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(ABSTRACT)

This dissertation deals with the solution of three inverse problems in structural mechanics.
The first one is load updating for finite element models (FEMs). A least squares fitting is
used to identify the load parameters. The basic studies are made for geometrically linear and
nonlinear FEMs of beams or frames by using a four-noded curved beam element, which, for a
given precision, may significantly solve the ill-posed problem by reducing the overall number
of degrees of freedom (DOF) of the system, especially the number of the unknown variables
to obtain an overdetermined system. For the basic studies, the unknown applied load within
an element is represented by a linear combination of integrated Legendre polynomials, the
coefficients of which are the parameters to be extracted using measured displacements or
strains. The optimizer L-BFGS-B is used to solve the least squares problem.

The second problem is the placement optimization of a distributed sensing fiber optic
sensor for a smart bed using Genetic Algorithms (GA), where the sensor performance is
maximized. The sensing fiber optic cable is represented by a Non-uniform Rational B-
Splines (NURBS) curve, which changes the placement of a set of infinite number of the
infinitesimal sensors to the placement of a set of finite number of the control points. The
sensor performance is simplified as the integration of the absolute curvature change of the
fiber optic cable with respect to a perturbation due to the body movement of a patient. The
smart bed is modeled as an elastic mattress core, which supports a fiber optic sensor cable.
The initial and deformed geometries of the bed due to the body weight of the patient are
calculated using MSC/NASTRAN for a given body pressure. The deformation of the fiber
optic cable can be extracted from the deformation of the mattress. The performance of the
fiber optic sensor for any given placement is further calculated for any given perturbation.

The third application is stiffened panel optimization, including the size and placement
optimization for the blade stiffeners, subject to buckling and stress constraints. The present
work uses NURBS for the panel and stiffener representation. The mesh for the panel is
generated using DistMesh, a triangulation algorithm in MATLAB. A NASTRAN/MATLAB
interface is developed to automatically transfer the data between the analysis and opti-
mization processes respectively. The optimization consists of minimizing the weight of the
stiffened panel with design variables being the thickness of the plate and height and width
of the stiffener as well as the placement of the stiffeners subjected to buckling and stress
constraints under in-plane normal/shear and out-plane pressure loading conditions.
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Chapter 1
Introduction

Driven by the needs from applications in both industry and other sciences, the field of
inverse problems has undergone a tremendous growth during the last two decades (Engl and
Kugler, 2003). However, studies on inverse problems in structural mechanics can be traced
back to as far as 1904 when [Michell (1904) dealt with the optimum layout of a plane truss.
The work by |Schmitt (1960)) is frequently viewed as the start of modern structural opti-
mization in the 1960’s when computer-aided structural analysis and numerical optimization
techniques became accessible. Though the studies on modern structural optimization has
been undertaken for more than three decades, the terminology of inverse problems has not

been widely used.

1.1 Inverse Problems

Inverse problems arise whenever one searches for causes of observed or desired effects (Engl
and Kugler, 2003). Accordingly, direct or forward problems are to find the effects with given

causes.

In the field of structural mechanics, the causes more often refer to structural and load
parameters, and the effects are structural responses. Therefore, structural analysis for re-
sponses under given structures and loads are usually called direct or forward problems, while
structural optimizations and identifications for structural and load parameters that cause

the observed or desired responses are inverse problems.
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To illustrate, refer Fig. for a spring-mass-damper dynamic system, which can be de-

scribed in the form of linear dynamic state equation, noticing the time ¢ derivative notations:

2%z
ot?

i=2 and i =

v for any entity x:

ISP ITEEEEE

Figure 1.1: A spring-mass-damper system.

Mii + Cii + Ku = P (1.1)

with initial conditions for displacement u and velocity u:

u|t:t0 = Up; ﬁ|t:t0 = Vo (1-2)

Then, as examples, we can define one of the simplest forward problems as:
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e Forward problem 1: Given the mass M, damping C, spring constant or system stiff-
ness K, initial conditions as in Eq. ((1.2)), and the external load P, find the displacement

response u for t > t,.

and some inverse problems:

e Inverse problem 1: Given the displacement response u for ¢ > t5 and vg, and the

external load P, find the mass M, damping C, and system stiffness K.

e Inverse problem 2: Given the displacement response u for t > t; and v, as well as

the mass M, damping C, and system stiffness K, find the external load P.

Inverse problem 1 is often viewed as a formulation of structural parameter identification

(Trivailo et al., 2004) or structural model updating (Mottershead and Friswell, 1993; Friswell
and Mottershead, 1995; |Ahmadian et al., 1998; |Avitabile, 2000). Inverse problem 2 is a

formulation for load parameter identification or load updating (Chock and Kapania, 2003}

\Chock and Kapania, 2004).

Though many inverse problems in structural mechanics are formulated on the continuous

setting, and evaluated on the discrete setting based on FEM or boundary element methods

(BEM) (Bonnet and Constantinescu, 2005)), both of the above inverse problem formulations

are discrete formulations (Mroz and Garstecki, 2005) or based on discrete linear model

equations (Hansen and O’Leary, 1993)), for example, finite element models or methods (FEM)
(Mottershead and Friswell, 1993; [Friswell and Mottershead, 1995; Gladwelly, 1997} |Avitabile,|
2000; |Chock and Kapania, 2003 |(Chock and Kapania, 2004; Maincon, 2004a; Maincon,|
[2004b; [Maree and Maincon, 2004; Barnardo and Maincon, 2004; Trivailo et al., 2004; Mroz|
and Garstecki, 2005)).

