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Nomenclature 
P  = load, N  
A  = cross-sectional area, 2m  
d  = strut diameter or hinge width, mm  
t  = thickness of the hinge, mm  
L  = hinged strut length, m  
l  = length, m  
ε  = hinge strain 
ρ  = density, 3kg/m  
I  = cross-sectional moment of inertia, 4m  
γ  = ratio of the hinge length to the hinged strut length 
λ  = eigenvalue 

( )w ε  = free strain weight function, g 
r  = radius of gyration, m  
S  = slenderness ratio 
m  = mass, kg 
N  = quantity 
θ  = diagonal orientation angle, degrees or radians 
φ  = shell angle parameter, radians 
T  = tension of diagonal, N 
E  = Young’s modulus, GPa 
G  = shear modulus, GPa 
R  = truss radius, m 
LCR  = linear compaction ratio 
ν  = poison ratio 

gT  = glass transition temperature, C°  

mT  = melting temperature, C°  
St  = tensile strength, MPa 
µ  = uncertainty 
X  = displacement sensor, in 
V  = voltage, V 
 
Subscripts 
B  = Bay 
c  = critical 
h  = flexure hinge 
r  = strut 
fd  = fix diagonal 
sd  = spring diagonal 
ct  = curing time 
t  = truss 
l  = longeron 
e  = epoxy 
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1 Introduction 
 

 One approach to allow the folding and deployment of a truss is to place discrete flexure 

hinges at engineered folding locations in the structure. The large deformations required in these 

flexure hinges dictate that they should be made from higher strain materials while the bulk of the 

truss is made from a higher modulus material. This approach, which is shown in Figure 1.1, has 

been called the concentrated strain approach1-5 and is the focus of this research. 

 

 
Figure 1.1 Monolithic Articulated Concentrated Strain Elastic Structure (MACSES). 

 

 Several concentrated strain deployable structures have recently been developed and have 

demonstrated the feasibility of the concentrated strain approach. Specifically, a truss-of-trusses 

structure was designed and a component was built in Refs. 1 and 2. This deployable architecture 

was composed of pultruded carbon fiber reinforced plastic rods and shape memory alloy flexure 

elements. The packaging kinematics were designed and the global performance of the system 

was evaluated and scaled. The structure was shown to be tractable to trusses with 250:1 linear 

 
hinge 
 
 
 
 
struts 

a) Packaged state

a) Packaged state 
b) Deployed state

b) Deployed state



 2

compaction ratios and high structural performances. In addition, a truss of tape-springs boom 

technology was developed (DECSMAR3, 4). The discrete hinges were formed by structurally 

thinning the tape-spring laminate in the region of a hinge. Hinges were folded by first flattening 

the circular tape-spring cross-section and then folding the structure in the region of thinned 

material. Finally, a monolithic elastically deployable shell structure (MACSES5) was developed 

using elastic shells with concentrated strain hinges. Packaging kinematics of three bays from a 

trussed grillage were demonstrated (Figure 1.1). 

 However, these works did not fully develop the engineering mechanics of concentrated 

strain trusses and they limited their scope to point designs or a single architecture. As a result, 

the methods to select an appropriate concentrated strain architecture to meet a given set of 

requirements is not currently available. The purpose of the current work is 1) to provide a simple 

analysis to predict the structural stiffness and strength behavior of concentrated strain trusses, 2) 

to consider a broad range of strut and hinge cross sections so that the influence of geometry can 

be evaluated, and 3) to provide a basis for the selection and development of materials for 

concentrated strain structures. While several concentrated strain architectures trusses that use 

mid-strut hinges are conceivable, the current work is limited to those with flexure hinges that are 

located only at the ends of a strut. 

1.1 Technical Issues 
The technical issues considered in this work are 

• Transporting large structures: the largest cost of large space structures is the 

transportation, assembly, and disassembly. 

• Selection of materials with service temperatures that can survive the space environment 

conditions. 

• Selection of materials with the right combination of stiff and strength properties for 

deployable structures. 

 

1.2 Hypotheses to be Addressed 
The hypotheses to be addressed in this research are 

• Reduced launch mass and stowed volume for large deployable structures with the optimal 

weight design of concentrated strain deployable trusses. 
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• Geometric hierarchy study of the strut will improve the deployable truss performance. 

• Self-deployable trusses: developing structures that deploy in outer space without human 

intervention. 

• Efficient use of materials for dimension stability and environment resistance, by having 

in account the stiffness and strength requirements. 

• Use low density and high modulus materials for strut elements, and high yield strain 

materials for the flexure hinges. 

 

1.3 Approach to be Taken 
The approach to be taken in this work can be enumerated as fallows: 

• Investigate a new approach to build deployable trusses known as the concentrated strain 

approach. 

• Design an extremely mass efficiency and high compaction ratio concentrated strain based 

deployable truss. Build and test the deployable truss design. 

• Compute the stiffness and strength of a deployable truss design with a finite element 

analysis in Abaqus software. Improve deployable truss performance by studying the 

effective strut stiffness, which reduces the truss bending stiffness. 

• Validate the experimental data with a finite element analysis solution. 

• Use the strain stored energy in the hinges to deploy the structure (Figure 1.2.). For 

example, Nickel-titanium sheets can be adjusted in manufacturing for superelasticity. 

They can fold and unfold several times without failure. 

• Developed a simple analysis to predict the structural stiffness and strength behavior of 

the system. 

• Inspect a broad range of strut and hinge cross sections so that the best shape for a given 

set of requirements can be obtained. 

• Material identification for the deployable trusses: consolidate a basis for the selection and 

development of materials for concentrated strain trusses. 
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Figure 1.2 Deployable box made of carbon fiber rods and shape memory alloys. 
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2 Literature Review 
 

2.1 Deployable Trusses 
 

Moderately large spans, simple beams become uneconomical and need to be replaced by 

trusses. These structures comprise members connected at their ends and are constructed in a 

variety of arrangements. In general, trusses are lighter, stronger and stiffer than solid beams of 

the same span. However, they do take up more room and are more expensive to fabricate. 

Although the members of a truss carry only axial loads, the truss itself acts as a beam and is 

subjected to shear forces and bending moments6. 

In actual engineering structures the ends of the struts are neither hinged nor fixed. Even 

though the ends of the struts are rigidly connected with the longerons, these members are usually 

part of a larger framework. Therefore, no single strut can buckle without all the members in the 

truss becoming simultaneously deformed. These types of connections are called elastic restraints 

because the restraint at the ends of the struts depends on the elastic properties of the deploy truss 

members to which they are attached. However, the appropriate boundary condition for these 

connections is assumed to be hinged because these types of supports allow a small amount of 

free rotation at the ends of the struts7. 

Deployable trusses are defined as those that can be stored in a small volume 

configuration for launch and that are later deployed for space operation. Deployable trusses are 

required elements for many missions to accommodate the need for large spans or planar 

components that are impossible to launch in their extended configuration. The most common 

deployable structures in use today are solar arrays, which are folded for launch. The recent 

delivery of the additional solar panels to the International Space Station is an example of this 

small-volume launch to large-volume expansion. Current and future missions will require 

deployable structures to support large baseline optical instruments, space-based radar 

applications, experiments that require environmental isolation, or solar sails8. However, if we 

want to be able to transport and build large structures, we should come with a unified framework 
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for mass efficiency deployable structures. To effectively assess this technology, research on the 

deployable truss architecture should be continued9. 

Large space structures are required for a wide range of applications, including solar 

arrays, sensors, reflectors, and concentrators. Compactly packaged deployable structures appear 

to be an appropriate solution for transporting large structures. With the continuing emphasis on 

large space apertures for a wide range of information gathering missions, the idea of kilometer 

scale structures that package into existing launch vehicles is of increasing importance. Future 

missions will require these structures in sizes larger than current launch fairings, forcing satellite 

designers to employ deployable structures. The need in the deployable structures area is to 

establish higher compaction ratio with greater mass efficiency systems. It is possible to increase 

structural complexity that will lead to lighter weight, better performing structures subject to 

bending strength and stiffness requirements. For example, a tube is stronger than a solid rod of 

equal weight. A long, lightly loaded truss-column has the greatest potential to benefit from an 

increase in hierarchy10.  

The design of deployable structures must include criteria such as total mass, thermal 

(dimensional) stability, environmental durability and stiffness. Deployable structures must be 

lightweight to maximize the allowable payload mass while being stiff enough to maintain 

precision alignment of instruments under severe environmental conditions. Because the total 

allowable mass of deployable systems is limited by the launch vehicle constraints, the 

minimization of structural mass is required to maximize the allowable payload mass. Use of 

advanced composite materials is a key factor in reducing the structural mass of deployable 

trusses, and also provides other advantages such as low thermal expansion and manufacturing 

flexibility8. 

Even though users are interested only when the structures are deployed, engineers need to 

have in account the structural behavior during erection. Unfortunately, the responsibility for 

checking the stability and the stresses that occur in the construction process is left to the 

constructor. Only now the manufacturing process is started to be part of the design process. This 

is to lowering the cost and speed of the construction. For deployable structures the packaging and 

deployment are an integral part of the functionality of the product. The design goal of a 

deployable structure should be to design mass efficient members for regular services loads after 

deployment, and be able to stow the structure without damage11. 
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 According to Ref. 11, deployable structures can be classified in two different groups 

depending on the deployment sequence: sequentially deployable structures, where one bay is 

deployed at a time, and simultaneously deployable structures, where all bays are deployed at the 

same time. The deployment can be actuated in several ways depending on the source of energy 

used: either by releasing stored energy in mechanical elements that are appropriately located in 

the structure, or alternatively by using mechanical external sources. For the first case of actuation 

is difficult to control deployment, unless some retaining devise is added to the system. However, 

according to Ref. 9, several types of deployable structures can be classified in two material 

constrain approaches: distributed deformation approach, and concentrated strain approach.  

 In the distributed deformation approach, the architecture of the system is selected such 

that in the folding process the entire structure has a uniform deformation. With this approach, a 

single material must have the dual ability to be flexible in the stow stage and rigid in the deploy 

stage. Nevertheless, these two simultaneous conditions can not be found in one simple material. 

For the deploy stage the required material properties are high stiffness and low density. 

Meanwhile, for the stow stage the required material property is high strain capacity.  This 

compromise leads to the second approach, which instead of using one material to meet both 

requirements; the structure is composed of two distinct materials: a very rigid material for the 

long elements that are not required to deform, and a very flexible material for the joints of the 

structure that have lower stiffness and higher density. 

 In the concentrated strain approach, the flexible elements are typically prepared to form 

mechanical kinematic hinges or monolithic flexure hinges. The long elements are more efficient 

structural materials, but less compliant materials. Since the flexible elements are very small 

compare with the rigid elements, the penalty for using a lower stiffness and higher density 

material is reduced. Therefore, the benefit of using a superior material in the long elements 

results in a more mass efficient structure.  

Pellegrino’s current research is in deployable lightweight structures, a huge field full of 

unsolved problems. Pellegrino systematically addresses both the theoretical challenges 

associated with this type of structures and further develops existing technology. 
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Design of Deployable Structures 

 

Three main steps need to be taken into account for the design of deployable structures: 

1. Mechanisms creation: engineers typically come with several designs that are simple 

and inexpensive to make. Usually, the best design is selected base on weight optimization 

analysis. 

2. Geometrical compatibility: verification of the system compatibility during the 

process of folding/ unfolding. The deployment process of the structure can be analyzed by 

describing the motion of the nodes. A more detailed design study and numerical modeling is 

required in part because the interference between different parts during deployment must be 

avoided. Also, critical factors are those aspects concerned with the achievable manufacturing 

accuracies of deployable structures.  

3. Stabilization and stiffening of the system: one specific issue that needs more study is 

how these structures can become stiff during the deployment process. The stiffness of the 

structure can be reached by self-stress between components (e.i. strut, cable, etc.). 

 

Stages of Folding 

 

There are three main steps for deployment: compact (packaged state), transition, unfolded 

large (deployed state). These steps are needed to be able to keep stiffness and stability through 

all the process. The reverse transformation is called retraction. The transformation process 

should be possible without any damage, and should be autonomous and reliable. Therefore, we 

need to understand the structure behavior during deployment and retraction. It is just not a matter 

of applying standard design rules, but it is observed how each approach is based on theoretical 

principles. 

The joints in deployable structures represent the nodes of the system. These structures 

require a lot of number of hinges to operate. However, the more degrees of freedom in the hinges 

the less stable is the system, and the more bifurcation paths the joints will have. Therefore, the 

ideal hinge design will not have more than two degrees of freedom. Rigid bracing members are 

themselves stiff and accurate in shape, but joints require sufficient mechanical tolerances to 

operate. Therefore, joint latching elements consisting of large elastic strain is incorporated in 
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applications requiring high precision. The selection of a particular material will depend on the 

recoverable strain required, manufacture, temperature range, recovery force, corrosion 

conditions, thermal stability, and cost12. 

 

Actuation of Deployable Structures 

 

Two classes of deployment are often used: self-deploy and motorized. Self-deploy 

systems typically rely on strain stored energy of some sort to provide the deployment force. A 

second device, typically a damper, is usually required to control the deployment rate. Sometimes 

a third device is required to provide event control and make the deployment either sequential or 

synchronous. The benefit of this approach is that requires just the release of one launch restraint 

(no motor control) and is therefore very inexpensive and simple to integrate with the satellite 

bus. A problem with this kind of approach is that only very small deployment forces are possible. 

It does not work well when large and inflexible harnesses or blankets need to be pulled out with 

the structure. On the other hand, motorized deployment strategies push the structure out and are 

able to generate very large forces. The problem is that they require significant bus resources 

(power, command and data lines, and software) and they are typically heavier because they 

require a canister or cage to pull the structure out. In this research, the self deploy strategy is 

studied. The energy captured in the flexure hinges is employed to deploy the structure. This idea 

is not practical for any kind of structures, but it is suitable for deployable structures. One of the 

reasons is that these systems have to be deployed from one fold compact configuration to a large 

unfold configuration. 

  My research work is called the concentrated strain approach because all the strain occurs 

at the hinges. In the distributed strain approach, the strain is distributed throughout the length of 

the truss. Civil engineering structures are typically designed with not slender structures so that 

the yield stress is the first failure mode. However, it is more mass efficient to use slender 

structures such that buckling is the limiting criteria and not the material strength. Since there is 

not gravity present in the out space, the operational loads in long space trusses are small 

according to Ref. 13. Therefore, the strut members in a truss are designed to be very slender.  

 The axial and bending stiffness of a truss depend mainly on the longeron axial stiffness. 
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According to Ref. 14, the truss bending stiffness is directly proportional to the truss axial 

stiffness as  

 ( ) ( ) 21/ 2 l tt
EI nEA R=   (2.1.1) 

where n  is the number of longerons, the subscripts l  and t  means longeron and truss elements, 

respectively. In Eq. (2.1.1), the truss axial stiffness is 

 ( ) lt
EA nEA=  (2.1.2) 

Element straightness imperfections reduce truss performance by reducing the axial stiffness of a 

longeron element. This consequently reduces truss axial stiffness and bending stiffness. The 

bending stiffness reduction also causes a reduction in buckling strength in column applications. 

For instance, the respectively global and local Euler buckling loads of a simple supported 

column are  
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2
t
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t
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π
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l
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l
π
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2.2 Flexure Hinges 
 

According to Ref. 15, flexibility is the ability of a part to deflect under a load (the inverse 

of stiffness). For a cantilever beam, the amount of deflection after applying a force at the free 

end depends only on the stiffness of the material. Flexure hinges need to be chosen to maximize 

flexibility rather than stiffness. For example, if a low load causes a large deflection then the 

material has a low stiffness. The stiffness of a structure is a function of both material properties 

and geometric configuration. Meanwhile, strength is a material property that specifies the 

maximum stress that can occur before failure.  

The elastic deformation of an articulated system can be limited only with the flexure 

hinges. Since the hinges are very small compare to the rigid links, articulated systems can be also 

called lumped compliant mechanisms. They can be analyzed and designed using rigid-body 

kinematics techniques like pseudo-rigid-body models. However, the flexure hinges should be 

analyzed independently of the articulated system, since they are subject to large deformations. 
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Therefore, these flexure hinges should be described as distributed compliance rather than lumped 

compliant mechanisms15. 

 In the area of deployable structures, we can not assume small displacement and small 

deformation behavior because the deployable trusses require large deflections. Since the Euler-

Bernoulli beam theory assumes a long beam geometry and elastic deformation, this theory is 

implemented. Consider a cantilever beam with a moment applied to the free end. The Bernoulli-

Euler Equation can be write as 

d M
ds EI
θ
=      (2.2.1) 

where M  is the moment, and 
ds
dθ  is the rate of change in the angular deflection along the beam 

(curvature), E  is the Young’s modulus of the material, and I the beam moment of inertia. The 

curvature may be written as 
2

2

3/ 22

1

d y
d dx
ds dy

dx

θ
=
⎡ ⎤⎛ ⎞+⎢ ⎥⎜ ⎟

⎝ ⎠⎢ ⎥⎣ ⎦

     (2.2.2) 

where y  is the transverse deflection and x  is the coordinate along the undeflected beam axis.  

