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EXECUTIVE SUMMARY

Advanced civilian and defense space missions require substantially larger and more stable
structures to support higher resolution interferometric optical benches, optical mirrors,
microwave frequency reflectors, as well as other high performance space based applications.
Some of these applications demand structure dimensional stability that is well beyond the
capabilities of existing technology. Thermal expansion and degradation of properties due to
damage are two of the most problematic sources for loss of dimensional precision in space
structures. Graphite fiber reinforced polymers have emerged as one of the best materials for
dimensionally stable space structures. This is due to their combination of high stiffness, high
strength, low density and adjustable properties; including CTE. In fact, due to the slight negative
axial CTE of the fibers it is possible to design laminates with theoretical zero CTE in the plane of
the laminate. The out of plane CTE is still large and problematic. Also, the “theoretical” zero
CTE is only approximated as well as the manufacturing precision allows. That is, deviations in
fiber volume fraction, fiber angles, constituent properties, as well as temperature dependence of
properties all contribute to real parts having some finite CTE. Using current technology the
general approach to precision structure fabrication is; use precision fabrication technology to
fabricate parts for an assembly, test each part for CTE, reject parts with unacceptable CTE,
assemble the structure and use numerical models to predict the assembly performance in the
expected environment. Joining technology is a huge issue with this approach as adhesives, joint
materials, and joint geometric effects can be the dominant contributors to dimensional instability.

This project addressed the issue of dimensional instability from two perspectives. The primary
objective was to develop and test a composite space structure design modification strategy based
on intentional defects to achieve a “sum of the defects equals zero” result. That is, small
material additions referred to as “anti-distortion appliqués” were considered as modifications to
the structures thermomechanical behavior with the goal of eliminating unwanted thermal
deformations and thus improving the structures dimensional stability. A composite T-joint
structure was selected as a demonstration problem. A finite element model was developed to
characterize the structure’s thermomechanical properties. Initially some assumed thermal
distortions were shown to be reduced by trial and error positioning of anti-distortion appliqués.
Subsequently, optimization software was employed to automatically adjust appliqué design
parameters so as to minimize an objective function based on distortional displacements in the
structure. It was found that an effective and practical approach was to introduce a small number
of appliqués and simply set there location coordinates as design parameters. Reductions of about
90% in the objective function were realized. Finally, the T-joint structure was fabricated for
testing by Alliant Techsystems Corporation. The T-joint was modified to include an adhesively
bonded sheet of titanium foil that would induce measurable distortions of the vertical web on the
T-joint. Photogrammetry was used to measure displacements at target points on the vertical web
during a 230 °C temperature change. The finite element model combined with the a program
written to drive the optimization software was used to optimize the location of two appliqués to
minimize the out of plane distortions of the vertical web at the target points. The computer code
to generate these models is listed in Appendix C. The optimization predicted a 61% reduction in
the objective function. The relatively poor improvement was blamed in part on the limited
precision of the photogrammetry equipment. Two aluminum appliqués were bonded to the
vertical web in optimized positions. However the test to measure reduction in distortion was not



finished before the end of the project due to low priority of scheduling in the environmental
chamber.

The anti-distortion appliqués methodology was demonstrated and shown to have theoretical
potential for order of magnitude improvement in dimensional stability in thermal environments.
However, the modeling is computationally expensive and large structures would require
significant computational resources. Also, there seems to be no presently available experimental
techniques for precision measurement of structure distortional displacements. Since the present
approach requires such measurements it will have limited applicability until better measurement
technology is developed.

Another issue with polymer composites is the susceptibility of the polymer to damage. Even
though the damage may be insignificant to structural integrity, the small changes in effective
composite properties can lead to dimensional instability. In the cryogenic environment of space
polymers become susceptible to microcracking due to the large internal stresses that develop due
to temperature change. A study was conducted on the effects of matrix cracking on effective
lamina properties. A literature review [Akula and Garnich (2007a,b)] assessed to the various
models available for simulating degraded properties. Most all of these were found to be directed
at progressive failure analysis and lacked the fidelity needed to be useful for dimensional
stability studies. Hence, a modeling effort was directed at predicting effective residual
thermomechanical properties for two types of matrix cracking. The details of this effort were
documented by Akula (2007). Both types of cracks were assumed transverse to the lamina; one
perpendicular to the fibers and the other parallel to the fibers. Periodicity of cracking was
assumed and unit cells were modeled using the finite element method. Computer code to
generate these models is listed in Appendix A and Appendix B. Comparison with data in the
literature indicates the models do an excellent job of predicting residual properties. Cases of
poor agreement were consistently where the experiments were attempting to measure extremely
small changes in stiffness. The models also exposed several subtle dependencies of the residual
properties on adjacent undamaged ply parameters. This was explained by the observation that
reduced effective properties are a function of crack opening behavior and the constraining effect
of adjacent plies to limit that deformation is dependent on the adjacent ply properties.

Finally, with the perspective of efficient future modeling of composite structures from a more
fundamental basis, an approach was developed to determine effective constituent properties
based on the degraded lamina properties. Details of this study were documented by Akula and
Garnich (2007c). A significant finding was that for matrix ply cracking both the fiber and matrix
properties must be degraded to achieve effective lamina properties that were consistent with the
average behavior predicted by the finite element unit cell model.



1.0 INTRODUCTION

The technical challenge of precision space structures is to establish and maintain the geometric
precision of equipment that relies on precise geometry for operational performance.
Dimensional instabilities can be static or dynamic. The primary focus of this project was the
static instability associated with thermal strains and the most common material damage mode;
matrix cracking. However, the project was also intended to examine alternate materials in the
form of nano-reinforced resins and adhesives that may offer properties that can enhance the
dimensional stability of composite structures.

Thermal instabilities occur as a result of either gradients in material properties in concert with a
uniform temperature change, gradients in temperature in concert with nonzero thermal expansion
properties, or combinations of both. Therefore, a material with a uniform zero coefficient of
thermal expansion (CTE) would eliminate both sources of thermal instability. The ultimate
minimization of thermal instabilities would come from a combination of materials and design
methodology that would enable the extremely fine control of the thermal deformation behavior
in mass efficient composite structures.