The solutions of most inverse problems lack uniqueness, which violates the second of the

three Hadamard well-posed conditions (Engl and Kugler, 2003):
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1. for all admissible data, a solution exists,
2. for all admissible data, the solution is unique and

3. the solution depends continuously on the data.

A violation of any of the three conditions (first two describe the identifiability and
third one is about stability) makes the inverse problems ill-posed or ill-conditioned. Non-
uniqueness is sometimes an advantage, and allows to choose among several strategies for a
desired effect (Engl and Kugler, 2003). For instance, an infinite number of the solutions
of inverse problems is useful in many design problems as it gives one the freedom to find
the optimal solutions among all possible solutions when further desired effects, such as the
requests to minimize or maximize some cost or objective function E subjected to certain
constraints, are provided. Then, inverse problems 1 and 2 can be further formulated into

two optimization problems:

e Inverse problem 1la: Given the displacement response u and other possible con-
straints for ¢ > ¢y and vy, and the external load P, find the optimal mass M, damping

C, and system stiffness K to minimize or maximize £ = E(M, C, K)

e Inverse problem 2a: Given the displacement response u and other possible con-
straints for ¢ > ¢y, and vq, as well as the mass M, damping C, and system stiffness K,

find the optimal external load P minimize or maximize £ = E(P).

Inverse problem la includes a conventional structural optimization formulation subjected
to a constraint on the displacement response. Therefore, we have established the idea that
structural optimization is a special application field of inverse problems in structural mechan-
ics. Inverse problem 2a covers a seemingly new optimization formulation where the design
variables are loads or load parameters, instead of structural parameters. In fact, actual load

updating or identification is often formulated as some form of an optimization problem with
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load or load parameters as design variables employed to minimize, for example, the error be-
tween the given observed displacement response based on measurement and the calculated or

predicted displacement response of a structural (FEM) model under an approximated load.

Mroz and Garstecki (2005]) gave some interesting inverse problem formulations for optimal
loading conditions in the design and identification of structures, which is a kind of mixed

formulation of inverse problems la and 2a.

An inverse problem is not only often formulated as a numerical optimization problem, but
also has some kind of numerical optimization technique as a solution approach. Ring (1999),
Ewing et al. (1999)), Rattray et al. (1999)), |Avitabile (2000)), and |Chock and Kapania (2003))
were concerned with or used least squares formulation. For the solutions of their inverse
problems, Dunn (1976), Chiroiu et al. (2000), Kim and Kapania (2004)), [Trivailo et al.
(2004), and [Trivailo et al. (2004) used Neural Networks and Genetic Algorithms; Brakhage
(1987), Hanke (1995)), Rieder (1999), Burger and Muhlhuber (2002), Chock and Kapania
(2003), and [Feijoo et al. (2004) used gradient based methods.

It should also be noted that in general the solutions of the optimization problems such
as inverse problem la or 2a are still nonunique. The number of optimization solutions can
be both finite and infinite. In the former case, some global optimization techniques are often
needed. In the latter case, there is a need to use further priori information to add some

constraints to obtain a unique solution.

1.2 Regularization Methods

In many practical inverse problems, however, non-uniqueness of the solutions or other ill-
conditioned solutions is not desired. In practice, one has only data with noise due to errors
in the measurements and inaccuracies of the model itself (Engl and Kugler, 2003)). Then, in

case of a violation of the third Hadamard condition (i.e. the solution depends continuously on
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the data), even a small error in data will make algorithms developed for well-posed problems
fail if the instability is not desired, since data and round-off errors may be amplified by an

arbitrarily large factor (Engl and Kugler, 2003).

In order to overcome these instabilities one has to use regularization methods, which in
general terms replace an ill-posed problem by a family of neighboring well-posed problems

(Engl and Kugler, 2003)) or filter out the influence of noise (Hansen and O’Leary, 1993)).

To illustrate, consider a parameter identification problem with an observable entity y
of dimension m, which is in general a nonlinear function of an unknown parameter x of

dimension n to be identified:

y=yo+e=f(r) (1.3)

or in the linear case f(z) = Tx:

Tr=y+e=y (1.4)

Here, T is a linear operator of dimension m X n, 1, is the true data, and e is the unknown

noise.

Well-known regularization methods for linear inverse problems are Tikhonov regulariza-
tion and the truncated singular value decomposition (SVD) (Hansen and O’Leary, 1993;
Engl and Kugler, 2003). We can illustrate both methods using the SVD of matrix 7. A
non-negative real number ¢ is a singular value for T (its conjugate is T%) if there exist

non-zero vectors v of dimension m and v of dimension n such that
Tv=ocu and T'u=ov (1.5)

Then, the theorem of SVD states that

=1
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Here, the left and right singular vectors u and v are orthonormal, and the singular values
o; are nonnegative and non-increasing numbers, i.e., 01 > 03 > --- > 0, > 0 (Hansen and
O’Leary, 1993; Engl and Kugler, 2003). Common for all discrete ill-posed problems is that
the matrix T" has a cluster of singular values at zero and that the size of this cluster increases

when the dimension m or n is increased (Hansen and O’Leary, 1993)).

