column HicrartJiy (») 

3.5 
0.01 

0.5 
b) 

■ !      i.S      2     2.5      3 
Column Hicratclii; (n) 

3.5 

Figure 9: Coluratt diameter (n) and smallest clement jjiamrjlur (h) as a fiin«ilon orfcienirchy order. 
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cxaiif Vfsi^.t tairci* 

0 0,5 t 1.5 
Nominal Hierarchy M 

Kgnre lO; BsM<i of n +1 omclerstnictnn! n'clght per lcn!>t)i to r, -order sinicfuw wtigbf pur lenglii. 

Bgure 11: Fonr bays of f be triangntar daoblc-bay singk-tadnR iross. 
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Weight pwLongtb fcty;Ra!l|us 
m 

10' 

1# S?:-R^2t;^^S5git2&t:2rJ^.^^,--;;^,„^-^    ''\ 

W 

m 
w 

.„-.4«l« 

ia»0,ASm 

10 too       j.oQO      icrmi 
M(N.m)' 

10 ion       i,(xi<i      H!,i«ii> 

Longeron Dtamaer -ongiffoa Stendcraess (3>'d) 

Hi H 
BH^P^"'' 
IHww^w^^^'^-^ N^Hu^^^^^^fj;''^•' 
^^^^^^^^^^X''''''' 

^^W:/^ 
^^^^^y'' -■' 
^??;;.*:-" , 

^fe 
fe' fciinv.iHtii t '■ 

1 U) 11)0       i.ooa      10,000 i W i,<50       !,oao      lo.oac 
M{N-ni) ,    MlN-iri) 

Fi&tire 12:1" order opilmtalten mute (E - 200 CPa (29 Msi>, /)= I6<a kj/iii' (O.Ofi' Ifa^ia*)). 
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10"' 

10* 

f 
IB 

10* 

(0' 

10* 

Bay Weight Pcf Length 

C'--»v:<5! 

\. 

tiinlmsf Inttrm! ICIJ " .1 ^m 
10* 

10 !S0 1.0no IO,flOB 
M(N-m) 

10 10(1 t,O0B        10,000 
M (N-w) 

O"' Order Longeron Dinmcter 0^ Orfet iengcrei Slcndimcsi {!/dJ 

100 !,000        lO.OrtO ! 
, M(N-ij)) 

flRiir* 13!r' onltrcpnmhatim r»5Mlt5 (E = 200 GPtt «9 Ms^/^= I6f.0 kg/Bj'<0.Q6 lb/in*)). 

lOO IJOS        lO.OttO 
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I    I   '' I ill I   I 

I 10 100 1,000        19,«fl0; 
M <K-iii) .  .: 

Hgure 14: ilalio of 2"' onter ta I" order triiss w«!gbt per length optiiilbaKsn rtsnlfs' (E = 200 CPa (29 M*i}, fi 

Js^OKterlo i«fdtda-Bay Radius Ratio 

10 100 I.OOO        JO.OflO 

Bgutt iSt Rfl«io «r2"' order to 1" order irass radius optlraliaHon results (B -llKl Gl'a (29 Msi>,^» 166D 
kg/m* (0.66 Mil*}). : 
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