 The deflected angle of the beam end is found by separating variables and integrating     

Eq. (2.2.1), 

M L
EI

θ =      (2.2.3) 

No small deflection assumptions have been considered in the preview equation because the 

integration was done with respect to the distance along the beam, s, rather than with respect to 

the horizontal distance, x . 

The non-dimensionalized vertical beam deflection: 

1 cos
1 cos

M L
b EI

M LL
EI

θ
θ

⎛ ⎞− ⎜ ⎟− ⎝ ⎠= =    (2.2.4) 

The non-dimensionalized horizontal coordinate of the beam end is 
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The non-dimensionalized horizontal deflection is La /1− .15 

 According to reference 16, buckling is defined as a phenomenon of structural instability 

characterized by a loss of the equilibrium state when the external loading reaches a critical stage. 

The flexure hinges in compliant mechanisms can experience buckling, especially when their 

configuration is slender (relatively high ratio for length to cross-section dimensions), and the 

axial loading is compressive. In such cases, the flexure hinge can be treated as a column, which 

is defined as a member that can carry axial compressive forces. According to the mathematical 

model of the elastic buckling of columns, the minimum axial load, or critical force that would 

cause a constant cross-section column to bend (or buckle) is given by the following equation, 

 
2

min
2cr
cr

EIP
l

π
=  (2.2.6) 

where minI is the minimum moment of inertia for the column cross-section, and crl  is the critical 

length that takes into account the different types of end support. Generically, the critical length is 

calculated by multiplying the physical length of a column by a specific coefficient: 

kllcr =      (2.2.7) 

where the coefficient k takes values ranging from 0.5 (for a fixed–fixed column) to 2 (for a 

fixed–free column, which is also the case of the assumed boundary conditions for a flexure 

hinge). It is clear that the fixed–free conditions will generate the lowest critical force when 

compare to all boundary condition situations. The stress that is generated through buckling in the 

moment immediately before the lateral deformation (bending) generated by the axial load occurs 

is 

2

2

λ
πσ E

A
Pcr

cr ==      (2.2.8) 

where λ is the slenderness ratio and is defined as: 

mini
lcr=λ      (2.2.9) 

with mini  being the minimum radius of gyration, given by 
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A
Ii min

min =      (2.2.10) 

 

2.3 Polymers and Composites 
 

Polymers 

 

The cost per pound of some plastics is comparable to that of steel. However, plastic 

processing methods such as injection molding make the cost of mass-production plastics lower 

than for other materials. Advantages of plastics in compliant mechanisms include: low 

manufacturing cost in high volume, ease of machining, increased possibility of eliminating 

assembly of parts, low density, biocompatibility, and electrical insulation. Disadvantages of 

using plastics include: variability in mechanical properties make them less predictable than many 

materials, low melting temperatures, material degradation in some environments, creep and 

stress relaxation, consumer perception of being cheap or weak, and nonlinear elastic material 

properties for some materials17.  

 The word polymer refers to long-chain molecules of very high molecular weight. For this 

reason, the term “macromolecules” is used when referring to polymers. Polymers are made of 

simple repeating units named monomers, in which from the Greek the word “poly” means 

“many” and the word “mer” means “part18”. The reactions by which they combine are termed 

polymerization. The condensation and addition polymerizations classification is based on the 

composition or structure of polymers, but the step and chain polymerizations classification is 

based on the mechanisms of the polymerization processes19.  

 

Classification of Polymers: 

 The most common way of classifying polymers is to separate them into three groups: 

thermoplastics, thermosets, and elastomers20. 

 Thermoplastic polymers are most linear and are slightly, one-dimensional polymers 

which have weak intermolecular Van Der Waals bonds. These polymers are capable of flow at 

elevated temperatures, and they can solidify at low temperatures. Thermoplastics have a wide 

range of applications because they can be formed and reformed in so many shapes. Some 



 14

examples are food packaging, insulation, automobile bumpers, and credit cards. There is a 

subdivision for the thermoplastic materials base on their structure organization: crystalline 

(ordered) and amorphous (random) materials17.  

 The structure of crystalline polymers is regular or ordered, and the structure of 

amorphous polymers is in disorder. However, most polymers show simultaneously the 

characteristics of both crystalline and amorphous solids (semi-crystalline polymers). Completely 

crystalline polymers are rarely found. The crystalline state is defined as one that diffracts X-rays 

while the amorphous state does not exhibit a crystalline X-ray diffraction pattern. Semi-

crystalline polymers have a higher density due to the closer packing of molecules while the 

properties of amorphous polymers are significantly controlled by entanglements, branches, and 

cross-links19, 21. 

 Thermoset polymers are usually three-dimensional amorphous polymers which are 

highly cross-linked (strong, covalent intermolecular bonds) networks with no long-range order. 

These resins are polymerized through a chemical reaction resulting in cross-linking of the 

structure into one large three dimensional molecular network. An example of a thermoset is a 

two-part epoxy system in which a resin and hardener in viscous states are mixed. After some 

time, the polymerization is complete, resulting in a hard epoxy plastic. This epoxy has become 

an infusible, insoluble material which can not be softened by applying heat21. 

 Elastomers are rubbery polymers that can be stretched easily to several times their 

unstretched length and which can rapidly return to their original dimensions when the applied 

stress is released. Elastomers are cross-linked, but have a low cross-link density. The polymer 

chains have some freedom to move, but are prevented from permanently moving relative to each 

other by the cross-links21. Elastomers are amorphous polymers that have gT s below room 

temperature (they are soft and rubbery at room temperature).22 

 

Crystalline Melting and Glass Transition Temperatures: 

 Polymeric materials are characterized by two major types of transition temperatures: the 

crystalline melting transition temperature, mT , and the glass transition temperature, gT . 

Completely amorphous polymers show only gT , and a completely crystalline polymer shows 

only mT . However, semi-crystalline polymers exhibit both the crystalline melting and glass 
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transition temperatures. The crystalline melting temperature is the melting temperature of the 

crystalline domains of a polymer sample. mT  is a first-order transition (liquid-solid) with a 

discontinuous change in the specific volume (Figure 2.1, Ref. 23), as well as a heat of transition, 

also called the enthalpy of fusion or melting. The glass transition temperature is classified as 

second order thermodynamic transition (glass-rubber), in which the volume-temperature 

dependence undergoes a change in slope, and only the derivate of expansion coefficient 

undergoes a discontinuity. There is no heat of fusion at gT , but rather a change in the heat 

capacity21. 
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Figure 2.1 Thermal transitions: gT  and mT . 

 
 
Viscoelastic Response of a linear Amorphous Polymer: 

 Figure 2.2 (Ref. 23) depicts the viscoelastic response of a linear amorphous polymer, and 

the effects of cross-linking. The most familiar example is an ordinary window glass that is an 

amorphous solid, which softens and flows at elevated temperatures. At low temperatures, only 

vibrational motions are possible, and the polymer is hard and glassy. The characteristic 

properties of the glassy state are brittleness, stiffness, and rigidity. In the glass transition region 

the modulus drops three orders of magnitude, and the material becomes rubbery. This is the 

region at which the amorphous portions of the polymer soften. Above gT , cross-linked 

amorphous polymers exhibit rubber elasticity, but linear amorphous polymers flow above    

gT .23, 24 
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Figure 2.2 Viscoelastic response of a linear, amorphous polymer. 

 
 

Factors Influencing the Glass Transition Temperature: 

 The molecular motions inside polymers influence the glass transition temperature. For 

instance, the free volume of the polymer is the volume not occupied by the molecules. The 

smaller the free volume, the less room the molecules have to move around, and therefore the 

higher the gT . Also, the weaker the molecules are bound together, the less thermal energy must 

be applied to generate motion. Finally, some characteristics of the polymer chains can influence 

the gT  like the stiffness and length of the chain. Shorter chains can move easier than longer 

chains. Even though some stiff chains could be free to rotate about their bonds, they cannot 

easily coil and fold, thus causing a higher gT .24 

 A variety of methods have been used to determine gT , including dilatometry (specific 

volume), thermal analysis, dynamic mechanical behavior, dielectric loss, and broad-line Nuclear 

Magnetic Resonance. However, these methods may not provide identical gT  values. The reason 

for this is that gT  depends on the heating or cooling rate of the experiment plus the thermal 

history of the sample (long entangled polymer chains cannot respond instantaneously to changes 

in temperature). From these methods, the most common one is to observe the variation of a 

thermodynamic property with temperature. For example, by using a dynamic mechanical 
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analysis, different glass transition temperatures are obtained by measuring the loss modulus or 

the tanδ  peak temperatures, in which these peak temperatures can be shifted with increasing 

frequency excitation. Thus, when the gT  is measured, not only does the experimental method 

need to be specified, but also the rate of measurement25, 26. 

 

Composites 

 

Monolithic (unreinforced) materials are homogeneous and isotropic materials (metals, 

ceramics). Composites are complex, heterogeneous, and often anisotropic material systems. 

Composites are not ductile and do not yield before reaching their breaking strength (failing 

strains are lower than metals). The term “advanced composites” generally refers to materials 

consisting of high-stiffness continuous-fiber reinforcements within a comparatively weak matrix. 

The primary reason for their use is to reduce the mass of spacecraft structures and components. 

Additionally, their unique high specific strength and stiffness can be utilized to create structures 

that are impossible with conventional metal construction. Also, the extremely high stiffness, 

near-zero coefficient of thermal expansion (CTE), and low density of carbon (graphite) fibers 

have made composites the materials of choice in spacecraft structures27. 

The availability of a wide array of structured materials means that more efficient 

structures can be fabricated with less material waste. Unlike isotropic materials, composites are 

directionally dependent. Thus composites can be designed to have the desired properties in 

specified directions without over designing in other directions28. Composites combine the 

attractive properties of other classes of materials while avoiding some of their drawbacks. They 

are light, stiff and strong, and they can be tough. Most of the composites available to the 

engineer have a polymer matrix (epoxy or polyester) reinforced by fibers (glass, carbon or 

Kevlar). Because composites are fabricated, they can be engineered to meet the specific demands 

of each particular application. Available design options include but are not limited to the choice 

of materials (fiber and matrix), the volume fraction of the fiber, fabrication method, layer 

(unidirectional or fabric), and the layer stacking sequence29. 
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Fibers: 

The near-zero coefficient of thermal expansion (CTE) of carbon fibers provides 

dimensional stability unmatched by metal structures. The fibers in composites are strong, stiff 

and low in density. Continuous, aligned fibers are the most efficient reinforcement form and are 

widely used, especially in high-performance applications. In addition to their exceptional static 

strength properties, fiber-reinforced polymer composites also have excellent resistance to fatigue 

loading. However, fibers often have some less desirable engineering properties, like low strain to 

failure (brittleness) and low energy of fracture (toughness). Typically 10 % of the fibers in any 

given cross section are broken in the manufacturing process. Composites tend to be more 

susceptible to fatigue failure when loaded in compression27. 

Carbon fibers can be fabricated to have high modulus or high strength, but not both. A 

method to fabricate a carbon fiber with both high modulus and high strength is desired. It is also 

difficult to make monolithic (unreinforced) materials out of fiber materials because fiber 

materials are brittle. Size effect is the decrease in strength with increasing material volume. As a 

result of size effect, fiber strength typically decreases with increasing diameter. If composite 

strength size effects exist at all, they are much less severe than for fibers by themselves8.  

 

Matrix: 

In well-designed composite materials, the fiber reinforcement is used to control strength 

and to limit time-dependent behavior. However, mechanical properties are reduced when the 

loading is in a direction other than along the fibers. Fiber materials are often comparatively 

insensitive to temperature. But even when the fibers are not affected directly by temperature, the 

fiber direction strength and life of a composite can be strongly dependent on temperature. For 

instance, the tensile strength in the fiber direction of a polymer composite can change by         

15-34 % when the matrix properties change due to temperature variations. Therefore, for a 

polymer matrix material the shear stiffness will often be strongly temperature dependent30. 

Polymers typically suffer significant losses in both strength and stiffness above gT . 

Therefore, one of the key issues in matrix selection is the maximum service temperature. This 

does not mean that below the matrix gT , the mechanical properties of the composite are constant. 
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There is some reduction in the modulus and strength of the composite when the service 

temperature gets close to the gT .8 

 When exposed to a liquid, polymers absorb a certain amount of that liquid, and in general 

expand. The amount of liquid absorbed is not significant. As a result, it is not the weight gain 

that is important; rather, it is the matrix expansion that is the issue. The moisture expansion in 

the carbon fiber direction is small because fibers usually do not absorb moisture, and the stiffness 

of the fibers overcomes any tendency for the polymer to expand in that direction. However, 

expansion perpendicular to the fibers is significant.  For polymer matrix composites, the level of 

expansion is close to being linear with the amount of liquid absorbed. The moisture sensitivity of 

resins varies widely; some are very resistant. The maximum service temperature is affected by 

reduced elevated temperature structural properties resulting from water absorption30. 
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3 Flexure Hinge and Strut Design for Concentrated Strain 

Deployable Trusses 
 

The sections in this chapter are organized as follows: a classical buckling analysis of a 

single flexure hinged strut is developed in Section 3.1 using Euler Column Theory. Since this 

classical model requires a numerical solution, it does not yield compact symbolic results. Instead, 

it is used to assess an approximate model that was developed to obtain a symbolic solution in 

Section 3.2. Given the geometry of a hinged strut, these models allow truss strength to be 

calculated, but they do not consider folding of the hinge. The folding failure strain is added to the 

approximate model of the hinged strut design in Section 3.3. In Section 3.4, a free strain weight 

function analysis is done for the approximate model of the hinged strut design. Truss 

performance is studied by computing the effective longeron axial stiffness in Section 3.5. Section 

3.6 explores the influence of geometric hierarchy on the hinged strut performance. Finally, a 

discussion of how the material properties of the hinged strut influence the truss performance is 

provided in Section 3.7.  

 

3.1 Classical Model Analysis 
 

Structurally efficient trusses have slender struts that, when subjected to a compressive load, 

typically fail in Euler buckling. The longerons buckle into a sinusoidal shape with a period 

length of two bays31-33. In this buckling pattern, the longeron curvature inflection point (point at 

which there is zero curvature and hence, zero moment), occurs at the longeron-batten interface. 

Because this is also the location of the flexure hinges, pinned-pinned end conditions best 

represent the strut buckling failure mode. The compressive strength of such a truss can therefore 

be predicted with a classical Euler Column Theory model of a hinged strut with pinned-pinned 

end conditions. 

The hinged strut studied in this paper is composed of three piecewise constant cross section 

segments: a solid rod strut with rectangular flexure hinges at both ends, as shown in Figure 3.1. 
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Even though the flexure hinges are short compare with the strut segment, they are designed to be 

slender and fail in buckling when subjected to an axial compressive load. With these 

assumptions, the Euler’s Column Formula in Ref. 34 is used to determine the critical buckling 

load and mode shape of the hinged strut. Because the lowest mode is symmetric, only half of the 

hinged strut is considered for the solution of the eigenvalue problem (Figure 3.2). 

 

 
Figure 3.1 Simply supported hinged strut. 

 

 
Figure 3.2 Classical model. 