Closely related to CTE effects are effects of the coefficient of moisture expansion (CME).
Moisture absorbed or desorbed from polymers causes expansion or contraction behavior that has
adverse effects on the dimensional stability of composites [Prunty (1978)]. Off-gassing of
residual resin volatiles can have a similar effect. In the space vacuum, desorption is generally
the source of dimensional instability. Issues associated with CME were not directly addressed
by this project. However, due to the similarities of CME and CTE effects, technologies for
reducing CTE effects have applicability for reducing CME effects.

Perhaps the single greatest advance in the technology of dimensionally stable space structures
was the design of graphite fiber composite laminates that achieve a nominally zero CTE. With
the use of sufficiently high modulus graphite fibers and proper laminate design, the “zero” CTE
can be unidirectional or isotropic in the plane of the laminate. The CTE of the fiber, matrix, and
individual lamina effectively interact so that a theoretical CTE of zero is possible. In practice,
CTE less than 1 ppm/°C are routine and can be controlled to less than 0.1 ppm/°C. The
transverse, or through thickness CTE remains large (~20 ppm/°C) and is problematic in complex
structures where its effects are generally unavoidable. This basic technology was developed and
applied to a number of space structures in the 1970s [e.g. Prunty (1978)]. Since then, only
incremental improvements have been made in space structure thermal stability.

In some cases where difficult stability criteria are to be met, a brute force approach is employed.
That is, multiples of each of the structure components or subassemblies is fabricated so that
through individual testing the best of the batch (e.g. lowest CTE) can be selected for use in the
structure. For example, Maji et al. (2001), who designed a spider truss support structure for a
system of mirrors in an optical telescope, found that their pultruded graphite-epoxy truss
members had a CTE that ranged from about 0.1 to 0.3 ppm/°C. They attributed the scatter to
statistical variations in fiber misalignment and fiber volume fraction. Though effective, this
method of testing and selecting only the best parts is clearly wasteful, and does nothing to
address the problems associated with subsequent joining.



Dodson and Rule (1989) discussed a few important factors affecting thermal stability of space
flight optical benches. Their analysis of graphite/epoxy benches has indicated the selection of
core types in sandwich structures, typical joint configurations, adhesive effects and moisture
effects are all important considerations in design. Shin et al. (2001) have analyzed the thermal
distortion of an orbiting solar array including composite material degradation effects. It was
observed in their study that the strength, stiffness and CTEs of graphite/epoxy composite
materials after exposure to simulated low earth orbit environments decreased in proportion to
increasing thermal cycles. It was also found that the solar arrays with composite face sheets were
advantageous in view of weight savings, temperature distribution and thermal distortion when
compared to those with aluminum face sheets. In a discussion on the design of composite
surrogate mirror support structure, Maji et al. (2001) analyzed the mirror surface figure errors
caused by temperature fluctuation and suggested a design to be a good one if it achieves the best
balance between mass, dynamic properties and thermal deformation.

To minimize the thermal deformation, it is generally accepted that materials with minimum CTE
should be used. As early as late 1970s, Prunty (1978) discussed several types of dimensionally
stable graphite composites for spacecraft structures. He suggested that the adoption of
composites for planned spacecraft structures can achieve significant benefits in stiffness-critical
and strength-critical applications and can be a virtual necessity where extreme dimensional
stability is required.

Compared with several decades ago, there are now a lot more applications for advanced
composite materials. Composites with a near zero CTE can meet stringent dimensional
requirements. Among various composite materials, graphite fiber laminated composites have
been the primary material for precision space structures due to their high structural mass
efficiency and capability for theoretical zero in plane coefficient of thermal expansion. Graphite
fiber reinforced polymers (GFRP) with high specific strengths, moduli, and design flexibility are
widely developed and used as structural materials of modern aircraft and spacecraft. Through
proper design, it is not only possible to have near zero CTE, but also to design the CTE of the
composite to match that of other system components to minimize thermal mismatch and the
resulting thermal distortions.

Grimaldi et al. (1989) have discussed several types of composite materials in designing satellite
antenna structures. All the composite materials used for antenna structures share the need for
high strength and low CTE. Ishikawa et al. (1989) have analyzed the thermal behavior of
graphite-epoxy laminates with almost null coefficients of thermal expansion under a wide range
of temperature. They proposed a lamination tailoring technique to control the CTEs of graphite-
epoxy composites. This technique consists of two concepts of the thermoelastic invariants and
the lamination parameters. More recently, Bansemir and Haider (1998) have reviewed the
development of fiber composite structures for space applications. They argue that improvement
of materials evaluation methods and analysis techniques can be applied for optimal tradeoffs
between properties such as CTE, elastic modulus and thermal conductivity in fiber-reinforced
composites.



In some applications uniform temperature changes may not cause problems since the associated
uniform thermal expansion may cause little or no distortion. However, spatial temperature
gradients may cause serious distortions. In these cases materials with high thermal conductivity
that minimized temperature gradients are advantageous. The combination of low CTE (o) and
high thermal conductivity (K) is best, and the ratio (o/K) is a useful measure of material
performance in this regard.

Unique to this project was the parallel modeling and experimental efforts largely facilitated by
the experimental contributions of industry partner ATK. The modeling had two focuses. The
first, explained below was a global structure modeling effort aimed at reducing structure
instability behavior after fabrication. The second studied material behavior from a
microstructure perspective considering microdamage (microcracks) and nanocomposite
structure-property relationships [e.g. Fertig and Garnich (2004)].

Form a structure modeling perspective, previous research in design of structures to achieve
higher levels of dimensional stability have taken a completely different approach than was taken
in this project. Most previous work has been performed from a local perspective where initial
design and fabrication flaws were identified and attempts are made to minimize them. That is,
the location of problematic deformation, or issues of laminate design, are isolated and the
designer attempts to devise a strategy to reduce or eliminate that local source [e.g. Dodson and
Rule (1989), Yoon and Kim (2001), Bansemir and Haider (1998), Farmer et al. (1992)]. For
example, the anisotropic CTE causes an angle change in curved laminates during a temperature
change [Yoon and Kim (2001)].