Using the SVD of T, the least squares solution to Eq. ((1.4]), i.e. the one obtained by

solving the unconstrained minimization problem:
min |7 — y], (1.7)

can be written in the form

where a; = u!'y (Hansen and O’Leary 1993).

It is obvious from Eq. that a direct use of the least squares solution z,sq leads to the
trouble that error in the directions corresponding to small singular values is greatly magnified
and overwhelms the information contained in the directions corresponding to larger singular
values. To overcome this problem, it is necessary to incorporate filter factors 0 < f; < 1, to

obtain the modified solution:

n
a.

Tfiltered = Z fz_zvz (19)
- i

The most popular regularization method is the one due to [Tikhonov and Arsenin (1977),

which turns to find the solution x) to solve the minimization problem

min([|Tz — yl; + X ||z]3) (1.10)
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which is equivalent to choosing the filter factor:

o2

fi= s (1.11)

Here, the parameter A\ controls how much weight is given to minimization of ||z|, relative

to minimization of the residual norm.

Another widely used method is the truncated SVD, where one simply truncates the
summation in Eq. (1.8]) at an upper limit & < n, before the small singular values start to
dominate (Hansen and O’Leary, 1993), or equivalently speaking, let the small singular values

(“high frequencies”) be filtered out by a “low-pass filter” (Engl and Kugler, 2003)).

In addition to noisy-data problems, the Tikhonov regularization method is often used
for the class of non-unique solution problems due to rank-deficient or even underdetermined
LSQ problems (Schulze and Sachs, 2002; [Eriksson and Gulliksson, 2003)), where the number

of the unknown variables n is larger than that of the data points m.

Noticing Eq. [I.3] the nonlinear counterpart of Eq. is
min /() - yll (1.12)
the corresponding LSQ minimization formulation with the Tikhonov regularization is
min([|f(z) = yl5 + A% [l2]l5) (1.13)
which is equivalent to the constrained minimization problem:

. 2
min ||z

st min||f(x) ~yl, (1.14)

For the underdetermined LSQ problem, Eq. or can be solved by some iterative
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algorithm, e.g. the inexact Gauss-Newton method (Schulze and Sachs, 2002) or truncated
Gauss-Newton method (Eriksson and Gulliksson, 2003).

1.3 Present Work

While structural mechanics includes elasticity, plasticity, plates and shells, vibrations, aeroe-
lasticity, finite element methods, structural stability, optimal design, fracture mechanics and
composite materials, etc., in the current work, however, we address three inverse problems

in a discrete setting.

The first problem (Chapter [2)) is load updating for finite element models. The theory part
includes the extracted load representation within an element, load updating for nonlinear
FEM, and constraints on load distribution. Through a relative model order analysis, the
benefits for solving load updating problems using the relative deformation measurement,
the polynomials of lower orders, the elements of larger sizes, and the deformation of denser
measured points are studied for linear responses under the applied loads of different types. It
is confirmed that using the reduced number of unknown variables to obtain an overdetermined

wnverse problem helps get unique and stable extracted loads. Various applications are given.

The second one (Chapter [3)) is placement optimization of a fiber optic sensor for an
Integrated Smart-bed”™ (Spillman Jr. et al., 2004). A description of the problem is first
given for the objective/sensor performance and constraints on the placement optimization
of a distributed sensing optical fiber. The procedure and implementation are described. An
example is given for the placement optimization of the fiber optic sensor for a smart bed using
a very simple breeding genetic algorithm for the multiple solution problems. The reduced
number of the unknown variables is realized by using the finite number of the control points

of the NURBS representation for the distributed sensing fiber optic cable.

The third one (Chapter {) is stiffened panel optimization. An integrated approach is
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adopted to use the available capabilities. The mathematical aspects include the formulation
and convergence of the stiffened panel optimization. Numerical studies are made on optimal
blade stiffened panel designs. The effects of the orientation, spacing, location and curvature
of the stiffeners are studied. The slow and unstable convergence due to the ill-conditions
is solved mainly by reducing the condition number of the Hessian for the objective, and
some scaling and shifting to both the objective and constraint functions to have a balanced

weights or multipliers for an extended Lagrangian formulation.

A brief literature review is given in the individual chapters of the three application fields.



Chapter 2
Load Updating for Finite Element
Models

A measurement-based load updating method for finite element models subjected to static
loads was studied using a four-noded curved beam element for large displacements/ rotations
and a gradient-based variable metric optimizer. Finite element analysis was used to numeri-
cally calculate the geometrically linear and nonlinear responses and their sensitivities under
a given load. The optimizer was used to recursively update the load so that it minimized
the square of the difference between the calculated and pre-filtered /noise-free measured (dis-
placement or strain) data. For the basic studies, the extracted load was represented within
an element by a linear combination of integrated Legendre polynomials, the coefficients of
which were taken as design variables of the least-squares problem. Through a relative model
order analysis, the benefits for solving load updating problems using the relative deformation
measurement, the polynomials of lower orders, the elements of larger sizes (because of using
the high precision four-noded beam element), and the deformation of denser measured points
were studied for linear responses under the applied loads of different types. It was confirmed
that using the reduced number of unknown variables to obtain an overdetermined inverse
problem helps get unique and stable extracted loads. Though this conclusion was verified
mainly through illustrative examples for a cantilever beam, it was generally applicable to
other load updating or inverse problems. Further examples were given for a 3D portal frame
load updating, extracting highly oscillating loads, and a strain-based cantilever beam load
updating. The final examples were load updating for geometrically nonlinear finite element

models under under self-weight, snow and/or pressure loads.