 

The governing differential equations for the hinge and rod segments are 
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To eliminate one geometric variable, the diameter of the strut is set equal to the hinge width. The 

corresponding cross-sectional moment of inertia of the strut and hinge are 

 4 / 64rI dπ=  (3.1.3) 

 3 /12hI d t=  (3.1.4) 

The cross-sectional areas of the solid rod strut and rectangular hinges are 

 2 / 4rA dπ=  (3.1.5) 
 hA d t=  (3.1.6) 

The left-end boundary condition for the hinge segment is pinned. In this case, the displacement 

and the bending moment are zero, 
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The right-end boundary condition for the strut segment is free to sway, but fixed in rotation. In 

this case, the slope and shearing force are zero, 
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Finally, the continuity conditions between hinge and strut segments are 

 ( ) ( )h h ry l y l=  (3.1.9) 
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The general spatial solutions of Eqs. (3.1.1) and (3.1.2) can be written as follows for the two 

segments of the hinged strut, 

     ( ) ( ) ( )hhhh lxCxCxCxCxy ≤≤+++= 0cossin)( 14131211 λλ   (3.1.13) 
  

( ) ( ) ( )lCCCCy rrr ≤≤+++= ζζζλζλζ 0cossin)( 24232221   (3.1.14) 
where the corresponding eigenvalues of the hinge and the strut are 
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Application of the boundary conditions in Eqs. (3.1.7) and (3.1.8) reduce Eqs. (3.1.13) and 

(3.1.14) to 

( ) ( )hhh lxxCxCxy ≤≤+= 0sin)( 1311 λ    (3.1.17) 

( ) ( )lCCy rr ≤≤+= ζζλζ 0cos)( 2422    (3.1.18) 

Substituting Eqs. (3.1.17) and (3.1.18) into the four continuity conditions, Eqs. (3.1.9)-(3.1.12), 

give the following system of equations for ,,, 221311 CCC and 24C , 



 23

( ) ( )11 13 22 24sin cosh h h rC l C l C l Cλ λ+ = +      (3.1.19)

( ) ( )11 13 22cos sinh h h r rC l C C lλ λ λ λ+ =     (3.1.20) 

( ) ( )2 2
11 22sin cosh h h h h r r r rE I C l E I C lλ λ λ λ=     (3.1.21) 

( ) ( )3 3
11 22cos sinh h h h h r r r rE I C l E I C lλ λ λ λ=     (3.1.22) 

The system of Eqs. (3.1.19)-(3.1.22) can be written in matrix form as 
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 To determine the eigenvalues, the determinant of the square matrix on the left side of Eq. 

(3.1.23) is computed and set equal to zero, 

 ( ) ( ) ( ) ( ) ( )sin sin / cos cos 0h h r h r h h rl l l lλ λ λ λ λ λ− =  (3.1.24) 

or ( ) ( ) ( )tan tan /h h r h rl lλ λ λ λ=  (3.1.25) 

Substituting Eqs. (3.1.15) and (3.1.16) into Eq. (3.1.25) yields, 
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Equation (3.1.26) is a transcendential equation that can only be solved numerically. The critical 

buckling load is the smallest positive numerical solution and corresponds to the first mode shape. 

The first mode shape for the hinge and strut segments are given by Eqs. (3.1.17) and (3.1.18), 

respectively. With 11C  specified, the coefficient constants can be found by solving Eqs. (3.1.19)-

(3.1.21) for 22 13, ,C C and 24C  as follows, 
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( ) ( )13 22 11sin cosr r h h hC C l C lλ λ λ λ= −    (3.1.28) 

( ) ( )24 11 22 13sin cosh h r hC C l C l C lλ λ= − +    (3.1.29) 

An example problem is considered to provide insight into the behavior of the hinged strut. 

M60J/epoxy, a high modulus composite material, was selected for the strut because it has a high 

bending material metric9, and a NiTi SMA was chosen for the hinge because it has the highest 
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folding failure strain from the materials listed in Table 3.1. The following dimensions for the 

hinged strut represent the smallest readily manufactured truss for a truss-of-trusses: 

152 mm,L = 1.52 mm,d =  and 0.12 mmt = . The buckling loads and corresponding first mode 

shape functions of the classical model shown in Figure 3.2 are calculated in Table 3.2 for three 

different buckling cases. These three buckling cases differ only on the strut and hinge length, 

which are varied in each case. Figure 3.3 illustrates the first mode shape for each buckling case 

of the hinged strut shown in Figure 3.1. In the first buckling case, only the strut buckles because 

the critical load is governed by the strut properties. In the third buckling case, only the hinges 

buckle because the critical load is governed by the hinges properties. In the second buckling 

case, both the strut and hinges buckle because the critical load is determined by a balance 

between the strut and hinges properties. With these observations, a more simple solution for the 

hinged strut will be developed in the next section. 

  
Table 3.1 Material properties for the hinged strut design at room temperature 

Material 

aFVF, fiber volume fraction 
bUni, Unidirectional 

Density 
kg/m3 

Modulus 
GPa 

Folding 
Failure 

Strain, % 

Material Metric
3/ 5 9 / 5 /N m kg  

bUni Mitsubishi K13C2U UHN 
/epoxy (60% FVF)a ,YLA 1,840 536 0.04 5,925 

Uni Torayca M60J 
/epoxy (60% FVF) 1,682 354 0.60 5,053 

Zylon HM PBO 
/epoxy (60% FVF), Toyobo 1,456 170 2.00 3,759 

Uni IM7/epoxy 
(60% FVF), Hexcel 1,588 167 1.12 3,410 

Zylon AS PBO 
/epoxy (60% FVF), Toyobo 1,440 110 3.00 2,927 

S-2 Glass/ epoxy  
(60% FVF), MatWeb 2,000 54 2.50 1,375 

Aluminum 2,699 71 1.06 1,201 
Steel 7,870 210 1.31 790 
Nickel-titanium SMA, Matweb 6,450 75 5.00 519 

 
Table 3.2 Buckling load and first mode shape function for three different cases 

Buckling case Member Length, m Eigenvalue Load, N First mode shape 
strut 0.1505 20.45 38.8 ( )0.0129 28.79 cos 20.45 , 0 lζ ζ− + ≤ ≤  

1. strut buckles 
hinge 0.0008 1537 38.8 13.54 sin(1537 ),0 hx x x l− + ≤ ≤  

strut 0.1499 19.15 34.0 ( )0.01135 7.38 cos 19.15 , 0 lζ ζ− + ≤ ≤   2. strut and hinge 
     buckle hinge 0.0010 1439 34.0 ( )11.15 sin 1439 ,0 hx x x l− + ≤ ≤  

strut 0.1496 16.74 26.0 ( )0.0002599  3.188 cos 16.74 , 0 lζ ζ− + ≤ ≤  
3. hinge buckles 

hinge 0.0012 1258 26.0 ( )0.2137 sin 1258 ,0 hx x x l− + ≤ ≤  
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Figure 3.3 First mode shape for the three buckling cases. 
 

3.2 Approximate Model Analysis 
 

The hinged strut of the previous section is now designed and analyzed with a much simpler 

approximate model inspired by the results of the previous section. When either the hinges or the 

strut are overly slender, the system buckling strength is reduced. The buckling modes correspond 

to that of a pinned-pinned strut (Fig. 3.3 Case 1) or that of a pinned-fixed flexure hinge allowing 

sway (Fig. 3.3, Case 3). By idealizing these modes, as shown in Figure 3.4, and designing the 

flexure strut system so they occur at the same load, the buckling strength can be estimated using 

compact Euler’s Column Formulas. From Figure 3.1, the total hinged strut length is 

 2r hL l l= +  (3.2.1) 

Introducing a new design variable, γ , the ratio of hinge length to hinged strut length is 

/hl Lγ =      (3.2.2) 

Substituting Eq. (3.2.2) into Eq. (3.2.1) and solving for L  yields 

1 2
rlL
γ

=
−

     (3.2.3) 

 In Case 1 of Fig. 3.3, the length of the strut, rl , is approximately equal to L  because 

h rl l  when 0.1γ ≤  (concentrated strain approach). Since the hinge is not significantly long 

compared with the strut, the slenderness ratio of the hinged strut system is dictated by the strut 

1. strut buckles 
 
 
 
 

 
 

 
 
 

 
2. strut and hinges buckle 

 
 

3. hinges buckle 

1            2                3 

Hinge 
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slenderness ratio. For a solid rod strut, the corresponding radius of gyration and the slenderness 

ratio are 

 / / 4r rr I A d= =  (3.2.4) 

 / 4 /S L r L d= =  (3.2.5) 

Therefore, the buckling boundary condition of the strut is approximated as pinned-pinned with 

the strut length equal to L  (Figure 3.4) and the critical buckling load for the strut is 

 
( )

( )2 22

2 2

/ 4

/
rr r

r

E dE AP
L r S

π ππ
= =  (3.2.6) 

 In Case 3 of Fig. 3.3, only the hinges buckle. In this case, it is observed that a good 

approximation is that the deflection and the bending moment are zero at the left of the hinge, and 

the slope and shear are zero at the right of the hinge, as shown in Figure 3.4. The effective length 

of the equivalent Euler column, el , for the hinge is 2 hl .7 Therefore, the buckling boundary 

condition of the hinge is assumed to be pinned-fixed allowing sway for the approximate solution, 

and the critical buckling load of the hinge is 

( )
( )

( )

2 32

2 2

/12

2 2
hh h

h
h

E d tE IP
l L

ππ
γ

= =    (3.2.7) 

Equations (3.2.6) and (3.2.7) can be written as a function of slenderness by substituting           

Eq. (3.2.5), 

 
3 2

4

4 r
r

E LP
S

π
=  (3.2.8) 

 
2 3

212
h

h
E tP

S L
π

γ
=  (3.2.9) 

 The hinged strut design can be sized with three design variables: S , γ , and t . The first 

design equation, is obtained by setting rP  equal to the required load, P , and solving Eq. (3.2.8) 

for S , 

 
1/ 2

3/ 4 1/ 4
1/ 42 r

LS E
P

π=  (3.2.10) 
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The first design variable is calculated by substituting the strut modulus and design constraints, L  

and P , in Eq. (3.2.10). When the strut and hinge buckle simultaneously, the second design 

equation is obtained by setting hP P= , and solving Eq. (3.2.9) for γ , 

 
3/ 2

2 3
hE t

L P S
πγ =  (3.2.11) 

The second design variable,γ , is not yet defined because Eq. (3.2.11) is a function of the third 

design variable, t . In the next section, a third design equation will be introduced to solve for the 

second and third design variables. 

 Using the same material properties and geometric parameters as in the previous section,     

Eqs. (3.2.8) and (3.2.9) are plotted in Figure 3.5 along with the classical model solution,          

Eq. (3.1.26), as a function of γ . The slenderness ratio of the hinged strut design is 400. The 

approximate value of γ , when the rod and hinge buckle simultaneously, is 0.0067.  With this γ  

value, the approximate solution for the buckling load is 40 N, 15 % higher than the classical 

solution (34 N as computed in Table 3.2). This is not a conservative error because the buckling 

load of the approximate model solution is higher than the classical model solution.  

 The buckling load error between the classical and the approximate solutions,               

Eqs. (3.1.26) and (3.2.8), is calculated as a function of slenderness ratio in Table 3.3 by using the 

following equation: 

 100%rP PError
P
−

=  (3.2.12) 

Using the strut and hinge moduli of the previous section and setting 0.152 mL = and 

0.12 mmt = , the variables d  and γ  are computed by Eqs. (3.2.5) and (3.2.11), respectively in 

order to guarantee that both model solutions have the same dimensions. It is observed in      

Table 3.3 that the buckling load error decreases when the slenderness ratio decreases. Typical 

values for slenderness ratios are between 300 and 400, where the corresponding critical load 

error range is 12-15 %. This error is sufficiently small for the purposes of the current analysis, 

which is to capture the phenomena governing the dominant characteristic of the system. 
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Table 3.3 Buckling load error as a function of slenderness 

S  ,mmd  γ  
Approximate,  

rP , N 
Classical,  

P , N 
,%Error  

200 3.0 0.0024 634 583 9 
300 2.0 0.0043 125 112 12 
400 1.5 0.0067 40 34 15 
500 1.2 0.0093 16 14 18 
600 1.0 0.0122 8 7 20 

 

 
Figure 3.4 Boundary conditions: a) strut, b) hinge. 

 

 
 

approximate solution 
(rod and hinge buckle) 

 
rod buckling load 

hinge buckling load 

classical solution 

 
Figure 3.5 Classical solution vs. approximate solution. 
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3.3 Strain Limited Design 
 

 The structure progresses through three main states during deployment: the initial 

packaged state, the intermediate transition state, and the final deployed state. The hinged strut 

design strategy presented in the previous sections only considers the buckling strength of the 

final deployed state. However, since the initial packaged state requires considering the strength 

criteria, the hinged strut design strategy of the previous section is modified. Figure 3.6 represents 

a schematic of the flexure hinge before and after deployment. When the hinged strut is in the 

packaged configuration, the radius of the folded hinge becomes an important parameter for the 

material strain limits. The hinge strain and the length of the folded hinge at 90°  are 

 / 2t
R

ε =  (3.3.1) 

 
2hl Rπ

=  (3.3.2) 

Solving Eq. (3.3.1) for t  and Eq. (3.3.2) for R  yields respectively, 

 2t Rε=  (3.3.3) 

 2 2hl LR γ
π π

= =  (3.3.4) 

Substituting Eq. (3.3.4) into Eq. (3.3.3) gives 

 4 4hl Lt ε ε γ
π π

= =  (3.3.5) 

Equations Eq. (3.2.11) and Eq. (3.3.5) provide two equations that can be solved for the two 

design variables γ and t . Doing so yields 

 2 3

3
16 h

P S
L E

πγ
ε

=  (3.3.6) 

and  

 2

3
4 h

P St
L E ε

=  (3.3.7) 

Using these assumptions, the approximate model of the hinged strut design can be sized with the 

following three design variables using the three design equations, Eqs. (3.2.10), (3.3.6), and 

(3.3.7): 
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1/ 2

3/ 4 1/ 4
1/ 42 r

LS E
P

π=  (3.3.8) 

 
1/ 47 / 4 3/ 4

3/ 2 3

3
8 2

r

h

EP
L E

πγ
ε

=  (3.3.9) 

 
1/ 43/ 4 3/ 4

3/ 2 1/ 2 2

3
2

r

h

EPt
L E

π
ε

=  (3.3.10) 

where the material properties are , , ,r r h hE Eρ ρ , the design constraints are ,L P , and Eq. (3.3.9) 

and (3.3.10) are strain limited. 

 The folding strain of the hinge is analyzed as a function of γ  for different slenderness 

ratios by solving Eq. (3.3.6) for ε , 

 
1/3

4 2

3
2 h

P S
L E

πε
γ

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

 (3.3.11) 

In Figure 3.7, Eq. (3.3.11) is plotted using the hinge modulus (NiTi) of the previous section and 

the design constraints 0.152 mL =  and 35.5 NP = . For fixed values of γ , the strain 

requirement is reduced when the slenderness ratio decreases because the width and then the 

cross-sectional area of the hinge increases. Also, for specific slenderness ratios, the strain 

requirement is reduced as γ  increases because the length of the hinge increases. In addition,   

Eq. (3.3.11) is plotted in Figure 3.8 with 400 slenderness ratio using the same previous material 

for the strut (M60J) and three different materials for the flexure hinges (NiTi SMA, S-2 

glass/epoxy and Zylon AS-PBO/epoxy, see Table 3.1). The strain requirement is reduced by 

using a higher material modulus for the hinge. However, from all the materials listed in        

Table 3.1, only NiTi SMA gives a reasonable solution because its corresponding γ  values from 

0.04 to less than 0.1 generate strain values smaller than the material folding failure strain when 

bending 90°  (concentrated strain approach). Finally, the strain requirement can be written 

exclusively in terms of the hinge and strut moduli, and design constraints by solving Eq. (3.3.9) 

for strain,  

 
1/ 21/ 62 /3 7 / 6

7 /3 2/ 3 1/ 3

3 1
2

r

h

EP
L E

πε
γ

⎛ ⎞
= ⎜ ⎟⎜ ⎟
⎝ ⎠

 (3.3.12) 
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Equation (3.3.12) shows that the strain requirement is more sensitive to the hinge modulus than 

the strut modulus since hE  is to the -1/3 power and rE  is to the 1/12 power. 

 
 

Figure 3.6 Schematic of a hinged strut corner. 
 

 

 

 

 

 

 

     

 

 

3.4 Free Strain Weight Function 
 

 In some cases, the required hinge strain is less than the strain capacity of the hinge 

material. Therefore, a free strain weight function is defined for the hinged strut studied in the 

previous sections. The weight function is the sum of a solid rod strut and two rectangular hinges 

masses. With Eqs. (3.2.1) and (3.2.2), the weight function of the hinged strut is 

 ( ) ( )1 2 2r r h hw A L A Lρ γ ρ γ= − +  (3.4.1) 

Figure 3.7 Hinge strain vs. γ  with different  
                      slenderness values.  

Figure 3.8 Hinge strain vs. γ  with different  
                      hinge materials. 
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where rρ  and hρ are the densities of the strut and hinges. Since the cross-sectional areas of the 

solid rod and rectangular hinges are given by Eqs. (3.1.5) and (3.1.6), Eq. (3.4.1) can be written 

as 

 ( ) ( ) ( )( )2 / 4 1 2 2r hw d L d t Lρ π γ ρ γ= − +  (3.4.2) 

where d  can be written as a function of strut modulus and design constraints by substituting Eq. 