In comparison, the approach developed here was to design from a global perspective while
employing cost effective local strategies associated with current practice. The global approach
reduces the thermal instabilities after initial fabrication and assembly. This was demonstrated
through a combination of experiments and modeling. The experiments characterized the nature
of overall thermal deformations and the models devise a set of “anti-distortion appliqués” that
create offsetting thermal deformations. In effect, this creates offsetting forces within the
structure in much the same way that the constituent materials and lamina do at the local material
scales when designed for a net CTE of zero. A clear advantage of this approach is that
adjustments can be made after initial fabrication so that success in meeting CTE requirements is
not reliant on the initial perfection in materials and construction. The significant disadvantage is
that it requires experimental deformation measurement technology that matches the performance
objectives. For high precision structures such measurement technology is not yet available.

The mechanical and thermal properties of composite materials can be designed through
micromechanical analysis. The required properties of materials can be achieved by controlling
their texture at microscopic scales, by controlling the ply orientation, modifying the volume
fraction of fibers, etc. For example, Fertig and Garnich (2004) have studied the influence of
constituent properties and microstructural parameters on the tensile modulus of a polymer/clay
nanocomposite. Nanocomposites have potential as matrix materials in more conventional micron
scale composites. They proposed a multi-scale model to estimate the relative influence of
constituent properties on the anisotropic tensile modulus. The model can be extended to predict
the influence of components on the thermal properties of materials. Garnich and Karami (2004)



and Karami and Garnich (2005b) have studied the mechanical properties and thermoelastic
behavior of wavy fiber composites. Their results show that the waviness has effects on both
material stiffness properties and the coefficients of thermal expansion.

A significant portion of this project was directed at better understanding the relationship between
microstructure and macroscopic thermo-mechanical properties. In particular, effort was focused
on better understanding how the most common matrix damage modes affect properties. Two
types of matrix cracks were studied using micromechanics/unit cell models to better understand
how the effective properties of a laminate embedded lamina are modified by such damage. Kim
et al. (2000) have shown that crack density in a cross-ply laminate can have a significant effect
on the CTE and the variation in CTE due to ply cracking can be quantitatively predicted whether
due to mechanical loading or thermal cycling. Also, a review of the literature was conducted to
survey methods used to model the residual properties of damaged laminae.

In summary, this project relates to the current state of knowledge as follows. The project was
centered on GFRP, the most effective and widely used material for dimensionally stable space
structures. Alternative materials were considered only from the standpoint of engineered
polymers and their multi-functionality either as enhanced adhesives or enhanced matrix
materials. Material damage characterization through micromechanics modeling for modes of
matrix cracking was also conducted. Unlike prior efforts, the project was not be restricted to
limited local (e.g. joints) perspective of performance improvement but also developed a global
design modification strategy with the potential to dramatically improve the thermal stability of
complex composite space structures.

2.0 THE ANTI-DISTORTION APPLIQUE APPROACH

The sources of dimensional instability in space structures are numerous and can be both
microscopic and macroscopic in nature. Instabilities can be functions of environmental changes,
component geometry, composite lamina orientation, microcracking, moisture content,
mechanical loading and other factors. Among various types of dimensional instability, thermal
instability is one of the most commonly observed. Generally, thermally activated strains can
create distortion in structures when the coefficients of thermal expansion (CTEs) vary among the
components. Even a small CTE mismatch can lead to substantial distortion. Thus thermal effects
are one of the most important sources of space structures’ dimensional instability.

Macroscopically, the dimensional stability of structures can be improved through refined
material processing, modifying the shapes, sizes and relative positions of components. Farmer et
al. (1992) performed a thermal distortion analysis of an antenna-support truss in a simulated
geosynchronous orbit environment. Their study has shown that some surface processing of truss
elements, e.g., using coating or multilayer insulation, can achieve certain success in alleviating
thermal distortion problems. In theory, if only the thermal effect from unwanted fabrication
defects is measurable, then the structure can be rectified by the offsetting effect generated
through components’ geometrical changes. This possibility was the primary subject of this
research.



2.1 Anti-Distortion Appliqués

It is important to carefully select the materials in order to avoid or minimize the dimensional
instability of space structures. For example, there are many applications where a near-zero CTE
materials can lead to significant benefits, but even with the use of materials with near-zero
coefficient of thermal expansion (CTE), instability can still occur through the large temperature
changes and the complication of temperature dependent CTE. Also, some new applications
simply have extreme stability requirements that are beyond current technology. Another strategy
for performance improvement is to improve the dimensional stability by modifying a structure’s
geometry. Intentional introduction of material may be used to work in a beneficiary way, i.e.,
structures can improve their static or dynamic performance through purposely designed and
strategically located material additions which can cancel effects from unwanted manufacturing
imperfections. Since these material additions are to cancel unwanted thermal deformations; they
were referred to as anti-distortion appliqués.

Presented here is a study of how the dimensional stability can be improved by the use of anti-
distortion appliqués. A joint structure, which is typical in composite space structures, was taken
as a demonstration problem. The basic approach consists of a three phase analysis. First, a finite
element model to predict the joint deformation due to thermal expansion was developed using
the finite element analysis (FEA) software ABAQUS. Second, the actual part is tested in the
laboratory under simulated operating environment to measure the adverse thermal distortions. In
this case that meant lowering the temperature to simulate the cryogenic environment of space.
Finally, the finite element model is exercised repeatedly as needed with material additions (anti-
distortion appliqués) with the objective of eliminating the unwanted distortions by effectively
introducing offsetting distortions. In simple cases this last step might be conducted by trial and
error by an analyst. However, for more general application an optimization study can be
automated with software that is adapted to modify and rerun the FEA over and over again until
an optimized configuration of anti-distortion appliqués has been achieved. This last step was
accomplished using the VisualDoc (2004) software which interrogates a text output file from the
FEA and then modifies a text input file for the next FEA based on an optimization algorithm that
seeks to minimize an objective function based on the output. In this case, the objective function
involves displacements that quantify the distortion.