11



2.1. AN OVERVIEW 12

2.1 An Overview

Finite element analysis (FEA) has long been one of the generally accepted tools for structural
analysis. While differences between real testing and FEA are usually reduced using system
identification, much effort has been focused on the increasing accuracy of the mathematical
model of the structure from the point of view of updating the finite element model (FEM)

of the structure itself under given applied loads.

However, simply updating the FEM itself is not sufficient to satisfactorily reduce the
differences between the observed experimental data and numerically calculated results based
on FEA if the applied loads are not exactly known. Also, operational loads, such as self-
weight, snow, waves, winds, etc., either dynamic or static, are usually not simply or directly
measurable. Therefore, it is an appealing alternative to use the indirect or inverse method to
determine or update the approximate applied loads based on the actually measured responses
of the structure under realistic working conditions by identifying load parameters of the
established load model. In other words, we seek to reduce those differences by modifying
not the FEM of the structural system, but the loading that the structure is subjected to
such that the experimental and the finite element responses match in the least-squares sense

(Rattray et al., 1999; |Avitabile, 2000; |Chock and Kapania, 2003]).

The load updating is a special application of system identifications in the growing field of
inverse problems, which arise whenever one searches for causes of observed or desired effects
(Engl and Kugler, 2003)). Therefore, an examination of the literature in terms of inverse

problems aids us in determining the most appropriate methodology for load updating.

In most formulations, the load identification process requires the inversion of the global
matrix, which tends to be very ill conditioned. That is, very small errors in measurements
propagate into large errors in estimated forces, especially at frequencies close to the resonance

and ant-resonance conditions (Starkey and Merrill, 1989). On the other hand, in many
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practical inverse problems, one aims to retrieve a model that has infinitely many DOF's from
a finite amount of data, which leads to the non-uniqueness of the solutions of the rank-
deficient or underdetermined problems (Schulze and Sachs, 2002 Eriksson and Gulliksson,
2003)). Therefore, solving an inverse problem entails more than estimating a model: any
inversion is not complete without a description of the class of models that is consistent with

the data (Snieder, 1998)).

The process to overcome this difficulty is called regularization, which is to replace an
ill-posed problem by a family of neighboring well-posed problems (Engl and Kugler, 2003)

or filter out the influence of noise (Hansen and O’Leary, 1993).

The singular-value decomposition (SVD) technique (Elliott et al., 1988; |Chock and Ka-
pania, 2003) along with the pseudo-inverse technique (Fabunmi, 1986|) provides the funda-
mental theory and methods to overcome ill-conditioning for most linear inverse problems.
The pure SVD method gives a direct solution of a direct least-squares formulation. Associ-
ated with the SVD technique are two well-known regularization methods for linear inverse
problems, the Tikhonov regularization (Tikhonov and Arsenin, 1977) and the truncated sin-
gular value decomposition (SVD) (Hansen and O’Leary, 1993; Engl and Kugler, 2003). The
Tikhonov regularization is to add a constraint term to the pure least-squares formulation,
an approach that can be readily extended to the solution to the nonlinear inverse problems.
The truncated SVD method is to truncate off all the terms of zero or close-to-zero singular

values.

Smoothing or filtering either the (noisy) data or the (oscillating) solution (Louis, 1999),
using over-specified or overdetermined boundary data for complete data (Bonnet and Con-
stantinescu, 1996|) and many boundary measurements (Eller, 1996), etc., are alternative
and intuitive approaches to regularize the ill-posed inverse problems, and overcome oscillat-
ing, arbitrary and/or unique solution problems. A prior information (Sabatier, 1995; Kaipio
et al., 1999)) and a richly measured or experimental data helps one to establish unique results

or solve identification problems.
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A regularization effect can already be obtained by a finite-dimensional approximation of

the problem, where the approximation level plays the role of the regularization parameter

(Engl and Kugler, 2003). At least for severely ill-posed problems the dimension of the

problem has to be low in order to keep the total extracted error small (Engl and Kugler, 2003).

The number of zero singular values increases when the size of the inverse problem increases

(Hansen and O’Leary, 1993). For this reason, the formulation of the inverse problems, for

example, load updating or identification on the discrete setting, such as based on FEM,
is advantageous. The FEM often includes a large number of degrees-of-freedom (DOF),
although most of them are not necessarily needed, especially those to which no forces are
applied and those for which no responses are measured. To estimate the loads, the FEM has

to be reduced by model reduction techniques so that responses need only be measured at a

limited number of sites (Chen and Geradin, 1996).