(3.2.5) into Eq. (3.2.10), and solving for d , 

 
3/ 2 1/ 2 1/ 4

3/ 4 1/ 4

2

r

L Pd
Eπ

=  (3.4.3) 

Therefore, Eqs. (3.4.3),  (3.3.9) and (3.3.10) are substituted into Eq. (3.4.2) to obtain the free 

strain weight function in terms of material properties and design constraints, 

 ( ) ( ) ( )1/ 2 5/ 4 1/ 2 5/ 4 1/ 2 7 / 4 7 / 4 1/ 43/ 2 1/ 2

1/ 2 1/ 2 1/ 4 3 1/ 2 2 5

3 2 9 22
4 8

r h rr

r r h h

L P P EL Pw
E E E L E

π ρ π ρρε
π ε ε

= − +  (3.4.4) 

        The analytical optimum weight equation is computed by differentiating Eq. (3.4.4) with 

respect to ε  and setting the result equal to zero, 

 
( ) ( ) ( )1/ 2 5/ 4 1/ 2 5/ 4 1/ 2 7 / 4 7 / 4 1/ 4

1/ 4 4 1/ 2 2 6

9 2 45 2
0

4 8
r h r

r h h

L P P Ed w
d E E L E

π ρ π ρε
ε ε ε

= − =  (3.4.5) 

The optimal ε  is computed by solving Eq. (3.4.5)  for ε , 
1/ 4 1/ 4 1/ 4 1/ 2

1/ 2 1/ 2 1/ 2

5 / 2 r h
opt

h r

P E
L E
π ρε

ρ
=      (3.4.6) 

The optimal γ  is obtained by substituting Eq. (3.4.6) into Eq. (3.3.9), 

1/ 2 3/ 2

1/ 2 3/ 2

3
20 5

h r
opt

r h

E
E

π ργ
ρ

=     (3.4.7) 

Finally, the optimal weight equation is calculated by substituting Eq. (3.4.6) into Eq. (3.4.4),  

 
3

2
3

2 3 51
125

hr r
opt

h rr

Ew L P
EE

ρ ρπ
ρπ

⎛ ⎞
= −⎜ ⎟

⎜ ⎟
⎝ ⎠

 (3.4.8) 

In Figure 3.9, Eq. (3.4.4) is plotted as a function of strain using different materials for the 

flexure hinges. The strut material is M60J/epoxy and the flexure hinge material is either 

M60J/epoxy, S-2 glass/epoxy, Zylon AS-PBO/epoxy, or NiTi SMA as listed in Table 3.1.    

Table 3.4 shows the optimum weight, strain and γ  values computed with Eqs. (3.4.6), (3.4.7) 
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and (3.4.8) for the materials used in Figure 3.9. The free strain weight function is relatively more 

sensitive to ε  in the vicinity of optε  when the material performance metric for a truss in bending, 

3/5 /mh h hEµ ρ= , is higher. The optimum weight values and the corresponding strain values of the 

flexure hinge materials differ according to the material performance metric for a truss in bending 

as follows: the higher the material performance metric, the lower the optimum weight value and 

its corresponding strain value. 

In addition, the weight function curves considerably increases for strain values below their 

corresponding optimal strain values (Figure 3.9). Therefore, materials with folding failure strain 

values higher or close to their corresponding optimal strain values should be used. From Table 

3.4, only AS PBO/epoxy has a folding failure strain value lower than its corresponding optimal 

strain value, and only S-2 glass/epoxy and NiTi SMA have the optimum ratio of hinge length to 

hinged strut length value, optγ , less than 0.1 (concentrated strain approach). Therefore, materials 

like S-2 glass/epoxy and NiTi SMA need to be developed, but with higher folding failure strain 

values. 
Table 3.4 Optimum weight, strain andγ values 

Flexure Hinge Material 
Weight, g 

optw  
Strain, % 

optε  optγ  Folding Failure 
Strain, % 

Material Metric 
3/5 9/5N m / kg  

Unidirectional Torayca M60J 
/epoxy (60% FVF) 0.365 1.71 0.211 0.60 5,053 

Zylon AS PBO 
/epoxy (60% FVF), Toyobo 0.387 2.84 0.148 3.0 2,927 

S-2 Glass/epoxy 0.417 4.77 0.064 2.5 1,375 
Nickel-titanium SMA, Matweb 0.435 7.27 0.013 5.0 519 
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NiTi SMA, ( = 75 GPa)
S-2/epoxy, ( = 54 GPa)
AS-PBO/epoxy, ( = 110 GPa)
M60J/epoxy, ( = 354 GPa)

h

h

h

h

E
E

E
E

 

M60J/epoxy solid rod strut 

 
Figure 3.9 Free strain weight function for different hinge materials. 

 

3.5 Truss Bending Stiffness 
 

While in the previous sections only strength was considered, this section analyzes overall 

truss stiffness. Since the cross-sectional area of a flexure hinge is smaller than the strut, the 

effective axial stiffness of a longeron, ( )e
EA , is reduced. This will also reduce the bending 

stiffness of the buildup truss because the truss bending stiffness, ( )( ) 2/ 2 trusse
EI n EA R= , is 

directly proportional to ( )e
EA .9 

The performance reduction of the hinged strut design can be computed from the effective 

hinged strut axial stiffness and the strut stiffness ratio, ( ) / r re
EA E A . The effective axial stiffness 

of the hinged strut system shown in Figure 3.1 is obtained by adding the axial stiffness of the 

strut and two hinges in series, 

 ( ) 2e
h r

h h r r

LEA l l
E A E A

=
+

 (3.5.1) 

Dividing Eq. (3.5.1) by the strut axial stiffness and reorganizing terms gives, 



 35
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2 1

h
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r r h r r

r h h

l
EA l
E A l E A

l E A

⎛ ⎞
+⎜ ⎟

⎝ ⎠=
⎛ ⎞

+⎜ ⎟
⎝ ⎠

 (3.5.2) 

Equation (3.5.2) can be written as a function of γ by solving Eq. (3.2.2) for L ,  

 /hL l γ=  (3.5.3) 

and substituting Eq. (3.5.3) into Eq. (3.2.1) and solving for /h rl l  gives, 

 
1

1 2h

r

l
l γ

−
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

 (3.5.4) 

Finally, substituting Eq. (3.5.4) into Eq. (3.5.2), and rearranging terms yields, 

 
( ) 1

1 2 1e r r

r r h h

EA E A
E A E A

γ
−

⎛ ⎞⎛ ⎞
= + −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (3.5.5) 

where the flexure hinge has lower axial stiffness, h hE A , than the strut axial stiffness, r rE A . This 

reduces the effective hinged strut stiffness, ( )e
EA , which reduces the truss bending stiffness, EI . 

 In addition, the hinge axial stiffness over strut axial stiffness is obtained by solving      

Eq. (3.5.5) for /h h r rE A E A , 

 
( )

1

11 1
2

h h r r

r r e

E A E A
E A EAγ

−
⎛ ⎞⎛ ⎞
⎜ ⎟= + −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (3.5.6) 

Equation (3.5.6) is plotted in Figure 3.11 as a function of γ . For less than 30% of ( )e
EA  

reduction, ( ) / 0.70r re
EA E A = , hinges should be less than 5% of the rod length, and should have 

a hinge axial stiffness greater than 1/ 5  of the rod axial stiffness ( )/ 0.20h h r rE A E A = . These 

results indicate that shorter, stiffer hinges are needed to prevent performance deficiency of the 

hinged strut design. The introduction of flexure hinges with reduced cross-sectional areas 

dramatically influences the effective longeron axial stiffness. 

 However, Eq. (3.5.5) can be written in terms of material properties and design 

constraints, and as a function of strain by first incorporating Eqs. (3.1.5) and (3.1.6) into          

Eq. (3.5.5), 
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( ) ( )

( )

1
2 / 4

1 2 1re

r r h

E dEA
E A E d t

π
γ

−
⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟= + −

⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 (3.5.7) 

and second by substituting Eqs. (3.3.9), (3.3.10), and (3.4.3) into Eq. (3.5.7), 

 

 
( ) 3/ 2 3

1/ 4 3/ 4 7 / 4 3/ 4 1/ 4 5/ 4 2 3/ 2 3

8
3 2 2 2 8

e h

r r r r h

EA E L
E A E P E L P E L

ε
π π ε ε

=
− + +

 (3.5.8) 

In addition, γ  can be much lower when there are less than two hinges per bay in a truss, as 

shown in Figure 3.10. The deployable truss articulates through longeron z-folding and bay 

shearing. In this architecture, a longeron has an effective eγ  that is β  times lower than a single 

bay, /eγ γ β= , thus Eq. (3.5.8) can be rewritten as  

 
( ) 3/ 2 3

1/ 4 3/ 4 7 / 4 3/ 4 1/ 4 5/ 4 2 3/ 2 3

8
3 2 2 2 8

e h

r r r r h

EA E L
E A E P E L P E L

β ε
π π ε β ε

=
− + +

 (3.5.9) 

In Figure 3.12, Eq. (3.5.9) is plotted as a function of strain for 1β =  and 10β =  with design 

constraints 0.152 mL =  and 35.5 NP = . The strut material is M60J and the flexure hinge 

material is either S-2 glass/epoxy, Zylon AS-PBO/epoxy, or NiTi SMA as listed in Table 3.1. 

Significant performance reductions occur with two flexure hinges per strut, 1β = , (a reduction of 

50% occurs using NiTi SMA). With 10 times fewer hinges per strut, 10β = , in a sheared truss 

configuration, much lower performance reductions occur (a reduction of 10% occurs using NiTi 

SMA). As expected the higher the difference between the strut and hinge moduli, the lower the 

effective longeron axial stiffness. 
 1. Deployed state 

2. Transition state

L Lβ

Lβ

L Lβ

Lβ

1 h
e

l
L

γ γ
β β

= =  

hinges hinges strut strut 

 
Figure 3.10 Shearing truss side view. 
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3.6 Hierarchical Geometry for Flexure Hinge and Strut Elements 
 

 In this section, different geometric hinged strut designs were explored to provide insight 

into the influence of architecture on the system performance for a given set of requirements 

( 0.152 mL = , 35.5 NP = ). The hinged strut system is analyzed by using M60J/epoxy for the 

strut and NiTi SMA for the hinges, Table 3.1. 

 

Hierarchical Geometry of Flexure Hinge Elements 

 

 Figure 3.13 illustrates the hinge strain requirement for different hinge cross-sectional 

areas with a solid rod strut. Table 3.5 shows four cross-sectional areas for the hinge and their 

corresponding axial stresses, /h hP Aσ = . From these four hinge geometric configurations, only 

the rectangular and the cylindrical shell shapes give reasonable solutions when 5 % of hinge 

strain is developed because the corresponding γ  values are less than 0.1, Figure 3.13. These two 

shapes are sufficiently slender to meet the buckling criteria because the hinge stresses generated 

by P  are less than the yield stress of NiTi SMA ( 560MPah yσ σ< = , Table 3.5).  

 As mention in Section 3.1, the diameter of the solid rod strut was set equal to the width of 

the rectangular hinge. However, the solution of the hinge strain requirement for a cylindrical 

Figure 3.11 Hinge axial stiffness over strut axial 
                      stiffness vs. γ . 

Figure 3.12 Effective longeron stiffness and strut 
                      axial stiffness ratio vs. hinge strain.  
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shell cross-sectional area has a different assumption.  Equation (3.3.5) was used for the 

cylindrical shell configuration because φ  was defined as a small angle, Table 3.5. This 

guarantees that the cylindrical shell cross-sectional area is rectangular after bending the flexure 

hinge 90o . With this assumption, the specific geometric parameters used in Figure 3.13 for the 

cylindrical shell were ( )/ 30s sh tγ φ= =  and / 4φ π= .14 The tape spring hinge shape generates a 

lower strain value than the rectangular hinge shape for a specify γ  value. However, the tape 

spring hinge develops stresses closer to the allowed yield stress. 

 

Hierarchical Geometry of Strut Elements 

 

The performance of the hinged strut system was studied with different strut geometries. This 

was accomplished by comparing the strain requirement, the weight function and the effective 

longeron axial stiffness of the hinged strut system using a rectangular cross-sectional area for the 

hinge. Table 3.6 shows the four different strut cross-sectional areas. For all these strut geometric 

shapes, the width of the hinge is set equal to the outside diameter or length edge of the strut 

geometric shape. Figure 3.14 illustrates that the hinge strain requirements of all the hinged strut 

systems with the strut cross-sectional areas considered in Table 3.6 are almost the same. 

However, for the weight function and the effective longeron axial stiffness, thin-walled shapes 

have better solutions than solid shapes (Figure 3.15 and Figure 3.16). As expected thin-walled 

shapes are lighter than solid shapes, Figure 3.15. In Figure 3.16 the thin-walled shapes have 

higher effective longeron stiffness than the solid shapes. Finally, Table 3.6 shows that thin-

walled shapes have lower slenderness ratios than solid shapes when using the same design 

constraints. However, the compaction ratio of thin-walled struts can be improved by using a 

collapsible tube designs35-37. The slenderness ratios of each strut geometry were calculated using 

Eq. (3.2.5), where the radii of gyration were computed with Eq. (3.2.4) and the corresponding 

cross-sectional moment of inertias and cross-sectional areas in Table 3.6.  
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Table 3.5 Geometry of the flexure hinge 
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Table 3.6 Geometry of the strut 
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Figure 3.13 Strain vs. γ  for different hinge  
                      geometric shapes. 

Figure 3.14 Strain vs. γ  for different strut 
                      geometric shapes. 
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3.7 Material Selection for Flexure Hinge and Strut Elements 
 

 In this section, the selection of materials for a hinged strut system is examined independently 

of the strut geometry using the following design constraints: 0.152 mL =  and 35.5 NP = . 

 

Material Selection of Strut Elements 

 

For the hinged strut system studied in this paper, the strut element is not required to have a 

high folding failure strain because only the flexure hinges at the end of the strut need to bend 

90°  when the deployable truss is in its packaged state. Therefore, since the hinges are short 

compared with the strut, the material truss performance metrics for column and bending loading 

developed in Ref. 9 can be used for the strut material selection. For example, materials with a 

greater material metric for a truss in bending, 3/5 /mr r rEµ ρ= , allow the lightest weight trusses for 

bending loading condition, Table 3.1. 

 

 

 

 

Figure 3.15 Free strain weight functions  
                      for different strut geometric shapes. 

Figure 3.16 ( ) / r re
EA E A  vs. strain for different   

                       strut geometric shapes.

 

NiTi rectangular hinge 
M60J/epoxy struts 
L = 0.152m, P = 35.5N 

 

NiTi rectangular hinge 
M60J/epoxy struts 
L = 0.152m, P = 35.5N 

10β =  
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Material Selection of Flexure Hinge Elements 

 

 Since a material metric that considers modulus, hE , and strain,ε , of the hinge is needed, the 

total longeron performance indices developed in Ref. 9 were used for the material selection of 

the hinges. The element performance indices of a longeron for column and bending loading are  

 
( )1/ 31/ 3 5/3

, , 2 / 3
l ll

l c m c
l

P EA l
m

µ µ
π

=  (3.7.1) 

 
( )1/52 /5 9/ 5

, , 4 /5
l ll

l b m b
l

P EA l
m

µ µ
π

=  (3.7.2) 

where the length, the total mass, the axial strength, and the axial stiffness of the longeron are 

ll , lm , lP , and ( )l
EA .  

      Equation (3.7.1) can be used to derive an approximate material metric of the hinge for 

column loading. Since for the concentrated strain approach the hinges are very small compared 

with the strut, the total mass and total length of the hinged strut system shown in Figure 3.1 were 

assumed to be the mass and the length of the strut. Therefore, the terms lm  and ll  are only 

multiple factors. The axial strength, lP ,  can be found by solving Eq. (3.3.6)  for P , 

 
2 316

3
h

l
L EP P

S
γ ε
π

= =  (3.7.3) 

and the axial stiffness, ( )l
EA , is defined by solving Eq. (3.5.5) for ( )e

EA , 

 ( ) ( )
1

1 2 1r r
r rl e

h h

E AEA EA E A
E A

γ
−

⎛ ⎞⎛ ⎞
= = + −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (3.7.4) 

Finally, Eqs. (3.7.3) and (3.7.4) are substituted into Eq. (3.7.1), 
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3

h lr r
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h h l

L E lE AE A
S E A m

γ εµ µ γ
π π

−⎛ ⎞⎛ ⎞⎛ ⎞⎛ ⎞⎜ ⎟= + −⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠
 (3.7.5) 

Assuming that γ  and S  in Eq. (3.7.5) are respectively 0.1 and 400, the metric that captures the 

flexure hinge stiffness, hE , and strain, ε , in a hinged strut system under column loading 

condition is 

 3
hE cε =  (3.7.6) 
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 The material metric of a hinge in column loading condition is the same as the material 

metric of a hinge in bending loading condition. The modulus and strain of the materials listed in 

Table 3.1 are plotted in Figure 3.17. This plot shows the material metric of the hinge,               

Eq. (3.7.6).  Based on the comparison between the material properties and the material metric 

shown in Figure 3.17, there is a trade off between the modulus and strain of the flexure hinge 

(materials with high modulus have low strain, and materials with high strain have low modulus). 