2.2 The Joint Structure

This research used a composite T-joint with reinforcing clips as a model problem to illustrate the
concept of ‘anti-distortion appliqués’ do reduce the unwanted thermal distortion and thus
improve a structure’s dimensional stability. The significance of studying the basic joint structure
has two basic aspects; first, some typical sources of adverse thermal distortions will be
illustrated, and second, to conveniently show that such thermal distortions can be reduced
through the addition of material as determined through FEA. Overall, a strategy is sought for
systematic analysis and modification of composite structures to dramatically improve their
dimensional stability. Fig. 1 shows the basic configuration of the composite T-joint structure.
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Figure 1. The T-Joint Structure

The horizontal and vertical composite plates consist of GFRP laminates. The two curved clips
are also GFRP laminates used to support the joint structure. Thin film adhesives that connect the
plates with the clips were explicitly included in the models. The structure is assumed to sustain a
uniform temperature change. To analyze the thermal deformation use has been made of the FEA
software ABAQUS. ABAQUS provides different mathematical options for modeling such 3-D
thin structures. Either shell element or continuum element formulations can be selected to
perform the analysis. For displacement solutions they give similar results for most example
problems in the ABAQUS documentation. Depending on the thickness of modeled components,
the two types of elements can be used alternatively but generally for laminated composite
structures the shell elements are numerically much more efficient.

With the contemporary highly developed fabrication technology of composite materials, the
negative CTE of fiber and positive CTE of matrix can be combined to manipulate and control the
CTE of the formed composites. This can be done to obtain desired unidirectional properties or
isotropic properties in the plane of the laminate. In this research, a transversely isotropic (quasi-
isotropic) GRFP laminate was assumed. A negative CTE along the fiber direction in a ply (or
fiber alone) and a positive CTE in the perpendicular direction were assumed. Through a certain
combination of their volume fraction and ply angles, they can provide a theoretical null CTE for
the in-plane material behavior [Ishikawa et al. (1989)]. A material with 62% fiber volume
fraction and ply thickness of 0.127 mm was studied. The mechanical and thermal parameters of
the composite [Matthews et al. (2000)] are listed on Table 1.



Table 1. The mechanical and thermal properties of the GFRP laminae

CTE CTE
Ei(GPa) | Ex(GPa v 12 G12(GPa) | Gy3(GPa
1(GPa) | Ex(GPa) 12 23 12(GPa) | G3(GPa) oi(ppm) | ox(ppm)
132 10.8 0.30 0.59 5.61 3.17 -0.77 25

The adhesives are assumed to be isotropic with a Young’s modulus of 6.0 GPa and a Poisson’s
ratio of 0.3. The CTE of the adhesive was taken as 54 ppm/°C in the computations. To illustrate
some potential sources of thermal distortion of the joint, the contribution of adhesive thickness
and the clip misalignment was studied and discussed in the following sections.

2.3 Simulated thermal distortions

One of the attractive features of the anti-distortion appliqué methodology is that you do not need
to know the source of the distortions; only that they are manifest by the application environment.
However, the method does require actual distortion data. In the absence of experimental data
simulated data can be used to demonstrate the method. Hence, the FEA was used to predict
distortions due to assumed defects in manufacture. For the T-joint structure, the laminates were
assumed perfectly fabricated as balanced and symmetric so no out of plane deformations would
occur due to their properties. Yoon and Kim (2001) studied the process-induced distortions of
carbon/epoxy curved laminates. Their work included the effect of anisotropic CTE in curved
laminates with a temperature variation. The clips on the T-joint are curved but if the structure is
symmetric then their effects will cancel and the deformations will be perfectly symmetric.

To simulate distortions two different manufacturing defects were assumed. First, the two clips
were assumed misaligned and second the thickness of the adhesive was assumed unsymmetric
for the two clips. Fig. 2 and Fig. 3 show the modeled joint distortion due to non-uniform
adhesive layers and clip dislocation respectively.
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Figure 2. The distortion due to the inhomogeneous adhesives



What deformations are adverse to a structures performance will be application dependent. In this
case, the difference between the 1-axis displacements of the two top corner nodes was to be
minimized. To highlight the effect of clip misalignment on the thermal distortion, a laminae
structure with 8-ply orientation [0/30/-30/90]; has been studied. If no manufacture defects exist,
this arrangement of the orientation generates only symmetric thermal deformation and no
distortion. With the effect from the misalignment, the modeling results indicate that the joint’s
thermal distortion is closely related to how much the two clips are misaligned. Table 2 shows the
predicted distortion for a range of values of clip misalignment.

thermal distortion

Figure 3. The distortion due to the clip dislocation

Table 2. A distortion parameter for a range of clip misalignment magnitudes

Misalignment [mm] 2.0 4.0 6.0 8.0 10.0

Distortion [mm] 0.025719 0.036654 0.053764 0.071521 0.092974

2.4 Anti-distortion Appliqués by Trial and Error

To reduce the effect from manufacturing imperfections of adhesives or clips, some purposely-
designed material additions can be introduced onto the structure. With the present joint structure
being relatively simple in geometry and the sources of the distortions known, using a trial-and-
error approach is possible to test some appliqués. For the case where there exists a thickness
difference between the adhesives on the two sides (Fig. 2), it was found that if the plate was
modified with a protruding strip added on the side with the thicker adhesive, the thermal
distortion can be reduced. Fig. 4 shows the analysis results for the modified structure.
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two clips. It was found that if two strips are attached to the plate with also a dislocation existing
between them, then they will generate the required offsetting effect, which just cancels that

A similar procedure was implemented for the case where there exists dislocation between the
caused by the clip dislocation. This result is shown in Fig. 5.
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Figure 5. Eliminating distortion due to clip misalignment by adding two appliqués



The trial-and-error approach works easily only for simple structures where the deformation is not
too complicated and especially when the source of the deformation is known. But even for such
simple structures, trial-and-error can be an inefficient approach. Considering the numerous
possibilities of various appliqué shapes and locations, a trial-and-error approach may not yield
the best design of appliqués quantitatively, or it may be very time consuming or computational
expensive, even though the method can in some ideal cases generate a close to perfect result. So
for more complicated structures parametric optimization analysis is preferred. In the following
section an optimization study will be discussed, still using the joint structure as an example.