For almost all inverse problems, optimization is not only a formulation, but also a solution

technique. Ewing et al. (1999), Rattray et al. (1999)), Ring (1999), |Avitabile (2000), and

\Chock and Kapania (2003]), etc., used least-squares formulation, which is to define an error

that characterizes the quality of the model with respect to the experimental data and then

to minimize this error. In solving their inverse problems, [Dunn (1976), |Chiroiu et al. (2000),

Trivailo et al. (2004), and [Trivailo et al. (2004)), etc., used the Neural Network and Genetic
Algorithms; Hanke (1995)), Rieder (1999), Burger and Muhlhuber (2002), Chock and Kapania,
2003)) and [Feijoo et al. (2004)), etc., used gradient based methods.

While a nonlinear inverse problem is usually solved by the iterative algorithms (Schulze
and Sachs, 2002; [Eriksson and Gulliksson, 2003} Engl and Kugler, 2003)), including various

optimization methods, its ill-posedness may be more severe than for linear problems as

nonlinear error propagation is a difficult problem (Snieder, 1998). In the field of elasticity or

structures, examples of handling nonlinear inverse problem were given by Ewing et al. (1999))

for nonlinear beam cross-sectional property estimation, |Chiroiu et al. (2000) for material

constants extraction, Hasanov and Mamedov (1994) for identifying elasto-plastic properties
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of a plate, and Ring (1999) for load identification.

The identification of applied loads using measured response is not a new concept. We can
easily list some early works in the literature. Pilkey and Kalinowski (1972)) deal with iden-
tification of shock and vibration forces. Hillary and Ewins (1984]) were concerned with the
use of strain gauges in force determination and frequency response function measurements.
Gregory et al. (1986) studied experimental determination of the dynamic forces acting on
non-rigid bodies. [Stevens (1987) presented an overview on force identification problems.
Wang et al. (1987) coped with force identification from structural response. Starkey and

Merrill (1989)) addressed the ill-conditioned nature of indirect force-measurement techniques.

Besides, the following earlier and recent works may present a clear picture in the field of

load updating or identification for structures.

Park and Park (1994) dealt with transient response of an impacted beam and indirect
impact force (location and time history) identification using wave propagation theory and

strain measurements.

Chen and Geradin (1996) identified the dynamic force for beamlike structures by dividing
the entire structure into substructures according to the excitation locations and the measured
response sites, and then represented each substructure by an equivalent element. Therefore,
the resulting model only retained the DOFs associated with the excitation and the measured
responses and the DOFs corresponding to the boundaries of the structures. They tried
to avoid the processes of modal parameter extraction, global matrix inversion, and model

reduction.

Johnson (1998¢) used system informatics to derive necessary and sufficient conditions
to ensure convergence of the loads determined by solving the underlying inverse problem.

On the basis that a system is a superposition of signals, |[Johnson (1998b]) developed a force
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and moment identification method using basis functions chosen to represent desired charac-
teristics of time variations of loadings in a general class of linear (linearized) dynamic and
vibration problems with multiple-inputs and multiple-measurements. Johnson (1998a)) ap-
plied the above developed methodologies to the identification of the unknown, immeasurable
static load distributions on beams, from measurements of beam static deflections. He noted
the difficulties in identifying a system near the applied boundary conditions and presented

a method for inverse problem solutions.

Ring (1999) identified the unknown load for a steel-concrete composite beam using the
measured inclination (or slope) along the axis of the beam. A nonlinear, non-smooth consti-
tutive relation was used to model the partial breaking of the pile at points where the bending
moment exceeds a critical value. A two-step approach for the inverse problem was consid-
ered. In the first step the broken and unbroken parts of the beam were determined from the
solution of a regularized least-squares problem, where a total variation type regularization
term was used. In the second step a linearly constrained least-squares problem was solved.

Existence, stability and convergence results were presented.

Law and Fang (2001) used the dynamic programming technique to overcome a common
weakness of large fluctuations in the identified load results. The forces in the state-space for-
mulation of the dynamic system are identified in the time domain using a recursive formula
based on several distributed sensor measurements, and responses of the structure are recon-
structed using the identified forces for comparison. Like all inverse problems, the compu-
tation is ill-conditioned. However, the dynamic programming technique inherently provides

bounds to the ill-conditioned forces.

Chock and Kapania (2003) addressed the importance of load updating for FEM and
its application in engineering. They gave a relatively extensive survey of the load updating
relevant literature in the time domain as the literature for static load updating was rare. They
applied the achievements in time domain to the static load updating problem, and specially

dealt with the load updating for linear FEM of one-dimensional beam problems. The classical
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least-squares fitting method was used to minimize the error between the measured and
analytical displacements. The load distribution was taken element-wise and assumed to be
the linear combination of integrated Legendre polynomials with the coefficients as the known
parameters to be identified. The conditioning number of the resulting system equations was
examined and provided a solution method more robust through the use of singular value
decomposition. This work was extended from a one-dimensional beam to a two-dimensional

plate and initial results on the plate were discussed (Chock and Kapania, 2004).

Our current work presents load identification/updating for geometrically nonlinear FEM
of beams and frames subjected to static loading, modeled by using a four-noded curved
beam element (Kapania and Li, 2003b; Kapania and Li, 2003a)). Using this element makes
it possible to have a system of lower dimension as it requires fewer elements to predict the
responses in higher precision and makes solving the hard nonlinear inverse problems easier
for the given but limited data points if the number of the unknown load parameters is

proportional to the number of elements.