For the concentrated strain approach studied in this research, materials with high modulus and 

high strain are needed for the hinge. However, the materials that have been used in deployable 

trusses have high modulus, but low strain. 
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Figure 3.17 Material metric that captures the stiffness and strain of the hinge. 
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4 Manufacturing of a Concentrated Strain Deployable 

Truss of Solid Rods 
 

 In this chapter, a prototype of a deployable truss was fabricated. The idea was to prove 

that the concentrated strain approach can be implemented in deployable trusses. The materials 

for the strut and hinge elements were selected to be the same as the materials used in     

Appendix A (Ref. 1). The mechanical properties of a extruded carbon fiber rod in a vinyl-ester 

matrix and NiTi SMA were measured in Ref. 1 and summarized in Table 4.1 and Table 4.2, 

respectively. The length of the strut was calculated with Eq. (3.2.5) by assuming a slenderness 

ratio of 400, and the length of the hinge was computed with Eq. (3.3.5) by assigning a strain 

value of 4 % .  

Table 4.1 Strut mechanical properties and dimensions (Carbon/vinyl-ester at 25 oC) 
156 GParE =  140 mmrL =  61.4 GParG =  

31422 kg/mrρ =  1.4 mmrd =  0.27rν =  

 
 

Table 4.2 Hinge mechanical properties and dimensions (NiTi SMA at 25 oC) 
72 GPahE =  6 mmhL =  0.3 mmt =  0.043γ =  28 GPahG =  

36100  kg/mhρ =  1.5 mmhd =  4 %ε =  0.3hν =  560 MPahSt =  

 

4.1 Three Joints for the Deployable Truss 
 

 In this section three different joints were designed to assembly the strut, hinge and 

diagonal elements of the deployable truss. The first joint was identified as joint type 1 and it was 

designed to join a strut with a hinge (see Figure 4.1). Joint type 2 was designed to join the 

longerons, diagonals, and hinged strut elements as shown in Figure 4.2. The last joint was 

described as joint type 3, and it was designed to assembly the middle batten and the two end 

battens of the truss, see Figure 4.3. The schematic designs of the three joints are in Appendix B. 

 Several companies were contacted to reproduce these three joints in mass production. 

From all the companies, FineLine Prototyping was the one that could meet the budget and 
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tolerance specifications. Therefore, the joints for the deployable truss were made by this 

company38. The technology used by this company to reproduce the joints was solid-state 

stereolithography systems. The tolerances of this company were +/-0.002" (0.050 mm) in X/Y 

for the first inch and an additional +/-0.001" (0.025 mm) per inch after that, and +/-0.005" (0.127 

mm) in Z for the first inch and an additional +/-0.005" (0.127 mm) per inch after that. 

Consequently, the pockets for the adhesive in the three joints were designed to have a thickness 

of 0.010” (0.254 mm). The available material for the joints of the prototype truss with the highest 

mechanical properties was Accura 60 plastic. Among the most important properties of this 

material, Accura 60 is durable and stiff. It has high clarity and a low viscosity formulation which 

allow fast build speeds. Accura 60 can be used to make humidity resistant parts39. The 

mechanical properties at room temperature of Accura 60 are shown in Table 4.3.    

 Stereolitography is “a three-dimensional printing process that makes a solid object from 

a computer image by using a computer-controlled laser to draw the shape of the object onto the 

surface of liquid plastic40.”  
 

Table 4.3 Joints mechanical properties (Accura 60 plastic at 25 oC) 
Type 1 Type 2 Type 3 2.69 3.10  GPajE = −  

1 0.043 gjm =  2 0.182 gjm =  3 0.385 gjm =  58 68  MPajSt = −  

1 104jN =  2 88jN =  3 12jN =  58 CgjT = °  

 
 

 

 
Figure 4.1 Joint type 1 assembly. 
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Figure 4.2 Joint type 2 assembly. 

 

 

 
Figure 4.3 Joint type 3 assembly. 

 
 

4.2 Fixed Diagonal and Spring Diagonal 
 

 The spring diagonal idea was inspired by Ref. 41. A long NiTi SMA and a wire rope (304 

stainless steel annealed) were the elements used for the spring diagonal. For the fixed diagonal a 

wire rope (304 stainless steel42) was selected. The mechanical properties and dimensions of the 

fixed diagonal and spring diagonal are shown in Table 4.4. Figure 4.4 illustrates how the fixed 

diagonal and spring diagonal were put in tension with a 45°  angle. For the spring diagonal, tape 

was used to hold the wire rope ends. The approximate force generated by the spring diagonal 

was 0.17 N and it was measured by applying a weight to the end of the spring diagonal. For the 

fixed diagonal, the approximate tension force was 0.38 N and it was measured by using a spring 

diagonal. Finally, the deployment kinematics of a spring diagonal is demonstrated in Figure 4.5. 

 
Table 4.4 Mechanical properties and dimensions of the fixed diagonal and spring diagonal at 25 oC 

193 GPadE =  0.29dν =  86.0 GPadG =  115 mmhdL =  
38000 kg/mdρ =  0.152 mmsdd =  0.305 mmfdd =  198 mmdL =  
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Figure 4.4 Tension of fixed diagonal and spring diagonal. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5 Deployment kinematics of a spring diagonal. 
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4.3 Three Fixtures to Build the Deployable Truss 
  

 Three different fixtures were designed and manufactured with specifically located pins to 

hold and bond together the joints, struts and flexure hinges. Two different diameter pins were 

used to hold the elements that were assembled. One type of pin was constructed from 18-8 

stainless steel with a diameter of 0.0312”-0.0315” and length of 5/8”. The other one was made 

from a hardened steel with a diameter of 0.0939”-0.0941” and length of 3/4”.42 Each fixture was 

protected with Teflon tape for easy release of the truss components after the adhesives were 

cured.  

 Figure 4.6 shows how several hinged struts were manufactured by using fixture type 1. 

With fixture type 2, initially the bottom and top parts of the truss were assembled as illustrated in  

Figure 4.7. Next, the bottom and top parts were connected to the hinged struts with the help of L-

shape holding members. Notice that the longerons are continuous and the hinged strut elements 

were located only in the side parts of the truss battens. The middle batten and the two end battens 

were assembled with help of fixture type 3 (Figure 4.8). The final product can be appreciated in 

Figure 4.9. Some deployable truss parameters were measured and they are in Table 4.6. 

 The struts and hinges were cleaned with Acetona after cutting and polishing them. The 

joints elements were also cleaned with Acetona and allowed them dry prior to applying the 

adhesive. For the construction of this deployable truss, three different kinds of adhesives were 

implemented, see Table 4.5. For the connection between the strut, hinge, and joint elements; 

adhesive type 1 was used because the hinges generate high strain concentration when they bend 

90° . A less tough adhesive (30 minutes Epoxy43, type 2) was used to bond the strut, diagonal 

and joint elements because its curing time was shorter compare with adhesive type 1. Finally, a 

third kind of adhesive (type 3) was needed for the spring diagonals since they have to stretch a 

lot when the deployable truss is in its packaged state. 
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Table 4.5 Adhesives properties information at 25 oC 
Type 1 

Two-part Epoxy 
Paste Adhesive 

Hysol EA 9309.3NA44 

Type 3 
Clear Silicone 

Adhesive Sealant45 

1

1

 3-5 days at 25 C
 1 hour at 82 C

ct

ct

N
N

= °
= °

 3 24-48 hours at 25 CctN = °  

1 1.688 2.232 GPaeE = −  --- 

1 31.0 51.7 MPaeSt = −  1 2.14 MPaeSt =  

1 59 CgeT = °  --- 
 
 

Table 4.6 Deployable truss parameters at 25 oC 
0.118 kgtm =  3.36mtL =  / 0.035 kg/mt tm L =  

134LCR =  25BN =  0.1 mR =  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6 Fixture type 1 for hinged struts. 
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Figure 4.7 Fixture type 2 for the deployable truss assembly. 
 
 
 

 
 

Figure 4.8 Fixture type 3 for batten end assembly. 
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Figure 4.9 Concentrated strain deployable truss of solid rods. 
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5 Experimental Analysis for a Concentrated Strain 

Deployable Truss of Solid Rods 
 

 A buckling test of the deployable truss in the previous chapter was carried out to measure 

the critical buckling load and the axial stiffness of the truss. 

 The instruments used to measure the force and displacement were a load cell and six 

displacement sensors, respectively. The displacement sensors and load cell were connected to a 

National Instruments SCXI-1520 Universal Strain Gauge Input Module. This module samples all 

channels simultaneously (inter-channel skew time < 200 ns).  The signal was then digitized by a 

National Instruments PXI-6250 with 16 bit resolution. These components are shown in       

Figure 5.1. 

 

 
Figure 5.1 Experimental measurement system. 

 

5.1 Displacement Sensors and Load Cell Calibration 
 

 The uncertainties of the load cell and the six displacement sensors were calculated from 

the square root of the sum of the squares of all known errors of each instrument (hysteresis, 

linearity, repeatability, sensitivity, and zero shift are common instrument errors). The units of the 

instrument errors need to be the same. For the load cell the instrument errors have units of lbf, 

and for the displacement sensors the instrument errors have units of in. To measure the buckling 

test, only the repeatability and linearity errors were considered. The sensitivity error was ignored 
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because it was very small compared with the other errors. However, this error can be present in 

the linearity error. This is right by accepting the average uncertainty as the true value. Therefore, 

the uncertainty of each instrument was given by46, 47 

 2 2
r Lu u u= +  (5.1.1) 

where 
ru  repeatability error 

Lu  linearity error 

 

Calibration of the Displacement Sensors 

 

 Six displacement sensors of 0.2250 in capacity were calibrated for the buckling test: three 

of them were used to measure the displacement of the truss bottom part, and the other three were 

needed to measure the displacement of the truss top part. 

  

Repeatability Error, rjµ : 

 When recording the displacement output of each displacement sensor, the maximum 

repeatability error (+/-0.0003 in) was the same for all of them, see Table 5.1. For example, when 

I measured any value between each displacement sensor range (0.0000-0.2250 in) with the 

Vernier micrometer (Figure 5.1), the output recorded value of each sensor started to oscillate 

between +/-0.0003 in of the micrometer measure value. 

 

Linearity Error, Ljµ : 

 Table 5.1 shows the linearity error of each displacement sensor. The linearity error of 

each sensor was defined as the maximum error found when comparing the displacement input 

that was measured with the micrometer (Figure 5.2), and the displacement output that was 

recorded with each displacement sensor (Figure 5.1), see Table 5.2. The displacement 

measurements of each sensor were generated between a range of (0.0000 in - 0.2250 in) with 

increments of 0.0250 in. From all the displacement sensors, D1 and D2 sensors had the highest 

linearity error, +/-0.0007 in. 
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Uncertainty, Djµ : 

 The overall instrument uncertainty, Djµ , of each displacement sensor can be computed 

with Eq. (5.1.2), see Table 5.1. 

 2 2
Dj rj Lju u u= +  (5.1.2) 

 
Table 5.1 Instrument uncertainty of each displacement sensor 

displacement
sensor Ljµ , in Djµ , in

D0 0.0005 0.0006 
D1 0.0007 0.0008 
D2 0.0007 0.0008 
D3 0.0005 0.0006 
D4 0.0003 0.0004 
D5 0.0004 0.0005 

 
Table 5.2 Displacement input and output comparisons for the D1 and D2 sensors 

Input 
Micrometer, in

Output 
D1, in 

Error 
D1, in 

Output
D2, in

Error 
D2, in

0.0000 0.0000 0.0000 0.0000 0.0000
0.0250 0.0248 -0.0003 0.0249 0.0001
0.0500 0.0495 -0.0006 0.0497 0.0004
0.0750 0.0746 -0.0004 0.0746 0.0005
0.1000 0.0994 -0.0007 0.0995 0.0006
0.1250 0.1244 -0.0006 0.1244 0.0007
0.1500 0.1494 -0.0006 0.1495 0.0005
0.1750 0.1744 -0.0006 0.1745 0.0005
0.2000 0.1994 -0.0006 0.1995 0.0005
0.2250 0.2245 -0.0005 0.2248 0.0002

 

 
Figure 5.2 Vernier micrometer and displacement sensor setup. 
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Calibration of the Load Cell 

 

 A load cell with 300 lbf capacity was pin attached to the bottom part of the truss. 

 

Repeatability Error, rµ : 

 When recording the force output of the load cell, the maximum repeatability error was  

+/-0.40 lbf. For instance, when I measured specify weights between a 1.32-14.42 lbf range, the 

output recorded value of each weight started to oscillate between +/-0.40 lbf. 

 

Linearity Error, Lµ : 

 The linear response was verified for low force input values as shown in Figure 5.3. The 

linearity error was 0.20 lbf and it was defined as the maximum error found when comparing the 

force input that was measured with accurate weighed masses, and the force output that was 

recorded with the load cell, see Table 5.3. This process was carried out three times, in which I 

got always the same linearity error. 
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Figure 5.3 Load cell linear response at low force values. 
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Table 5.3 Load input and output comparison for the load cell 
Input 

weight, lbf
Output 

Load cell, lbf
Error  

lbf 
1.32 1.30 -0.02 
2.25 2.20 -0.05 
3.57 3.50 -0.07 
4.08 4.10 0.02 
4.41 4.50 0.09 
5.73 5.80 0.07 
7.05 7.10 0.05 
7.60 7.80 0.20 
8.81 8.80 -0.01 

10.01 10.20 0.19 
11.33 11.50 0.17 
12.65 12.80 0.15 
13.54 13.70 0.16 
14.42 14.60 0.18 

 
 
Uncertainty, Pµ : 

 Finally, the overall instrument uncertainty of the load cell, Pµ ,  is +/- 0.45 lbf and it was 

computed with Eq.(5.1.1). 

 

5.2 Buckling Test of the Deployable Truss 
 

 The experimental setup of the buckling test is presented in Figure 5.4 and Figure 5.5. For 

the buckling test, we needed to measure the compressive displacement and the compressive load 

of the truss central axis. Two assembly plates were designed and fabricated to hold the truss 

ends. The two assembly plates had fixed connections with the corners of the truss longerons.  

The top assembly plate was pinned connected to a fixed beam, and the bottom assembly plate 

was pinned connected to a load cell. The assembly procedure and the test procedure are shown in 

Appendix C. Since the deployable truss could buckle locally or globally and in any direction of 

its center axis, six sensors were used to measure the center axial displacement of the two 

assembly plates. 

 Tree sensors were used to measure the center axial displacement of the top assembly 

plate. Since this assembly plate may rotate in any direction, the center axial displacement of this 
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assembly plate was computed with the average of the three sensor displacements. According to 

Ref. 48, this was possible because the three sensors were located from an equal radius of the top 

assembly plate central axis, and each sensor was 120° from each other. The same setup 

procedure was done for the bottom assembly plate by aligning the bottom sensors with the top 

sensors to cancel any possible moments and forces generated by the misalignment of the top and 

bottom sensors. Schematic designs of the top and bottom experimental setups were initially done 

in solidworks software to verify that there was enough space for the measuring devices to 

operate properly (Figure 5.4). 

 The buckling test was executed three times by using a manual hydraulic pump       

(Figure 5.5). The manual hydraulic pump allowed the actuator moving piston that was attached 

at the bottom of the load cell to move up or down. The deployable truss was compressed by 

moving the actuator piston up until the load cell measured a force of approximately 9 lbf. Then, 

the deployable truss was released of compression by moving the actuator piston down until the 

load cell measured an approximately a zero force value.  

 Before be able to determine the critical load of each run, the measured data was needed to 

be modified because none of the instruments start to record at zero. Before running the buckling 

test the truss was initially in tension because the bottom plate assembly weighed 4.3 lbf. 

However, the recorded value of the load cell was -0.3 lbf (this means that the load cell is in 

compression as a result of attaching by hand the Load Cell to bottom assembly plate). Then, all 

the load cell data were subtracted with a constant value of 4.3 lbf and the net displacement data 

were shifted. Figure 5.6 presents the three runs of the buckling test with the modified data, and 

Figure 5.7 shows that the truss buckles locally at the middle of the truss. This was expected 

because the longerons were designed to have two hinges at the middle of the truss. The 

experimental critical buckling load of each run was calculated in Table 5.5 by obtaining the 

average value of the recorded load data for a net displacement range of (0.0050 - 0.0058) in. At 

this range all the three runs shows a constant force value in Figure 5.6. 

 The average critical load and its corresponding uncertainty are in Table 5.5 and they were 

respectively obtained with Eqs. (5.2.1) and (5.2.2), 

 1 2 3
. 3

c c c
cAve

P P PP + +
=  (5.2.1) 

and 
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.