2.5 Designing Appliqués Using an Optimization Procedure

Here, the design optimization was performed with ABAQUS working jointly with the
optimization software VisualDOC (2004). ABAQUS is used for the thermo-mechanical analysis
and VisualDOC provides an approach to search for the best array of appliqué parameters.
Among the different algorithms used to find the optimum solution of an objective function, the
methods in VisualDOC can be classified as gradient-based and non-gradient based approaches.
The gradient-based approaches take the standard strategy of finding an extreme value of a
function. They first calculate the derivatives of an objective function with respect to the design
variables and then use the calculated derivatives, or the “gradients” to determine the search path
to find the next good approximation of the optimum value to be determined. With enough
iteration, the procedure will generally converge to the optimum values. The gradient-based
approaches are usually computationally efficient in finding optimum solutions for continuous
problems but do not work well for discrete/integer design problems where some parameters take
values from a discrete set instead of continuous functions like typical field variables. The
optimization problem studied in this research is generally of the mixed type where some design
variables such as appliqué positions are continuous but others may be discrete such as the
number of appliqués. A non-gradient based algorithm, namely the particle swarm optimization
(PSO) [VisualDOC (2004)] algorithm was applied when the number of appliqués was a design
variable. This algorithm can handle either continuous or discrete design variables or a mixed
problem.

In the context of the present problem, design variables could include shape, position, size,
physical properties, the number of appliqués, etc. In the following sections shape optimization
and position optimization of the appliqués for the joint structure will be discussed using a few
modeling examples.

2.5.1 Optimization with respect to appliqué shape

In this study two rectangular appliqués were attached to the T-joint vertical plate. In an attempt
to optimize the appliqués’ shape, perturbations were continually made to the corner points. The
coordinates of all relevant nodes were changed so that the component’s geometrical shape is
correspondingly modified. For every new perturbed shape, ABAQUS performs an analysis of the
deformation and feeds back the results to the optimization routine. This process continues until a
minimization of the objective function for the structure has been achieved within the limitations
of a fixed range of design variables. Fig. 6 shows two initial rectangular appliqués added onto
one surface of the vertical web.
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Figure 6. Two rectangular appliqués attached on the two surfaces of the plate

Isoparametric mapping was used to compute the coordinate changes of all inner nodes due to the
effect from perturbations on the corner node locations of the appliqués. The parametric
coordinates of the nodes are taken as the same as those used to calculate the shape functions in
common finite element analysis. The perturbations to all node coordinates were calculated as
follows [Leiva and Watson (1998), Candan et al. (2000)],

Pyi= z}: Py N; (&, mi, G) (1a)
Pyi= % Py N; (&, mi, G) (1b)
P,= z}: P N; (&, mi, i) (1c)

The summations in equations (1) are over all the perturbed points where Py;, Py; and P; are the
perturbations on the coordinates of these points. &;, n; and {; are the parametric coordinates of all
nodes and N; (&;, n;, §) are the corresponding shape functions. For a linear mapping, the shape
functions of a 4-node 2-dimensional element have the form:

N, =0.25%(1- &)(1- ) (2a)

NoY = 0.25%(1+ &)(1- 1) (2b)
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N;9 = 0.25%(1+ &)(1+ 1) (2¢)
N, = 0.25%(1- &)(1+ m;) (2d)

The shape functions for 8-node quadratic elements are given by:

N9 =-0.25%(1- &)(1- n)( & + ;i +1) (3a)
No¥ = 0.25%(1+ &)(1- m)( & - mi -1) (3b)
Na9 = 0.25%(1+ &)(1+ n)( & + i -1) (3¢)
Ng% =-0.25%(1- &)(1+ n)( & - mi +1) (3d)
N5 = 0.5%(1- &7)(1- m) (3¢)
Ne! = 0.5%(1+ &)(1- %) (3)
N;9 = 0.5%(1- &7)(1+ ;) (3g)
Ng = 0.5%(1- &)(1- 1) (3h)

With all perturbations calculated, the basic vectors that produce the desired shapes for the
appliqué can be generated as follows,

XB; =X+ P (4a)
YB;=Y!+Py (4b)
ZB;=Z'+ P, (4¢)

Where Xio, Yio and Zio are the initial coordinates of node i. Linear modifications can be
performed with the perturbations occurring only on the corner points. This technique transfers
the initial rectangular shape into a new quadrilateral if the initial rectangular shape is treated as
one domain or into a polygon if two domains are used. By resorting to higher order mapping
with mid-side node points also perturbed along with the corner points, the initial rectangular
shape can be modified into a curved geometrical shape. Fig. 7 illustrates two examples with
such perturbations implemented.

Alternative shapes are usually first specified in shape optimization and these shapes are
represented by a set of displacement vectors known as basic vectors [Candan et al. (2000)],
which depict the deviation from the component’s initially assumed configuration to the
alternative shapes. These basic vectors form the design space in optimization process. With
several potentially optimum shapes generated in terms of the basic vectors for the components to
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be designed, the real coordinates of all nodes can be assumed to be the combination of these
possible shapes [Candan et al. (2000)],

Xi=X;" + ¥ DVi(XBi-X;") (5a)
k

Y=Y+ % DVi(YBi-Y:)) (5b)

Z=Z"+Y DV(ZBy-Z") (5¢)

where DV are the design variables. The goal of the design optimization is reduced to seeking
the values of these design variables, which extremize the objective functions.

Next, an example is presented for the minimization of the thermal distortion of the T-joint
structure. The joint is assumed to suffer a temperature change of 500 °F, which causes
inhomogeneous thermal expansion and distortion if some manufacturing defects exist in the
structure. One possible measure of thermal distortion is the difference between the displacements
of the two top corner nodes of the vertical plate. Note that a perfectly fabricated joint structure
would be perfectly symmetric and this measure of distortion would be zero. For this example, all
the plates and supporting clips are still assumed to consist of 8-ply laminates with orientations
[0/30/-30/90];. For a defect it is assumed that the two clips have a gross misalignment of 6 mm.
The elastic and thermal properties are also assumed the same as in the previous sections. Without
the addition of anti-distortion appliqués, the two out of plane displacements were computed as;

U
Displacement at top left node -3.0510E-02
Displacement at top right node 2.3254E-02

With two appliqués added onto the two opposite surfaces of the vertical plate as shown on Fig. 7,
optimization can be performed with respect to both the position and shape of these appliqués. For
instance, if the above displacements were used to define an objective function defined as the
square of the difference of the two displacements, the optimization computation produces the
following results.