The optimizer L-BFGS-B (Byrd et al., 1995; Zhu et al., 1994), a limited-memory quasi-
Newton code for large-scale bound-constrained or unconstrained optimization, is used to
solve the pre-conditioned least-squares problem. Though the bound-constraints on the design
variables could play an important role in the regularization, this capability is not addressed
for the current studies. A unique solution for an underdetermined system, however, is
obtained numerically using this iteration-based optimizer by starting from an approximate
uniform load determined by the priori information. If no priori information is known, the
approximate load is assumed to vanish. Starting from a uniform load with a small design

stepsize can prevent the procedure from stopping at a wildly oscillating solution.

Simplified static load models for self-weight, snow and pressure loads (Kapania and Li,
2003al) with uniform, linear or sinusoidal distribution are used for assumed operational loads
at the global level. For the basic studies on the load updating, the extracted applied load

is represented elementwise by a linear combination of the so-called integrated Legendre
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polynomials, though an across-element representation of the load is recommended for further
studies to avoid the oscillations in the solution by reducing the unnecessary inverse problem
model DOFs. The coefficients of integrated Legendre polynomials are the parameters to be

extracted using measured displacements or strains.

We assume that the measured data are noise-free, and therefore do not directly use the
general Tikhonov-like regularization though we could use it for the underdetermined system
to have a unique solution. For the basic studies, however, we address the benefits for solving
the load updating problems using the relative measurement method, the fewer four-noded
beam elements, polynomials of lower order, and richer measured data, smoothing, and en-
forcing C° continuity to reduce the relative model order to the extent that an overdetermined

1nverse problem is obtained.

[lustrative examples of linear and nonlinear FEM are given for beams in planar loading

cases and a portal frame for a 3-D loading case.

2.2 Theory

2.2.1 Load Representation within an Element

We assume that a load density function p(¢) (£ € [0,1]) over the beam element (Fig. 2.1])

can be represented by a linear combination of a set of basis functions P,(&):

p(&) = caPal§); (2.1)

here ¢, are unknown load coefficients.

Though increasing the number, N., of basis functions over an element will allow a more
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accurate prediction of the element loading, it has its limits due to the accuracy of the
element used. In this study, we follow the work by |Chock and Kapania (2003]), and use
integrated Legendre polynomials as basis functions to represent the load distribution within
an element. Refer to Fig. (b) and Appendix A for the shapes and definitions of the first

seven integrated Legendre polynomials, respectively.

2.2.2 Load Updating for Nonlinear FEM

In general, for our geometrically nonlinear FEM in the 3-D case, we can start with the state

equation of a nonlinear structural system (Kapania and Li, 2003a)
R(aa C, >‘) - qint(a) - )\qextﬂ(aa C) =0. (22)

where R is the residual vector, q;,; the nodal internal force vector, qexo the nodal external
load vector calculated at the applied load level, A the proportional nodal loading factor;
a = a(c, A) the nodal displacement vector, and c the load (force) coefficient vector, which
is further determined by the unknown load design (coefficient) vector x with independent

components. Now, we have the global entities in component forms:

Ry Qint1 Jext01 day T
R in ex 5@ X
R = .2 ) Qint = 1 .t2 ; Qexto = g _toz P da= . ’ ) and x = ?
_RNu_ _qintNa_ _QextONu_ _5CLNa_ _erx_
(233)

Note that N, = Ngot, the total DOF's of the finite element system; N, is the total number

of the independent load (force) coefficients or unknown load design variables.

Let a,, represent the measured displacement response and a the calculated displacement
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¢3)

P(D)
p°(0)

Load density: p

(a) Load density (p) distribution along a beam ele-
ment axis (£).

(b) First 7 Integrated Legendre Polynomials.

Figure 2.1: Load distribution within an element as a linear combination of integrated Legendre

polynomials.
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response. The square of the error, F,, is given as

1
E, = Q—ete (2.4)
m

where the vector e is defined as

e=a—ay, (2.5)

and m is the number of the measured data. Since the response can be measured only at a
limited number of points, the dimensions of vectors a and a,, will be different. We have to
reduce the dimension of a to that of a,, if we consider a,, to be fully populated. Thus we

can use a transformation matrix T onto a, so that Eq. (2.4) becomes
1 1
E,=—/|Ta—ayl|? = —=¢€'e 2.6

where the vector e is defined as

a/Il - amll

ar, — Gmr,
e=Ta—a, = ! _ ! (2.7)

a[m — amlm

where subscript indices I, Is, ..., I,, give the corresponding locations at the array a. An

alternative way to measure the error is in the relative sense,

4n g
amIy
A 9
R (2.8)
Ay 1
L GmiI,, .

which makes smaller measured displacements and their gradients treated equally, or they

would be ignored because of being truncated off due to the limited machine precision. €
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relates to e by

e=D,@e or e=D,'e (2.9)
where
mp, O 0 w0 0
0  amp, - 0 . 0 L. 0
Dam = . . . ’ or D(:m = . and2 . (210)
0 0 - G, o 0 - =

Now, the least-squares problem of the load updating for the nonlinear FEM is to find the

load (force) coefficient vector x that will
minimize F = F, (2.11)

which requires that the variation of F with respect to x vanish, noticing Eq. (C.10) in

Appendix C:

1 1 1
5. FE=—e'f,e = —e'Tia=—FE,0x=0 (2.12)
m m m

or equivalently, the sensitivity of the square of the displacement response error with respect

to load (force) coefficient vector ¢ or x to vanish:
Ex=¢e'ex=0 (2.13)

ex = Tay (2.14)

where a, = AK;'Qextox, as given in Eq. (C.11) of Appendix C, is the sensitivity of the
displacement vector a with respect to the load (force) coefficient vector x, Kr is the tangent
stiffness matrix, and Qextox is the global load (force) coefficient matrix, assembled from

element force coefficient matrices as given in Eqgs. (B.154{B.21)) of Appendix B.