1/ 22 2 2

. . .
1 2 3

cAveP P cAve P cAve P cAve
c c c

P P P
P P P

µ µ µ µ
⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞∂ ∂ ∂⎜ ⎟= + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟∂ ∂ ∂⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠

  

 ( ).
3 / 3 0.26lbf

cAveP Pµ µ= =  (5.2.2) 

 Table 5.4 illustrates the computed net displacements of the truss and their corresponding 

measured loads. The net displacements of the truss were computed as 

 1 3 4 0 2 5

3 3
D D D D D D

net
X X X X X XX + + + +

= −  (5.2.3) 

and their uncertainties were obtained with 
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 The axial spring stiffness of the truss for each run and their corresponding uncertainties 

are in Table 5.5 and they were calculated using the data shown in Table 5.4 and Eqs. (5.2.5) and 

(5.2.6), respectively. The axial spring stiffness of the truss was computed as 

 b a

t netb neta

P PEA
L X X

−⎛ ⎞ =⎜ ⎟ −⎝ ⎠
 (5.2.5) 

and its uncertainty was obtained with 
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 The average axial spring stiffness and its corresponding uncertainty are in Table 5.5 and 

they were respectively obtained with Eqs. (5.2.7) and (5.2.8), 
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 Finally, the percent uncertainties of the average axial spring stiffness and average critical 

load in Table 5.5 were computed respectively as 
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Since the length of the truss is about 132 in, the average axial stiffness of the truss is 

141,240 lbf 11 %± . The average critical load and average axial stiffness of the truss in the 

international unit system are 22.9 N (5.0 %)  and 628,267 N (11 %) , respectively. 

 
Table 5.4 Net displacement calculation of the truss and corresponding measured load 

run netX , in P , lbf
1a 0.0000 0.00 
1b 0.0047 5.02 
2a 0.0000 0.02 
2b 0.0047 5.07 
3a 0.0000 0.00 
3b 0.0047 5.01 

 
Table 5.5 Critical load and axial spring stiffness of the deployable truss 

run ( )/
t

EA L , lbf/in cP , lbf 
1 1,068 5.19 
2 1,074 5.13 
3 1,066 5.12 

Ave. ( ) .
/ 1,070 121 (11 %)

tAve
EA L = ± . 5.15 0.26 (5.0%)cAveP = ±  
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Figure 5.4 Assembly setup of the buckling test: 
                      (a. Top, b. Bottom). 

Figure 5.5 Experimental setup of the buckling test. 

a. Top Assembly Setup 

b. Bottom Assembly Setup
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Figure 5.6 Buckling test plot of the deployable truss. 

 
 
 
 

 
 
 
 

Figure 5.7 Local buckling test result. 
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5.3 Deployment Test of the Deployable Truss 
 

 The deployable truss was able to be stowed in two different ways. The first process was 

named the Eiffel-shape stowing process. The truss was stowed by pushing the two ends of the 

truss to each other until the truss hinges bent approximately 90° , see Figure 5.8 and Figure 5.9. 

The second process was called the L-shape stowing process (see Figure 5.11 and Figure 5.12). 

With this process, the truss was packaged by pushing only one end toward a fixed end of the 

deployable truss until the hinges bent approximately 90° . 

 In Figure 5.10, the deployable truss is presented in its packaged state. The initial truss 

length was approximately deployed 3.36 mL =  in the deployed state (Figure 4.9). Then, after 

folding the truss, the length was approximately packaged 0.025 mL =  in the packaged state (Figure 

5.10). Therefore, the approximate linear compaction ratio was deployed / 134packagedLCR L L= = . 

 The approach developed in this research for deployable trusses was coined the 

concentrated strain approach because the majority of the developed strain was in the flexure 

hinges. However, as it was observed in Figure 5.8, Figure 5.9, Figure 5.11, and Figure 5.12 there 

is also some strain developed through out the truss longerons because they are slender. 

 The performance of the deployment process can be improved by introducing a 90°  arc 

feature in the joint designs to accommodate the flexure hinges after bending. This will prevent 

the hinges from bending more than 90°  and then keep the developed strain below the folding 

failure strain. Also, the design of the spring diagonals needs to be improved so they do not get 

into the way of the fixed diagonals during the transition state. 
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Figure 5.8 Eiffel-shape stowing process of the deployable truss (part 1). 
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Figure 5.9 Eiffel-shape stowing process of the deployable truss (part 2). 

 
 

 
Figure 5.10 Deployable truss in the packaged state. 
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Figure 5.11 L-shape stowing process of the deployable truss (part 1). 
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Figure 5.12 L-shape stowing process of the deployable truss (part 2). 
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6 Numerical Analysis for a Concentrated Strain Deployable 

Truss of Solid Rods 
 

 In order to calculate the axial stiffness of the fabricated deployable truss (chapter 4), a 

finite element model was generated in Abaqus49, see Figure 6.1. A linear finite element analysis 

was carried out with the assumption that the truss was initially straight. Because the deployable 

truss was composed of many parts that need to be tie together, it was easer to model the strut, 

hinge and joints as beam elements.  

 The joints did not have a considerable contribution to the axial stiffness of the truss 

because they were not slender. Since these joints were very small and robust compared with the 

other elements, they were modeled as very stiff materials, and their cross-sectional areas were set 

equal to the cross-sectional areas of the elements that they were connected. 

 In the fabricated deployable truss, a steel wire rope was used for the fixed diagonal and 

the spring diagonal. According to Ref. 50, diagonals only make a considerable contribution to 

the torsion stiffness and shear stiffness of a truss (they become highly stressed than longerons 

and battens in torsion and shear loading). Therefore, the properties of the diagonal material were 

set approximately equal to zero. Even though the fixed diagonals do not carry compressive 

forces, they were modeled as compressive and tension elements because the spring diagonals 

were not included in the model (Figure 6.1). 

            Figure 6.2 shows the finite element analysis for the axial stiffness of the deployable truss. 

The ends of the truss were modeled as very rigid beams. This was done to simulate the plates 

that were attached to the fabricated deployable truss in Chapter 5. The modeled truss had pinned-

pinned boundary conditions and a 1 N load at one of the truss ends (the boundary conditions and 

the load were at the center axis of the truss). The finite element solution of the axial stiffness 

(918,402 N) was computed by dividing the axial reaction force, 1.37 N, over the compressive 

displacement, 5 mµ , and by multiplying for the truss length, 3.36 N. 

 In the buckling test of Chapter 5, it was observed that the deployable truss buckle locally 

at the middle where a longeron is composed of a hinge and strut, see Figure 5.7. Therefore, an 
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eigenvalue problem analysis for the deployable truss with pinned-pinned boundary conditions 

was carried out in Abaqus to obtain the critical load (Figure 6.3). This critical load was 45.6 N.  

 Finally, it is important to notice that the approximate solution in Chapter 3, it is for a 

hinged strut system, instead of a strut and hinge system. Therefore, eigenvalue problem analyses 

were done in Figure 6.4, 11.4 N and Figure 6.5, 12.5 N with pinned-pinned boundary conditions 

to show that there is not a significant change in the buckling load. 

 

 
Figure 6.1 Finite element model of the fabricated deployable truss. 

 

 
Figure 6.2 Axial stiffness solution (pinned-pinned truss). 
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Figure 6.3 Buckling load solution (pinned-pinned truss). 

 
 

 
Figure 6.4 Eigenvalue analysis of a hinge and strut system. 
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Figure 6.5 Eigenvalue analysis of a hinged strut system. 
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7 Results and Discussions 
 

 The fabricated deployable truss in Chapter 4 is just a prototype that was tested at room 

temperature in Chapter 5 to show just the feasibility of the concentrated strain approach. For 

real-life applications, future concentrated strain deployable trusses need to be built with materials 

than can survive the extreme space environmental conditions, see Appendix D. 

 In this research four different solutions were used for the deployable truss (see          

Table 7.1): estimated solutions for the axial stiffness and the buckling load (Eqs. (2.1.2) and 

(2.1.4)), a classical solution for the buckling load (Eq. (3.1.26)), approximate solutions for the 

buckling load and the axial stiffness (Eqs. (3.2.8) and (3.5.1)), and numerical solution for the 

buckling load and the axial stiffness (Chapter 6). The estimated solution and the classical 

solution do not represent exactly the fabricated deployable truss (Chapter 4): the estimated 

solution is for a strut, and the classical solution and approximate solution are for a hinged strut 

system. To compare these solutions with the numerical solution and experimental result of the 

truss buckling load, each solution was multiplied by four in Table 7.1. 

 The numerical solutions of the critical load and the axial stiffness should be closed to the 

experimental results. Therefore, the corresponding percent errors in Table 7.1 for the buckling 

load and axial stiffness of the truss are respectively, 

 experimental numerical

numerical

100%
cP

P P
Error

P
−

=  (7.1) 

and 

 experimental numerical

numerical

100%EA

EA EA
Error

EA
−

=  (7.2) 

The numerical solutions were slightly smaller than the estimated solutions, but very different 

from the experimental results (50 % for the buckling load and 32 % for the axial stiffness). This 

means that the numerical solutions have errors.  However, in typical experimental results, the 

axial stiffness of a slender deployable truss is significantly reduced when running a buckling test 

because the possible initial overall and local waviness of the truss31-33. This could have happened 

as a consequence of the manufacturing and experimental process the deployable truss: 
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manufacture fixtures tolerances, experimental setup misalignments, cutting struts and hinges 

tolerances, joint elements tolerances, material imperfections, adhesive bonds, and diagonals 

offsets51. In the finite element analyses, the spring diagonals were not present, and the fixed 

diagonals were not model with offsets at the joints. In addition, the joints and adhesives were 

model like very stiff materials compared with the other elements. 

 Finally, three different kinds of deployable trusses based on the deployment process were 

considered in Table 7.2 (concentrated strain approach, distributed strain approach and articulated 

approach). Table 7.2 shows three deployable truss systems that represent one of each approach. 

From these deployable trusses, the ATK-ABLE GR1 coilable system was the structure with the 

highest truss index in column loading, but with double the mass per length of the deployable 

truss of solid rods system. However, the concentrated strain deployable truss of solid rods has the 

highest compaction ratio. The truss index of the concentrated strain deployable truss was higher 

than the ATK-ABLE SRTM system, and by observing Eq. (7.3) it can be increased by using 

materials with higher modulus and lower density. 

 In Ref. 9, the boom mass efficiency with respect to the column loading case was 

considered, in which only axial compressive strength was considered to compare these 

deployable truss.  The truss index for column loading is 

 
( )2/3

expop
c

L P
w

µ =  (7.3) 

where expP  and w  are the critical load and the mass per length that were measured in Chapter 5, 
and the optimal length, opL  , can be found by solving Eq.  (2.1.3) for tl  and setting expglobalP P= , 

 
( )2

exp

t
op t

EI
L l

P
π

= =  (7.4) 

Since the truss bending stiffness was not measured, ( )t
EI  was calculated from the measured 

axial stiffness by using Eq. (2.1.1), 

 ( ) ( ) 2
exp

2 tt
EI EA R=  (7.5) 

 where tR  was approximately 0.099 m and it was calculated by using expression / 2tR L= , 

which was derived from Figure 7.1.  
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Table 7.1 Percent error of the numerical solutions and the experimental results 
Truss Estimated Approximate Classical Numerical Experimental Error, %

Buckling Load, N 15 x 4 = 60 15 x 4 =60 11 x 4 = 44 45.6 22.9 50 
Axial Stiffness, N 960,573 915,053 -- 918,402 628,267 32 

 
 

Table 7.2 Comparison of deployable trusses for column loading 
Approach Concentrated Strain Distributed Strain Articulated 

name Deployable Truss of Solid Rods ATK-ABLE, GR1, coilable9 ATK-ABLE, SRTM9

,  mopL  73.6 40.3 81.78 

exp ,  NP  22.9 494 23,290 

( )exp
,  NEA  628,267 4,200,000 94,300,000 

mass kg,  
length m

w =  0.035 0.07 5.232 

truss index 

( )2 /3
5/3 2/3

exp m  N,  
kg

opL P
w

 
4,019 10,494 2,937 

linear compaction ratio 134:1 100:1 35:1 
 

 

 
Figure 7.1 Square truss cross section. 

 

tR  
L
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8 Conclusions 
 This research demonstrates that the concentrated strain approach is not only feasible, but 

can achieve high performance and high compaction ratio trusses. It is possible to design high 

performance deployable trusses that are made of flexure hinged struts. An approximate strength 

solution was derived for a hinged strut system and found to be reasonably accurate. The axial 

and bending stiffness of a concentrated strain deployable truss was assessed. 

 In this research, many hierarchical architectural insights were found. Shorter and stiffer 

hinges are needed to prevent stiffness reduction. Trusses of solid rods with rectangular hinges 

have significant axial stiffness reduction due to the smaller cross-sectional areas of the hinges. 

Trusses of tubes are highly promising because the hinge cross-sectional area does not 

dramatically reduce the axial stiffness.  

 The hinge strain requirement of a hinged strut system is highly sensitive to different 

materials and cross-sectional areas of the hinge. It is recommended to use high stiffness materials 

and shell geometries for the hinges because the strain requirement is reduced. Less slender 

longerons reduce the hinge strain to fold because the widths of the hinges are increased. 

 Since stiffer materials for the hinges require less strain when bending, this makes 

selection of best materials non-trivial. A material metric for the hinge that considers modulus and 

strain was found, in which density is of secondary importance. Based on this material metric, 

materials with higher folding failure strain and higher modulus are needed. From the materials 

considered in this work, only NiTi SMA meets the strain requirement. Since NiTi SMA has 

some limitations, new materials need to be developed. 

 Finally, a deployable truss prototype was built with the help of three fixtures in order to 

demonstrate the feasibility of the little-investigated concentrated strain approach. A buckling test 

was done to measure the critical load and axial stiffness of the truss. These values were 

22.9 N (5%)±  for the critical load and 628,267 N (11%)±  for the axial stiffness. The 

performance of this deployable truss approach was compared with two different kinds of 

deployable trusses. The concentrated strain approach has the potential to have lower mass, higher 

truss index in column loading, and higher liner compaction ratio than the distributed strain 

approach and the articulated approach. 
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 Appendix A: 47th AIAA Structures, Structural Dynamics, 

and Materials Conference 
 

 Mejia-Ariza, J. M., Pollard, E. L., and Murphey, T. W. In Manufacture and Experimental 

Analysis of a Concentrated Strain Based Deployable Truss Structure, 47th AIAA Structures, 

Structural Dynamics, and Materials Conference, Newport, Rhode Island, 1-4 May, 2006; 

Newport, Rhode Island, 2006. 
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Table 10.1 
      Fig. 10.1 
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Figure 10.1 DSM Somos 11120 joint elements for the boom. 
 

 

 

 

 

 

 

 

 
 

 

 
Table 10.1 Typical properties: DSM Somos 11120 post-
cured part at ASTM D638M condition 
 

 
 
Table 10.2 Typical Tensile and Compressive 
Properties: Hysol EA 9309.3 NA 
 

 
Table 10.3 Length and quantity base on the                     
joint element connection for SMA 

 
Table 10.4  Length and quantity base on     
the joint element connection for CFR 
 

Table 10.2 

Table 10.3 & Table 10.4 
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Figure 10.2 Fixture 1 connects the carbon fiber 
with the A type joints. 

Figure 10.3 Fixture 2 connects the carbon 
fiber with the B type joints. 

Figure 10.4 Side component type A made of joint  
element type A and carbon fiber rod. 

Figure 10.5 Side component type B made of joint 
element type B, CFR, and SMA. 

Fig. 10.2, Fig. 10.3 & 
Fig. 10.6,  

  Fig. 10.4. 

  Figure 10.5 

  Figure 10.6 

  Fig. 10.7. 

     Fig. 10.8 

     Fig. 10.9 
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Figure 10.6 Fixture 3 connecting side components,                        
and hub box made with fixture 3. 

Figure 10.7 Deployable truss structure. 
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Figure 10.8 Tension test experimental set up for the 
CFR modulus. 

Figure 10.9 Stress versus strain curve 
fitting of the CFR and the SMA. 

Figure 10.10 Experimental buckling test set up. Figure 10.11 Experimental buckling load 
of a truss element. 

  Table 10.5 

  Fig. 10.10.    Fig. 10.11 

  Fig. 10.11 
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Table 10.5 Average moduli for the CFRs and SMAs 

 
Table 10.6 Parameters used for the 
buckling force analytical solution 
 

              Figure 10.12 Analytical model. Figure 10.13 Schematic model for a single 
supported and fixed-fixed beam. 

 Table 10.6, 

  Fig. 10.12. 

 Fig. 10.13. 
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Figure 10.14 Plot of the transcendental equation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.14. 
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Appendix B: Miscellaneous Schematic Designs 
 
 
 
 
Designs of the three joint elements, the I-beam and the spring diagonal. 
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Figure 11.1 Joint one schematic in millimeter units. 