U
Displacement at top left node -8.8133E-03
Displacement at top right node 1.4520E-02

The objective function history was as indicated by Fig. 8. The difference in displacement was
reduced from approximately 0.054 to 0.023. The optimized appliqués are illustrated in Fig. 9. In
this case, the improvement is modest but the problem serves to illustrate the fundamentals of the
approach.
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Figure 9. Optimized appliqués

2.5.2 Optimization with respect to appliqué position

For industrial application, there would be some limitations on the appliqués. For example, the
total area of the appliqués, the mass of the appliqués, the relative positions of appliqués on the
major components will all generally have limits. In the currently studied joint structure it makes
sense that the size of the attached appliqués should be much smaller than that of the major
components. Small appliqués have more flexibility in their possible positions. It is expected that
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the same correction effect can be achieved through a few smaller appliqués as does by the two
larger ones. In this case it would be expected that the position of the appliqués would have a
dominant effect versus the shape. The example computation presented next shows that through
finding their optimal position the attached smaller appliqués can similarly reduce the distortion
deformation due to thermal effect.

The computation was carried out for a composite material with almost null CTEs studied by
Ishikawa et al. (1989). This material is a 20-ply laminate with the fiber angle of + 46.4° and their

mechanical and thermal ply properties are shown in Table 3.

Table 3. The mechanical and thermal ply properties for a near zero CTE laminate

CTE CTE
Ei(GPa) | Ex(GPa v 1% G12(GPa) | Ga3(GPa
1(GPa) | Ex(GPa) 12 23 12(GPa) | G23(GPa) Ay(ppm) | Ax(ppm)
135 11.0 0.30 0.59 5.5 3.17 -0.26 3.2

Fig. 10 shows the magnified distortion state of the joint due to a little misalignment of the two
clips with the structure assumed to sustain a temperature change of 500 °K. To reduce the
distortion of the vertical web a few small appliqués were added on the two sides of the web. As
a simple illustration, two rectangular appliqués were attached to each side of the plate
respectively with their positions to be determined through the optimization. The appliqués were
initially randomly placed on the two sides of the vertical web. Fig. 11 illustrates the initial
deformed state of the structure after the small appliqués were added but before the optimization
procedure was started.

The optimization goal was to minimize the summation of the absolute displacement values of all
the 19 topmost nodes (see Fig. 10) of the vertical web. With the optimization procedure
implemented with respect to the positions of the four small appliqués, the four pairs of their
coordinates on the vertical plate were defined as the design variables. The computation was
carried out to find the appliqués’ best positions through changing these variables continually so
that the objective function was minimized. The results obtained from the optimization procedure
are listed in Table 4.

It can be observed that the displacements of most nodes have been significantly decreased and
their summation has been reduced by nearly an order of magnitude. Fig. 12 illustrates the
deformations of the joint after the four small rectangular appliqués were attached to the two sides
of the vertical plate at their optimal positions.
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Figure 10. The distorted joint due to clip misalignment

thermal distortion

added small defects

at random positions

initially

Figure 11. The joint’s initial state with appliqués added but before optimization

19



Table 4. Optimized deformation in terms of top nodes displacement (unit: 107 mm)
Node 1 2 3 4 5 6 7 8 9 10

No .| =29 1.8 4.9 5.8 5.3 4.3 3.1 20 | 096 | -0.01
appliqués
Wlth. .| -0.39 | 0.8 1.1 0.67 | 0.27 | 0.10 | 0.06 | 0.08 | 0.13 | 0.21
appliqués
Node 11 12 13 14 15 16 17 18 19 Sum
No ., 1-098 | -2.0 | -3.1 43 | 53 | 58 | 49 | -1.9 29 62.3
appliqués
Wlth. .| 030 | 039 | 038 | 0.08 | 0.18 | 0.18 | -094 | -1.6 | -1.3 | 9.12
appliqués

added small defects
at optimum positions

Node

Figure 12. The optimized structure after adding four small appliqués

2.6 Hardware Design and Optimization

In cooperation with ATK Corp. a specific T-joint geometry was developed for experimental
demonstration of the anti-distortion appliqué methodology. To obtain measurable distortions the
basic T-joint was modified to include a metal foil covering a portion of one side of the vertical
web. Photogrammetry was used to measure deflections due to temperature change. The system
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used has an accuracy limit of about 0.025 mm. A finite element model of the joint indicated the
metal foil would cause thermal distortion deflections about one order of magnitude larger so they
would be measurable within reasonable error. Several views of the finite element model are
shown in Fig. 13-16. Shown in these figures are nominal dimensions of the actual assembly
including the metal foil. All the composite parts; base plate, vertical web, and curved clips were
made up of a 48 ply laminate with a ([-45/0/45/90]s)6 laminate sequence. Initially the metal foil
was assumed to be aluminum. The thermo-elastic properties used in the analyses for the
adhesive, the laminae, and the aluminum foil are listed in Table 5.

As a result of the previously described analyses it was concluded that perhaps the most efficient
approach for implementing the anti-distortion appliqué methodology was to use simple
rectangular appliqués and limit the design variables to coordinate locations of the appliqués.
Hence, this basic strategy was used for the remainder of the study. Of course, depending on the
application different materials might be used for the appliqués. For example, coupons of
unidirectional composite would introduce anisotropy of the appliqué thermo-mechanical
response and possibly be more effective in certain situations. Then, the appliqué orientation
could also be an effective design variable in the optimization.

Prior to any testing a purely analytical optimization was performed that mimicked the process
eventually used on the actual part. The photogrammetry was capable of tracking a finite number
of predefined target points. Nine target points were established on the foil side of the vertical
web as illustrated in Fig. 17. Deflections at these target points then serve as a basis for defining
an objective function for the analysis. Physically, it was decided that the objective would be to
keep the vertical web flat with no regard for rigid body motion. Mathematically this meant using
three of the target points to define a plane and then minimizing the relative out of plane
displacements of the remaining target points.