For linear FEM, K1' is constant and therefore e is constant with respect to the load
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(force) coefficients. Equation (2.13)) can be transformed to a linear equation system with
symmetric coefficient matrix. For the geometrically nonlinear FEM, however, the relation-
ships between responses and loads are no longer proportional, i.e., K}l and ey are no
longer constant. Therefore, one needs to recursively solve a nonlinear system state equation
within an unconstrained nonlinear programming problem or sequential unconstrained non-
linear programming problems as described in Eq. . In each load updating step, one
must re-analyze the geometrically nonlinear problem for both structural responses and their

sensitivities with respect to the load (force) coefficients.

The ARCHCODE, a FORTRAN FEA code with the four-noded curved beam element
first implemented in Kapania and Li (2003a), is extended and used to predict the linear and

geometrically nonlinear responses and their sensitivities with respect to the load coefficients.

2.2.3 Constraints on Load Distribution

The load updating problem usually has an infinite number of solutions due to the rank-
deficient and underdetermined nature of the inverse problem. Most of the solutions may not
be practical or useful for the realistic applications at hand. Therefore, it is often necessary
to set certain constraints on the load distribution. For example, if we know beforehand
that the load over an element should be smooth or close to a linear distribution, and/or
the load across two adjacent beam elements should be continuous or almost continuous, we
can enforce load smoothing within an element and/or C° continuity across two adjacent
elements. Then, the objective function of the scaled (Banks, 2002) and mixed (Ewing et al.,
1999) least-squares problem in Eq. becomes

E = MNE, + M Et + \sEg + \coEco (2.15)
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where
1 Nelm

Br= g3 | e - (2.16)

is the general term for the Tikhonov regularization to handle both the noisy data problem
and the nonunique solutions problem, and reflects the average value of the difference between
the predicted load distribution p°(¢) and the approximate one p**(¢)[f] (Banks, 2002} [Eriksson
and Gulliksson, 2003));

1 Neim

Bo= g2 [ 10 - (1- 0 (0) - e (1) (2.17)

is the smoothing term, and reflects the average value of the extracted load error h¢(§) com-

pared to the linear distribution over an element, as seen in Fig. (a), and

Clm_1

Eco = Z [p°(1) = p(0))? (2.18)

2( elm —
reflects the average load discontinuity between two adjacent elements, as seen in Fig. (b).
Aq is the least-squares scale factor, and Ar, Ag, and Aco are the corresponding multipliers
or regularization factors for the Tikhonov regularization term Er, smoothing term Fg, and
C° continuity term Fco, respectively. Note that Fg and Eco are special cases of the general

Tikhonov regularization term Fr.

Though both the effect of the noise in the measured data can be filtered out and a
smooth unique solution can be obtained using the general Tikhonov regularization, in this
study, however, the noise in the measured data is not considered as we address the benefits
for solving the load updating problems using the relative measurement, fewer four-noded
beam elements, polynomials of lower order, and richer measured data, solution smoothing

(Louis, 1999)), and enforcing C° continuity.

'For a classical Tikhonov regularization method, the approximate applied load term is assumed to be
pe* (&) = 0. If an approximate applied load is known from a priori information, the resulted extracted load
may be closer to the actual applied load for a given regularization effect.
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(b) Load (p) discontinuity between two adjacent
beam elements. X is the global coordinate of the
beam axis.

Figure 2.2: A need for constraints on the extracted load.
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The optimizer L-BFGS-B (version 2.1) (Byrd et al., 1995; Zhu et al., 1994), a limited-
memory quasi-Newton code for large-scale bound-constrained or unconstrained optimization,
is used to solve the scaled and mixed least-squares problem Eq. Though the bound-
constraints on the design variables could play an important role in the regularization, this
capability is not addressed for the current studies. A unique solution for the underdetermined
system (when a Tikhonov regularization is not used) is obtained numerically using this
iteration-based optimizer by starting from an approximate uniform load determined by the
priori information. If no priori information is known, the approximate load is assumed to
vanish. Starting from a uniform load with a small design stepsize can prevent the procedure

from stopping at a wildly oscillating solution.

2.3 Examples

In all the numerical examples for the solutions of the LSQ problem Eq. by the optimizer
L-BFGS-B, the initial design variables are uniformly set to zero, which means the load

updating procedure starts at a zero level load.

Unless mentioned otherwise, no Tikhonov regularization is used, i.e., Ap = 0, A\g = 0,

and /\Co =0.