 
 

    
Figure 11.2 Joint two schematic in millimeter units. 
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Figure 11.3 Joint three schematic in millimeter units. 

 

 
Figure 11.4 I-beam for the experimental set up in inches units. 

 
 

 
Figure 11.5 Spring diagonal schematic in millimeter units. 

 



 91

 

Appendix C: Buckling Test Instructions 
 

 

Instructions to setup and run the buckling test. 
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Procedure for the Experiment Setup 
 

The plates should not have Teflon tape during the buckling test. 

Bottom plate:  Mass: 1729 g, Thickness: 0.375” 

Top plate:  Mass: 1728 g, Thickness: 0.375” 

Total blue frame height: 166”+13/16”=166.8125” 

Pump actuator moving piston displacement is approximately 7” 

Before running the experiment the epoxy should be cured. Cabosil was used to make more 

viscous the pink epoxy. 

Check the sign of the load and displacement measurements. 

The buckling test should be the same day because the piston will go down after one day. 

Let warm the equipment at least five minutes and turn off the air conditioner. 

 

Top Plate Assembly: 

1. Place the top plate with the displacement sensor position marks facing up on a clean 

paper that it rests on flat surface.  The displacement sensor position marks need to be 

oriented to match the bottom part of the I-beam holes. 

2. Attach a 5/8”-18 ball end to the upper face of the top plate and secure with two nuts. The 

flat sides of the ball end should be parallel to the crusher, and the nuts are before and 

after the plate. 

3. Attach four 4-40 x ½” screws to the top plate where the truss joints will be placed, but do 

not tight them yet. 

4. Weight the Top Plate Assembly and name it W1=1931.0 g or W1=4.257 lbf. 

 

Bottom Plate Assembly: 

1. Place the bottom plate like a bridge between two clean flat surfaces. The displacement 

sensor position marks need to be facing down oriented to be aligned with the top 

displacement sensors. 

2. Attach a 5/8”-18 ball end to the down face of the bottom plate and secure with two nuts. 

The flat sides of the ball end should be parallel to the crusher, and the nuts are before and 

after the plate. 
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3. Attach four 4-40 x ½” screws to the bottom plate where the truss joints will be placed, 

but do not tight them yet. 

4. Weight the bottom plate assembly and name it W2=4.30 lbf. 

 

Top Setup Assembly:  

1. Attach the I-beam with six ¾”-10 x 3.5” screws (use two washers per nut) to the crusher 

and shimming it. Use levels to be sure of the alignment. 

2. Put the background curtain over the crusher.  

3. Attach the clevis to the I-beam so that the clevis hole axis is perpendicular to the crusher 

using a ½”-13x1” machine screw and tighten to x in-lbs. 

4. Place the Top Plate Assembly to the clevis with a 5/8”-11 x 4” bolt with a washer and a 

nut. The bolt head should be facing opposite to the crusher. 

5. Move the truss into LASS Lab. 

6. Attach the truss to the Top Plate Assembly using epoxy and the four 4-40 x ½” screws. 

The truss should be placed so that it buckles parallel to the crusher and to the right. The 

truss is made of two sections. The top section has the spring diagonals oriented like (/), 

and the bottom section has the spring diagonals oriented like (\). 

7. Attach the Bottom Plate Assembly to the truss using epoxy and the four 4-40 x ½” 

screws. The epoxy weight is 4x0.354g. The epoxy will be part of the truss.  

 

LVDTs Setup Assembly: 

1. Turn off the air conditioner. 

2. Let gravity align the Top Setup Assembly. 

3. Attach the displacement sensor holders at the bottom of the I-beam. They need to match 

the three I-beam holes. Select three displacement sensors with small diameter. Adjust and 

attach the three top displacement sensors to the displacement sensor holders, so that the 

displacement sensors almost touch the three displacement sensor position marks of the 

top plate. You may need to adjust the position of displacement sensor holders or/and the 

top plate assembly. 

4. Identify and verify the top displacement sensors and their locations (Enter channel label): 

  TNW:D1 ,  (mountains)TNE:D4 , TS:D3 
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5. Attach the bottom displacement sensor frame to the crusher about a x distance down from 

the bottom plate. 

6. Adjust and attach the three displacement sensor holders to the displacement sensor frame 

and at the same time adjust and attach the three bottom displacement sensors to the 

displacement sensor holders, so that the displacement sensors almost touch the three 

displacement sensor position marks of the bottom plate. Align the displacement sensor 

holder by shimming them. Check the alignment with levels. 

7. Identify and verify the bottom displacement sensors and their locations (Enter channel 

label): 

  BNW:D2 ,  (mountains)BNE:D5 ,  BS:D0 

 

Bottom Setup Assembly:  

1. Attach the 300 lbf Load Cell to the pump actuator connections (hand tight). 

2. Weight a clevis and a ½”-20 x1” screw, and name it W3=599.5 g or W3=1.322 g. 

3. Attach the clevis to the Load Cell with a ½”-20 x1” machine screw (hand tight). 

4. Check that the piston of the actuator is long enough. If not, add a block to make it higher.  

 

Top and Bottom Setup Assembly: 

1. Zero the load cell and the displacement sensors. You need to provide Calibration values 

of the displacement sensors and the load cell. 

2. Turn on the data acquisition system (this will zero all previous values displayed) and 

select measure the load cell force and all sensor displacements. With this software you 

can not just select some displacement sensors. 

3. Closed the area so nobody touch anything.  

4. Zero the load cell and the displacement sensors. You need to provide Calibration values 

of the displacement sensors and the load cell. 

5. Turn on the data acquisition system (this will zero all previous values displayed) and 

select measure the load cell force and all sensor displacements. With this software you 

can not just select some displacement sensors. 
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6. Align the Bottom Setup assembly with the Top Setup Assembly by changing the pump 

actuator height and shimming the base of the pump actuator. Check the alignment with 

the levels. Measure the load cell before connecting the top and bottom setup assemblies. 

7. Weight a 5/8”-18 x 3” bolt with a nut, and name it W4=0.362 lbf. 

8. Check the sign of the force measured by the load cell in compression (compression, 

negative).   

9. Connect the bottom assembly to the top assembly using a 5/8”-18 bolt with a nut. Hand 

tight the nut.  The bolt head should be facing opposite to the crusher. 

10. Check if the weight change and record the value. Measure the load cell after connecting 

the top and bottom setup assemblies. 

11. If you need to adjust the truss position, It is easier just to adjust the top displacement 

sensors mark positions. 

12. Check the sign of the displacement measured by the displacement sensors in compression 

(compression, positive).  

13. Adjust the top displacement sensor heights to be half the displacement range. With the 

data acquisition system and Disp-Load curve measure the top displacement sensors 

displacements and check their corresponding loads (All top loads should be 

approximately the same).  

14. Adjust the bottom displacement sensor heights to be half the displacement range. With 

the data acquisition system and Disp-Load curve measure the bottom displacement 

sensors displacements and check their corresponding loads (All bottom loads should be 

the same).  

15. Take pictures of the experimental setup (zoom in and zoom out): Top Setup Assembly, 

Bottom Setup Assembly and the truss initial position. 

16. Do not turn off the data acquisition system. 

 

Running Buckling Test 
 

1. Write down the starting displacement sensor positions and the starting load cell forces. 

2. Turn off the data acquisition system. 

3. Set the timing to 100 Hz 
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4. Check calibration values for the Load cell and displacement sensors. 

5. TURN ON THE STORE DATA BUTTON!!!! 

6. Turn on the data acquisition system (this will zero all previous values displayed). Record 

the load cell measurement and the displacement sensors displacements. 

7. Move up very slowly the pump piston approximately 0.006”, 0.15 mm until the truss 

buckles. The expecting buckling load is 9 lbf. 

8. Move down very slowly the pump piston approximately 0.006”, 0.15 mm until the load 

cell force and displacement sensors displacement are the same as in step 6. 

9. Turn off Button data. 

10. Turn on Button data. 

11. Repeat all the previews steps from step 7 three times, but do not turn off the data 

acquisition system. 

12. Turn off Button data. 

13. The data is in the folder MyDocuments/ LabVIEWdata with file extension .LVM. 

Rename the extension file as .CSV to able to open its data in Excel. After doing 

modification to this file, you can save as extension file .xls. 
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Taking Down the Truss 
 

1. Check that the position of the load cell should be zero. 

2. Unscrew the x bolt that connects the Bottom and Top Setup Assemblies. 

3. Adjust all displacement sensors heights so that they not touch the plates. 

4. Move down the piston height of the pump actuator. 

5. Turn off the data acquisition system. 

6. Unscrew the four x screws that connect the Bottom Plate Assembly with the truss. 

7. Unscrew the four x screws that connect the truss with the Top Plate Assembly. 

8. Pack the truss by moving the two ends to each other until the hinges get an angle of 

approximately 90degrees. Be careful with the spring diagonals. Check that they not get 

into the way of the fix diagonals. You should use a cord to keep the truss at this position. 

9. Take pictures of this truss 90degrees packaged state (zoom in and zoom out). You should 

use a stepladder. 

10. Measure the volume of the packaged truss. 

11. Make a video of the truss when it deploys and when it packages. 
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Appendix D: Space Environmental Effects on Polymeric 

Materials 
 
 
 
 
Information about the space environment and how it affects polymeric materials. 
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Introduction 
 

The space environment has an effect on the materials that are used in spacecraft missions 

(e.g. communications, defense, Earth observing) and more important, the spacecraft orbit altitude 

and inclination. The orbital space is generally divided in three regions based on orbit altitude: 

low earth orbit (LEO, up to 1000 km), medium earth orbit (MEO, 1000-35000 km), and 

geosynchronous earth orbit (GEO, 35000 km and higher). A spacecraft in LEO moves in and out 

of eclipse once every orbit, as often as every 90 minutes, in which its temperature can range from 

157 C− °  to 121 C° . The orbital periods of MEO satellites range from two to twelve hours. The 

most common use for satellites in MEO region is for navigation. Communications satellites that 

cover the North and South Pole are also put in MEO. A geosynchronous orbit is an orbit around 

the Earth with an orbital period matching the Earth's sidereal rotation period. A spacecraft in 

GEO remains in continuous sunlight during most of the year. Twice per year, during the spring 

and autumn, it is in eclipse once a day for about 45 days. These differences in orbital 

characteristics impose different requirements on the design of space structures. 

 Since most artificial satellites are placed in LEO, the temperature range in the Earth's 

atmosphere needs to be observed. LEO is extended approximately the same as the Earth's 

atmosphere, 800 km. According to Ref. 1, the temperature of the Earth's atmosphere varies with 

altitude. The temperature in the lower thermosphere increases rapidly with increasing altitude 

from a minimum at 90 km towards a value dependent on the level of solar activity. Eventually, it 

becomes altitude independent at upper thermospheric altitudes. The heterosphere is primarily 

heated by the thermosphere gases (i.e., atomic oxygen), which absorbs solar extreme ultraviolet 

(EUV) with wavelength of 1,000 to 2,000
o
A .  

 In general, any material uses in space applications should have the following 

characteristics: good resistance against ultraviolet radiation degradation, exceptional atomic 

oxygen resistance, outstanding micro-cracking resistance against thermal cycling, low outgassing 

characteristics, and impact resistance to micrometeoroid and orbital debris. The degradation on a 

particular surface is dependent on its location on the spacecraft and the surface attitude relative 

to flight path, spacecraft altitude, orbit inclination, and solar activity. However, the main 

environmental factors affecting polymer matrix composite materials are atomic oxygen, vacuum-

induced outgassing, and thermal cycling-induced microcracking2. 
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Space Environmental Effects 
 

In this section it was reviewed the space environmental effects on composites and 

polymeric materials. 

 

a. Thermal Cycling 

 The three main reasons of thermal cycling are solar radiation, atmosphere altitude, and 

Earth’s orbits. Thermal cycling creates thermal stresses that can induce permanent residual 

strains on composite materials. Thermal cycling induces micro-cracking due to the difference in 

the CTE of each individual ply parallel to and transverse to the fiber direction. Most composite 

systems exposed to thermal cycling will induce micro-cracking in the composites due to 

embrittlement of the matrix material at low temperatures. Micro-cracking of a composite will 

generate dimensional stability problems such as hysteresis effect in the structure, and significant 

coefficient of thermal expansion (CTE) changes1-3. 

 

b. Atomic Oxygen 

 The major gas in LEO is atomic oxygen (AO). Approximately 90 % of the atmosphere 

(160 km - 560 km) from the Earth’s surface is comprised of atomic oxygen. Atomic oxygen 

reacts with polymers causing erosion, which is a threat to spacecraft durability. Many organic 

polymers have been shown to suffer a reduction in surface integrity due to atomic oxygen 

(unfilled polymers react linearly with atomic oxygen). Atomic oxygen erodes the surface of 

organic materials causing a reduction in optical, mechanical and thermal properties2. 

 

c. Solar Ultraviolet Radiation 

 Polymers are vulnerable to radiation which exists in space due to the lack of any 

atmospheric gases that would serve as a barrier in the path of electromagnetic waves and 

subatomic particles. The wavelength range of solar ultraviolet radiation present in LEO is 

approximately from 0.1 and 0.4 mµ . Ultraviolet (UV) radiation decreases mechanical properties 

of polymeric materials similar to those caused by heat aging. For instance, the exposure of Mylar 

to UV radiation reduces the tensile strength property. Solar ultraviolet irradiation can lead to 
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cross-linking of polymer surfaces which may lead to embrittlement and possibly to surface 

cracking. UV radiation causes surface darkening, indicated by an increase in solar absorption of 

some polymers1. 

 

d. Vacuum-induced Out-gassing 

 Polymer matrix composites tend to outgas due to evolution of volatiles within the 

material when exposed to thermal-vacuum conditions. The evolved gasses can form clouds or 

films that can impact the performance of sensitive instruments. Organic materials such as 

composites, thin polymeric films, or adhesives will usually outgas for a long period of time. The 

rate of out-gassing increases at higher temperatures because the rate of chemical reaction 

increases. In some cases extent out-gassing may damage sensitive equipment,  but it does not 

have an effect on the materials’ ability to function accordingly to the engineering design1. 

 

e. Micrometeoroid and Orbital Debris 

 The micro-particle environment encountered by a space structures in LEO and MEO is 

caused by two sources: naturally occurring micro-meteoroids, and man-made debris from space 

activity. Thickness loss or mass loss is caused by material erosion due to any space debris 

particles or micrometeoroid impact since these materials are directly exposed to the space 

environment.  

 Meteoroids can cause damage to vehicles operating in space. The primary threat of 

meteoroids in the LEO is from particles ranging from 50 mµ  to 1 mm in diameter. Launch and 

spacecraft operations can place particles from 10 mµ  to 1 cm diameter in orbit. The degradation 

and erosion of materials creates small particles, less than 1 mm diameter. After the useful-life of 

spacecraft devices, such as rocket bodies, they are left on orbit in very large pieces, greater than 

1 m diameter. Finally, both operational and spent spacecrafts can be subject to intentional or 

accidental disintegration, either due to explosions or hypervelocity impacts, producing debris of 

all sizes1.  

 Impact damage can degrade the performance of exposed spacecraft materials. 

Hypervelocity impacts are generated by collisions between debris particles or dust, and small 

meteoroids with the surface of space structures. When a hypervelocity particle impacts a material 

surface it may either create a crater or perforate the surface. The collision velocities can range 
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from about 3 km/s to 15 km/s. Large particles can penetrate through protective wall surfaces with 

an impact velocity of 10 km/s. While these impacts are rare, they are expected to increase due to 

growth in the debris population1. 

 

Identification of Materials used for the Deployable Truss 
 

 In this section the materials used to build the concentrated strain deployable truss of solid 

rods were identified, and it was assessed how the space environment will affect their properties. 

 

a. Struts 

 Table 13.1 shows the material properties of the selected composite for the struts used in 

this dissertation. A modulus of 156 GPa was measured applying a tensile test. A density of  

1,422 kg/m3 was calculated by measuring the volume and weight. The fibers of this composite 

could consist of AS4 or T300 carbon fibers. The matrix material of this composite is vinyl-ester, 

and its glass transition temperature was obtained by running a dynamic mechanical analysis to 

the composite (3-point bending at 1 Hz). In Figure 13.1 and Figure 13.2, the storage modulus and 

loss modulus were recorded as a function of temperature for three different samples of 1.3 mm 

diameter and 6.35 cm length.  The glass transition temperature was approximately 102 oC, and it 

was obtained by computing the average of the temperatures of each sample where the loss 

modulus has a maximum value. This composite should not be used in space applications where 

the service temperature is above 102 oC. 