2.6.1 Objective function

In what follows, the objective function was defined in terms of the displacements at the 9 target
points utilized by the photogrammetry. Three of those points define a plane in the deformed
coordinates. The points chosen to define a plane were B, D, and C as labeled in Fig. 17.

Two position vectors were defined on the plane using points B, D, and C as follows:

I71 =(XB_)("1));4'()/3_yp)j"'(zg_zp)]g

4 by G

Vy=(x0 —x)i + (o= yp)] +(z0 —2,)k

a b, )
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Figure 16. The T-joint model with a thin layer attached to the vertical plate
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Table 5. Thermo-elastic properties of the constituents

Property Lamina Al Adhesive Ti
Ey (Msi) 30 10.5 0.3 16.8
Ex , E33 (Msi) 1.5 10.5 0.3 16.8
D12, D13 0.3 0.33 0.41 0.36
G2, Gi3 (Msi) 0.4 3.946  0.1064  6.185
23 0.6 0.33 0.41 0.36
on (1 °F™) 0.2 13 42 4.72
02, a3z (u °F ) 15 13 42 4.72
G (A1) A (A6) C (A7)
- F (AS) I(AS)
(A2)
B (A3) E (A4) D (A9)

Figure 17. Side view of the T-joint with target points

The unit normal that defines this plane was obtained from the normalized cross-product of the

vectors ¥, and V, and is given by,

- V. xV, =(d1?+dzj+d3/€)
VXV, | Jd?+d? +d?

d =bc,—b,c,
where d,=—(ac,—a,c,).
dy=(ab,—a,b)
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The position vectors from point D to each of the remaining points A, G, H, F, and E in the model
are given in the following equations. Note that the target point “I”” was not considered in the
objective function.

Vo= (x,=x, )i+, =v,)]+(z,—z,)k

a3 by =]

I74 = ()CG —xD)f+(yG _yD)j+(ZG _ZD)IE

a, b, ¢y

Vo= (x, =x, )i+, =v,)]+(z,, =2,k

ds bs s

176 =(XF—XD);+(yF—yD)j+(ZF—ZD)E

e bs S

V= (= x) + (v, = yp)] +(z, =2,k

a; b7 ¢

The out of plane deflections of points A, G, H, F, and E were then obtained from the scalar
product of the above position vectors and the unit normal vector. The objective function to be
minimized was defined as the sum of the squares of the scalar products between the plane

normal u, and the vectors 173 through 177 This results in:

Obj = ((d,a, +d,b, +d,c,)* +(d,a, +d,b, +d,c,)* +(d,a, +d,b, +dc,)? +
(d,a, +d,b,+dyc,)* +(d,a, +d,b, +dc,)?) (d?> +d? +d2)

2.6.2 Numerical Implementation

The original coordinates of the target points A through H in the global system are given in the
second column of Table 6. The notation for the displacement components and the updated
coordinates are given in the third and fourth columns. The deformed coordinates are then used
to calculate the position vectors defined above which were used to compute the updated scalar
value of the objective function. In an actual application of the method the displacements would
come from experiments that simulate the structure’s application environment. These actual
displacements would be added to the FEA model predicted displacements so that the
minimization process would yield predicted displacements that cancel with the measured ones
yielding a net minimized distortion. Here, in the absence of experimental data, the appliqués are
to introduce distortions that cancel with the simulated displacements due to the aluminum foil.

2.6.2.1 Optimization with 3 appliqués

To introduce displacements that minimize the above-described objective function, three
aluminum appliqués each of size 0.5”x 0.57x0.04” were modeled as attached to the vertical web
on the side opposite the aluminum foil as depicted in Fig. 18. Each of the appliqués was
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simulated as attached to the vertical web with a 0.01” thick adhesive layer included. The
objective function was minimized by altering the position of these three appliqués. The
appliqués positions were altered and the analysis was repeated as driven by the optimization
software VisualDOC. Fig. 19 shows the numerical value of the objective function as the position
of the appliqués was modified by the gradient based optimization routine. Excessive iterations
were forced to help assure convergence to an optimum. Ultimately the objective function was
reduced by approximately 90% by finding the optimal positions of the three appliqués. The
optimized positions are given in Table 7 where the x and y coordinate indicate the position of the
center of appliqués on the vertical plate. Note that the origin for this coordinate system is the
same as that of the model and located at the mid-point of the bottom of the base plate with the x-
y-z. The x-y-z directions correspond to the 1-2-3 coordinate system shown in Fig.18.

Table 6. Original and deformed coordinates of target points used in the objective function

Label  Coordinates Displacements Defomed
coordinates
Xa 0 Uxa Uxa
Ya 3.37 Uya 3.37+ Uya
Za -0.074 Uza -0.074 + Uza
Xb 1.25 Uxb 1.25 + Uxb
Yb 1.87 Uyb 1.87 + Uyb
Zb -0.074 Uzb -0.074 + Uzb
Xc -1.25 Uxc -1.25+ Uxc
Yc 3.37 Uyc 3.37 + Uyc
Zc -0.074 Uzc -0.074 + Uzc
Xd -1.25 Uxd -1.25 +Uxd
Yd 1.87 Uyd 1.87 + Uyd
Zd -0.074 Uzd -0.074 + Uzd
Xe 0 Uxe Uxe
Ye 1.87 Uye 1.87 + Uye
Ze -0.074 Uze -0.074 + Uze
Xf 0 Uxf Uxf
Yf 2.62 Uyf 2.62 + Uyf
7t -0.074 Uzf -0.074 + Uzf
Xg 1.25 Uxg 1.25 + Uxg
Yg 3.37 Uyg 3.37 + Uyg
7g -0.074 Uzg -0.074 + Uzg
Xh 1.25 Uxh 1.25 + Uxh
Yh 2.62 Uyh 2.62 + Uyh
Zh -0.074 Uzh -0.074 + Uzh
Xi -1.25 Uxi -1.25 + Uxi
Yi 2.62 Uyi 2.62 + Uyi
Zi -0.074 Uzi -0.074 + Uzi
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A

Figure 18. FE model showing aluminum appliqués located to minimize the objective
function
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Figure 19. Objective function as a function of design iterations for three appliqués
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Table 7. Optimized positions of the three appliqués

Defect X y
1 -0.003081051 2.891623
2 0.858794 2.404868
3 -0.9660705 2.979695

2.6.2.2 Optimization with 4 appliqués

For actual fabrication, titanium foil was selected instead of the aluminum modeled as described
above. The properties of the titanium are shown in Table 5. Another “analysis only”
optimization was conducted with titanium in the model and with four appliqués used instead of
three. The thickness of the appliqués was reduced to 0.025 inch. The positions of the four
appliqués were optimized to reduce the objective function defined earlier. The optimized
positions of the four appliqués are listed in Table 8. Fig. 20 shows the history of the magnitude
of the objective function. The optimization reduced the objective function by 87.5%.
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Figure 20. Objective function as a function of design iterations for a model with four
appliqués

Table 8. Optimized position of four appliqués

Defect X y
1 -0.1145515 2.364928
2 0.729481 2.133869
3 -0.5826635 1.98095
4 -0.4651298 1.18
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2.7 Validation with Experiments

For experimental correlation the objective function was slightly modified and the target points at
which the displacements were measured were altered. The laminate properties were also altered
and were held proprietary by an industry partner. The actual composite laminate was similar to a
quasi-isotropic graphite epoxy system modeled in the previous section. The target points utilized
in this new objective are shown in Fig. 17. Point E was not considered in the analysis. Also, as
previously described, the experimental displacements in the three coordinate directions at the
target points were added to each of the displacements in the objective function so that a
minimized objective function results in appliqué driven displacements that cancel with those
measured in the laboratory; thus minimizing the overall distortion of the structure. The new
objective function is defined as follows where the terms a,, b,, and ¢, are defined in Table 9.

Obj = ((d,a, +d,b, +d,c,)* +(d,a, +d,b, +d,c,)* +(d,a, +d,b, +d,c)* +
(d,a, +d b, +d.c,)* +(d,a, +d,b, +d,c,)*)(d> +d2 +d?)

Table 9. Variables and initial coordinates input to the objective function
Deformed

Label Coordinates Displacements
al Xb - Xd 2.494993 + Uxb - Uxd
bl Yb-Yd 0.005813 + Uyb - Uyd
cl Zb-7d 0.000209 + Uzb - Uzd
a2 Xc-Xd 0.001652 + Uxc - Uxd
b2 Yc-Yd 1.506772 + Uyc -Uyd
c2 Zc-7d -0.01261 + Uzc - Uzd
a3 Xa - Xd 1.24383 + Uxa -Uxd
b3 Ya-Yd 1.50113 + Uya - Uyd
c3 Za-Z7d -0.007942 + Uza - Uzd
a4 Xg-Xd 2.494082 + Uxg - Uxd
b4 Yg-Yd 1.50188 + Uyg - Uyd
c4 Zg-7d -0.004613 + Uzg - Uzd
a5 Xh - Xd 2.498276 + Uxh - Uxd
b5 Yh-Yd 0.759291 + Uyh - Uyd
c5 Zh-7d -0.008923 + Uzh - Uzd
a6 Xf-Xd 1.244347 + Uxf - Uxd
b6 Yf-Yd 0.756278 + Uyf - Uyd
c6 Zf-7d -0.008263 + Uzf - Uzd
a7 Xe - Xd 1.245789 + Uxe - Uxd
b7 Ye -Yd 0.009036 + Uye - Uyd
c7 Ze -7d -0.006377 + Uze - Uzd
a8 Xi-Xd 0.002422 + Uxi - Uxd
b8 Yi-Yd 0.753504 + Uyi - Uyd
c8 Zi-Z7d -0.003331 + Uzi - Uzd
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2.7.1 Experimental Results

Alliant Techsystems (ATK) Corporation conducted the photogrammetry experiments. The T-
joint structure prepared for photogrammetry is shown in Fig. 21. The titanium foil can be seen
on the vertical web along with the 9 target points where the displacements are measured. The
various dot patterns on the base plate are utilized by the photogrammetry software to solve for
the camera position. The T-joint was subjected to a temperature change from 80 C to -150 C.

The measured displacement data is summarized in Fig. 22-24. Only the displacements
perpendicular to the web were of practical interest since they will dominate the characterization
of the nonplanar distortion of the vertical web. In each figure, the raw displacements for each
row of 3 points are shown that include displacement due to rigid body motion of the T-joint
structure. Subsequently the rigid body part of the total displacements was removed and the
resulting net displacements are seen to be in reasonable agreement with finite element
calculations performed both at ATK and at the University of Wyoming.

The top row, where the deflections are the largest, are in particularly good agreement with the
results from the FE analyses. The bottom row has what could be described as an anomaly. The
experimental data suggests that the web has a curvature opposite that of the other two rows and
opposite that of the FEA predictions. The source of the anomaly is unknown. However, it is
known that the precision of the experimental apparatus is marginal (on the order of 0.001 inch)
compared to the small deflections occurring along the bottom row of target points (on the order
0f 0.002 inch). With that observation and the relatively good agreement with the other two target
rows, the experiment was believed to be a success.

2.7.2 Appliqué Optimization

Two aluminum appliqués, half inch square and of 0.025 inch thickness were modeled as attached
to the vertical web using an adhesive of 0.010” thickness. Larger numbers of appliqués were
found to be ineffective in further reducing the objective function. To be effective, it was known
that the appliqués would have to be on the side opposite the titanium foil. The optimization
procedure was performed using VisualDOC combined with the ABAQUS FE model of the joint
to minimize the objective function that relates to non-planar distortion of the web. The
optimized positions of the appliqués result in an approximately 61% decrease in the objective
function according to the FE model predictions. The resulting position of the appliqués on the
FE model is as shown in Fig. 25. Fig. 26 shows the T-joint with the two appliqués bonded in
place in preparation for testing.

The 61% decrease was much less than the decrease predicted previously with “analysis only”
optimization. This may have been in part due to the limitations of the photogrammetry system.
The numerical optimization procedure attempts to eliminate the measured deflections. If
components of those deflections are not real (experimental error) then they will generally be
counter to the physics of the problem. Since the models presumably do a good