 High doses of electron radiation combined with thermal cycling can drastically change 

the mechanical and physical properties of reinforced carbon-fiber polymer-matrix composites. 

Electron radiation causes chain scission and cross-linking in polymers. Both of these phenomena 

directly affect the glass transition temperature of the polymeric materials. Electron radiation 

considerably lowers the glass transition temperature of carbon/epoxy composites. The formation 

of low molecular weight products in the polymeric matrix plasticizes the matrix at elevated 

temperatures and embrittles the matrix at low temperatures due to radiation degradation. 

Plasticization of the matrix significantly reduced the shear and compression properties of the 

composite, and thus it results in a permanent residual strain development in cross-ply laminates. 
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The matrix embrittlement results in a significant increase of micro-cracks during thermal cycling 

and, therefore, a change in the coefficient of thermal expansion of the composites4. 

 

Vinyl-Ester Matrices5: 

 

Advantages 

-They are stable at room temperatures and rapid cure at elevated temperatures. 

-Their number average molecular weight, Mn, can range from 700 to 1000 g/mol. Since the 

average molecular weight between cross-links, Mc, is controllable, this lead to controllable 

mechanical properties. The distance between cross-link junctions is one factor controlling 

toughness. Higher Mc leads to tougher materials. 

-They have very low moisture sorption relative to epoxies. 

 

Disadvantages 

-Their cured shrinkage remains high compared to epoxies. 

-They have poor adhesion to carbon fibers. 

  
Table 13.1 Selected material for the current strut 

(m) measure
 Composite 

(AS4 or T300) 
/vinyl-ester 

Matrix 
vinyl-ester 

reference Aerospace Composite 
Products, Inc. 

Hyer M. W.6 

type carbon/thermoset thermoset 

modulus 156 GPa (m) 3-4 GPa 

strength 2,221 MPa 65-90 MPa 

Tg 102 oC (m)
 100-150 oC 

density 1,422 kg/m3 (m)
 1,150 kg/m3 

CTE 1.5x 10-6 1/oC 53x 10-6 1/oC 
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Figure 13.1 Storage modulus vs. temperature (DMA, 1 Hz). 
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Figure 13.2 Loss modulus vs. temperature (DMA, 1 Hz) 

 

b. Adhesives 

 Table 13.2 illustrates the material properties of the adhesives used for the deployable 

truss in this dissertation. A two part epoxy was used to join the hinges, struts and joints. This 

composite should not be used in space applications where the service temperature is above      

102 oC. A clear silicone was used for the spring diagonals because it is flexible even at low 

temperatures. This silicone is possible to be implemented in space application because it has a 

range of service temperature from -46 oC to 204 oC. At low temperatures polymeric materials 

become brittle and at high temperatures they are degraded.  The only possible issues of using this 

transparent silicon will be out-gassing and ultraviolet radiation. Also, this material can not be 

used to bond rigid components because it has a very low stiffness compared with other 

adhesives.  
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Table 13.2 Selected Adhesives 
 Two-part Epoxy 

Paste Adhesive 
Hysol EA 9309.3NA 

Clear Silicone 
Adhesive Sealant 

reference Henkel Aerospace, Inc. Loctite, Inc. 

type thermoset elastomer 

join elements hinge, strut, joint spring diagonal 

modulus 1.688-2.232 GPa -- 

strength 51.7-31.0 MPa 2.14 MPa 

Tg 59 oC -- 

Service temp. 82 oC (max.) From -46 to 204 oC
curing time 3-5 days at 25 oC 

1 hour at 82 oC 

24-48 hours 
at 25 oC 

 

c. Joints 

 In Table 13.3, it is presented the material used for the joints and polycarbonate. Accura 

60 plastic was the material used for the joints and it has similar material properties to 

polycarbonate, except that has a lower glass transition temperature. Since this temperature is     

58 oC, Accura 60 should not be used in space applications. Polycarbonate could be an option for 

the joint because its glass transition temperature is 133 oC. However, if polycarbonate is used 

without a coating material, it will degrade with the atomic oxygen and the ultraviolet radiation. 

 
Table 13.3 Selected material for the joints 
 Accura 60 plastic Polycarbonate 

reference 3D Systems, Inc. Hyer M. W.6 

type -- thermoplastic 

modulus 2.69-3.10 GPa 2.2-2.4 GPa 

strength 58-68 MPa 45-70 MPa 

Tg (DMA, E”) 58 oC 133 oC 
density 1,210 kg/m3 1,060-1,200 kg/m3

CTE 71 x 10-6 1/oC 70 x 10-6 1/oC 
 

d. Hinges 

The most obvious advantages of deployable structures are substantial weight reduction and 

high compaction ratio. However, this technology is complicated by many challenges associated 

with deployment, shape stability, navigation control, and structural health. At present, there is 
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compelling evidence that active deployment, operation, and control can be successfully realized 

by utilizing the unique properties of functional materials distinguished by their ability to detect 

changes in physical environments and actively react to external stimuli. Commonly, functional 

materials are distinguished according to the nature of the forces that drive their response. The 

two most used groups are shape memory alloys and electro-active materials7. 

Table 13.4 shows the selected material for the hinges. Nickel-Titanium superelastic shape 

memory alloy was considered in this research because it has high folding failure strain, 5 % . 

The term superelastic can be defined as the ability of certain alloys to return to their original 

shape upon unloading after a substantial deformation has been applied8. The superelastic mode 

takes place under short range of temperature conditions. Superelasticity is ideally suited to 

medical applications since the temperature window of optimum effect can readily be located to 

encompass ambient temperature, 25 C° , through body temperature, 37 C° .9 Two different types 

of fatigue have to be considered in the case of superelastic alloys: failure by fracture due to stress 

or strain cycling at constant temperature; and changes in physical, mechanical and functional 

properties such as the transformation temperatures, and the transformation hysteresis, due to pure 

thermal cycling through the transformation region. Therefore, if these superelastic alloys are 

used in space applications, they should be used with caution10. For example, they can be present 

inside the spacecraft or if they are exposed to the space environment, they should be treated with 

insulation materials. 

 
Table 13.4 Selected material for the hinges 

(m) measure
 Shape memory alloy 

Nitinol 

reference Special Metals, Inc. 

type Superelastic SMA 
Nickel(56%)- 

Titanium(44%) 

modulus 72 GPa (m) 

strength 560 MPa 

strain 5 %  (25-37 oC) 
Tm 1240 oC 

density 6,100 kg/m3 (m) 
CTE 6.6 x 10-6 1/oC, martensite

11 x 10-6 1/oC, austenite 
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Recommended Materials for Deployable Trusses 
 

 In this section a summary of recommended materials used to build deployable trusses 

was done. 

 

a. Struts 

 Advance composite are being considered for deployable trusses for their high specific 

stiffness, high specific strength, and dimensional stability compared with other materials. 

Properties of major interest are modulus, strength, coefficient of thermal expansion, low density, 

and glass transition temperature. Even though polymer matrix composites (PMCs) can only be 

designed to have high stiffness or high strength, but not both properties, they should be used for 

deployable trusses because the specific stiffness and specific strength of PMCs are higher than 

metal or metal matrix composites (MMCs). The typical materials used for PMC are carbon or 

glass reinforced fibers with epoxy matrix. The typical materials used for MMC are carbon 

reinforced fibers with aluminum or magnesium matrix1. 

 Thermal cycling will have an effect on the dimensional stability and can be controlled by 

using materials with near-zero CTE2. Carbon composite structures have been manufactured with 

near-zero CTE. Carbon and aramid fibers have a negative axial CTE. Unidirectional polymer 

matrix composites can have longitudinal CTEs ranging from 0.7−  to 0.4 / Cµ− °  for carbon fiber 

composites, and 4.0−  to 2.7 / Cµ− °  for aramid fiber composites. The CTE value transverse to 

the fibers is governed by the matrix properties and is generally about half of the value for the 

CTE of the matrix alone2. 

 The addition of carbon fibers to a polymer matrix increases tensile strength and abrasion 

resistance, but it makes the composite more brittle. To reduce the micro-cracking severity of 

composites, new toughened matrix materials need to be used. In addition, the practice of poly-

blending small quantities of rubber into plastics is a way to improve impact resistance and strain 

to break11. 

 

Fibers: 

 Composites made of glass fibers are the most resistant materials for the space 

environment. Although glass fibers have been used extensively in aerospace applications, they 
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have been replaced by more expensive, stiffer and higher strength carbon and aromatic 

polyamide (aramid) fibers. Aramid fibers, like Kevlar fibers, are remarkably damage tolerant. 

They are especially useful in situations where properties of energy absorption or dispersion are 

critical, such as micrometeoroid impact protection2.  

 However, in aerospace applications, carbon (graphite) fibers are more used than aramid 

fibers because they have the best combination of specific strength, specific stiffness, light 

weight, low cost, and ease handling characteristics. The carbon fibers of choice for most high-

performance composite applications are PAN fibers. These fibers are made from the pyrolysis of 

polyacrylonitrile, a synthetic precursor. Unidirectional high modulus carbon fiber composites can 

have a longitudinal stiffness greater than 550 GPa (8.5 times greater than the specific stiffness of 

most metals2). Therefore, a recommended epoxy matrix reinforced carbon fiber composite is 

presented in Table 13.5. 
Table 13.5 Recommended material for the struts 

 Composite 
M55J/Epoxy 

Fiber 
M55J 

reference Toray Carbon 
Fiber America 

Toray Carbon 
Fiber America 

type carbon/thermoset carbon 

modulus 340 GPa 540 GPa 

strength 2,010 MPa 4,020 MPa 

strain 0.6 % 0.8 % 

density -- 1,910 kg/m3 
CTE -- -1.1x 10-6 1/oC

 

Matrix: 

 Typical materials use for the matrices are thermoplastic and thermoset polymers (see 

Table 13.6). Thermoplastic polymers do not have chemical cross-links. They derive their 

strength and stiffness from the inherent properties of the monomer units and the degree of 

entanglement of the polymer chains. Thermoplastics composites offer lower moisture absorption, 

greater damage tolerance, reduced thermally-induced micro-cracking, and minimum out-gassing 

relative to thermosets; however, they are more difficult to process for high temperature 

applications. High service temperature thermoplastics, such as PEEK, appear to have very good 

radiation resistance. However, they may not be acceptable for high precision space structures 

because their high processing temperatures generated high residual stresses in the composites1. 
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Moreover, aromatic groups have been known to have significant radiation resistance to organic 

molecules. High performance thermoplastics such as aromatic polysulfones and polyether 

ketones are strong candidates for light-weight, tough polymeric based matrix resins, adhesives 

and composites that can stand UV radiation. Nevertheless, these materials are not easy to 

process, have high maximum service temperature, good modulus and fracture toughness 

characteristics12. 

 On the other hand, the chemical structure of thermoset polymers has cross-links between 

molecular chains in which the cross-links happen during the curing process. The characteristics 

that make thermosets more popular than thermoplastic are low processing melt viscosity, good 

fiber impregnation, and fairly low processing temperatures. Several classes of thermosets are 

epoxy, bismaleimide, polyimide and polycyanate. Low service temperature curing epoxies, like 

121 C°  epoxy, are found to be particularly susceptible to radiation damage. Nevertheless, high 

service temperature curing epoxies, like 171 C°  epoxy, offer better performance for long-life 

space structures4. 

 

Epoxy Matrices5: 

 

Advantages 

-Their mechanical properties are superior to vinyl-esters. 

-They have good fiber-matrix adhesion. 

-They have lower shrinkage relative to vinyl-esters. 

 

Disadvantages 

-They are more expensive than vinyl-esters. 

-Their moisture sorption is higher than vinyl-esters. 

 

 

 

 

 

 



 110

Table 13.6 Recommended polymeric matrices 
  Epoxy Aromatic Polyimide

Polyamide (Torlon)
Toughened 

 Polycyanate 

reference Hyer M. W.6 Hyer M. W.6 Advanced Composite 
Materials 

type thermoset thermoplastic thermoset 

modulus 2-6 GPa 5 GPa 3 GPa 

strength 35-130 MPa 95-185 MPa 80 MPa 

Tg 50-250 oC 243-274 oC 254 oC 
density 1,100-1,400 kg/m3 1,400 kg/m3 1,193 kg/m3 

CTE (45-70)x 10-6 1/oC 36x 10-6 1/oC -- 

 

b. Adhesives 

  Adhesively bonded joints provide better strength and reliability compared with 

mechanical fasteners because bonded joints offer a distributed load transfer that reduces stress 

concentrations. Adhesive bonding has characteristics that are well suited to aerospace 

applications: weight efficiency, fatigue resistance, aerodynamic smoothes, tailored properties, 

joint sealing, and composite substrate compatibility. Resin systems that meet some of the space 

environment requirements are polyimides, cyanate esters, silicone, epoxy, polyurethane and 

acrylic resins2, 13. 

 There are two basic classes of adhesive bonding in aerospace structures. One is structural 

bonding (eg. epoxy, phenolic, or acrylic adhesives) that transfers loads between members. The 

other is sealants, to protect against corrosion at interfaces. The main basic need of the adhesive 

or sealant is to stay adhered for the life of the structure in all service and storage environments. 

At the macro level, typical structural adhesives are relatively stronger and more brittle at low 

temperatures, but weaker and more ductile at high temperatures than at room temperatures. 

Proper preparation of surfaces to be bonded is the most critical step in creating durable bonded 

joints14. 

c. Hinges 

 Based on the materials considered in this research, NiTi SMA is the only material that 

can be used to build concentrated strain deployable trusses. Even though NiTi SMA meets the 

strain requirement (Section 3.3), it will be damaged in some space missions where there is a 

demand for large range of service temperatures (between 90 C− °  and 120 C° ). Therefore, new 

materials need to be developed for the hinges of concentrated strain deployable trusses. 
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d. Joints 

 For real-life applications, joints can be made of metal materials, like anodized aluminum, 

so they can withstand the extreme space environmental conditions, but the manufacturing cost of 

the joints will be expensive. Nevertheless, I will prefer to use metal materials (aluminum, stain 

steel or titanium) for the joints because they have higher mechanical properties and higher 

resistance to AO and UV than polymers. In the case of very small joints, like the ones used to 

make concentrated strain deployable trusses, the disadvantage of metals having higher density 

relative to polymers is reduced. 

 

Conclusions 
 

 When selecting materials for space applications, the total amount of surface erosion must 

be calculated. If this value is unacceptable, protective coatings (silicon oxide, aluminum oxide, 

clear room temperature vulcanization silicone, etc.) with low atomic oxygen reactivity and good 

resistance to ultraviolet radiation are considered. For example, Kapton (polyimide) was used as 

the baseline material for the flexible solar array panel in the Hubble Space Telescope. Kapton is 

susceptible to be eroded by AO in LEO. Then silicon oxide, SiOx (1.9 < x < 2.0) glass-like film, 

which resists the AO attack, is used to protect Kapton from oxidation1.  

 Other coating materials are extremely thin metals. Anodized Aluminum foil offers optical 

tailorability, ease of manufacturing, and excellent handling properties. For instance, the 

composite tubes used for the truss structures of International Space Station are covered with 

anodized aluminum foil (0.05 mm) to protect the composites from UV radiation and AO 

erosion4. 

 In addition, the methodology of manufacturing and preparation of most polymeric 

materials can reduce the levels of out-gassing significantly. For example, cleaning surfaces or 

baking individual components or the entire assembly before use can drive off volatiles. Also, 

special preflight handling procedures such as gas purge treatments are often specified to 

minimize outgassing2. 

 In space applications where the adhesive needs to be flexible, even at extreme low 

temperatures of -65oC, phenyl-based silicones would not stiffen and crack like other materials. 
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Silicone polymers have been shown more atomic oxygen resistant than organic polymers. The 

transparency of silicone coatings in the atmosphere must be considered carefully. Clear silicone 

products, such as silicone room temperature vulcanization (RTV), usually do not protect the 

surface beneath them from UV. However, glass-filled silicones possess some resistance against 

UV radiation15, 16. 

 Untreated polymers, like silicones, generally contain volatile species that can outgas and 

contaminate sensitive equipment. There are two techniques to quantify the effects of out-gassing, 

the total mass loss (TML) and the collected volatile condensable materials (CVCM). TML is the 

amount of material given off during a period of 24 hours at and less than 0.00665 Pa. CVCM is 

the amount of volatiles that will condense on a collector controlled to 25 oC. For space 

applications, TML should be less than 1 %, while for CVCM must be less than 0.1 %. Specialty 

silicones employing optimized cure cycles have been able to achieve as low as 0.06 % TML, and 

0.02 % CVCM16. 

 After the discussion of this appendix, we can summarize that coatings in addition to 

property selection relative to thermal considerations are a very important part of the design of 

deployable trusses, and they would be applied everywhere to prevent attack from the extreme 

space environment.  
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