The procedure terminates if 1) the total number of the function £ and the gradient E
evaluations exceeds 999 or 2) the projected gradient projE yx (Zhu et al., 1994; Byrd et al.,
1995)) is small enough: |projE«|/(A, + |E|) < g4, or 3) the function value E is small enough:
|E| /A\s < €f. Then, the procedure is considered converged. The parameters are chosen
as follows except when stated otherwise: A\, = 1 x 10, ¢, = 1 x 107 &y = 1 x 1073,
and the machine precision of the computer (Intel Pentium III, 600MHz, 128MB RAM) is
em = 2.22 x 1071, Referring to Eq. , we know that E is the scaled least squares. A, is

the scalar of the squared difference between the calculated and measured deformations. g4
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and e are, respectively, the relative tolerances of projE x with respect to A\, + |E| and E

with respect to the scalar \,.

In addition to the above termination criteria, for nonlinear examples, the procedure stops

: — -3
When the Step size churrent - Xprevious”z S 5step - 1 X 10 .

We will use the vertical (and horizontal for nonlinear case) nodal displacements under the
reference load as the measured displacements and extract the load distribution with given
direction. In the load updating procedure, the load distribution within an element is repre-
sented by the linear combination of up to six integrated Legendre polynomials while within
the four-noded curved beam FEA procedure, the load distribution is always represented by

cubic Lagrangian interpolation of the four nodal values.

In the results of all the examples, described in the following, X, Y and Z are the position
coordinates of the beam or frame in a 3-D space. Displacements share the same scale as the
position coordinates. When properly scaled, load density p and/or bending strain x may
share the same axis as the position coordinates. For example, Y (px 107) or Y (p x 107! k x
1072) means that p x 107! or xk x 1072 share the same scale as position or displacement

coordinate Y: 10 units of p and/or 100 units of x equal 1 unit of Y.

For the model order analysis, instead of a standard ANOVA (Analysis of Variance) (Miller
et al., 1997; Bates and Watts, 1988; Walpole and Myers, 1989), the relative model order or
relative number of the unknown variables is used and defined as the ratio of the number of

the independent unknown load coefficients N, to the number of measured data Ny,:

N = ]]\\fo _ Nem (1 + degree]i)[f IL polynomials) (2.19)

When N} < 1, the inverse problem is potentially overdetermined with a unique solution; but
when N > 1, the inverse problem is underdetermined with non-uniqueness of the solutions.

The extracted load error variance is defined as the average extracted load error over the
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beam length:
Nelm

> /0 [P (&) — pres(€)]2d€ (2.20)

1

Ex
Eloag = E
where p¢, and p¢ are extracted load density and reference applied load density over element

e, respectively.

The basic studies are made for a planar uniform cantilever beam subjected to distributed
load: the load density p has units of (F1/L3). L = 0.5. Three kinds of load distribution of

reference load will studied: uniformly, linearly, and/or sinusoidally distributed.

2.3.1 The Effect of Measurement Methods: Absolute Error and

Relative Error

This example was used to compare the extracted loads obtained using two different displace-
ment measurements. One was the absolute measurement, and the other was the relative
measurement. As shown in Fig. and Table 2.1 the load updating problem remains
overdetermined (the relative model order N} = ]]\\[[—r’; = 8/9) though the 9 measured displace-

ment components are only taken at the two ends of the beam and 7 joint points of the 8

beam elements. It implies that there is a unique LSQ solution.

As seen in Fig. 2.3] when the absolute displacement a; is used, the displacement error
a; — am, and its gradient a;, with respect to the load x close to the fixed end are smaller.
This would make the load stop at a low level x. When the relative displacement a;/a,; is
used, however, its gradient a; ,/a.; with respect to the load x is larger if a,,; is smaller. This
would make the load stop at a higher level z/ay;. It is concluded that calculating the error
between the calculated and measured displacements in the relative sense (Eq. is better
than in the absolute sense (Eq. . By increasing the accuracy from ¢, = 1 x 107 to
g, = 1 x 107" (which is closer to the machine precision ey = 2.22 x 1071%), the extracted

load agrees perfectly with the reference applied load.
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Figure 2.3: A comparison of the extracted loads for a cantilever beam with absolute or relative error
between the calculated and measured displacements at 9 points. The applied reference load was
uniformly distributed and the extracted load within an element was also assumed to be uniformly
distributed. Eight four-noded curved beam elements were used to model the beam. The extracted
load with relative error of displacements was closer to the applied reference load than that with
absolute error of displacements.



2.3. EXAMPLES 30

Table 2.1: El}?);‘g vs. absolute and relative displacement measurements.

Measurement Absolute Relative displacement | Relative displacement
method displacement g,=1x107" gg=1x10"1"
Ny = 3 8/9 8/9 8/9
EExt 6.229 x 1072 2.219 x 1072 1.225 x 10710

In all the examples that fellow, the relative measurement is used.

2.3.2 The Effect of the Order of Integrated Legendre Polynomials

Since the extracted load within an element is represented by a linear combination of in-
tegrated Legendre polynomials, a numerical investigation was made on a single elemented
cantilever beam of 4 nodes and 4 measured displacement components to see the effect of
different orders of the polynomials on the extracted load for a uniformly distributed refer-
ence load, as shown in Fig. and Table 2.2 The results show that when the order of
polynomials is small enough as to make the problem determined or overdetermined, i.e.,
N = ]]\\[[—i < 1, the applied load can be better extracted. An increase in the order of
polynomials does not always result in a better extracted load. Instead, a higher order of

polynomials introduces more unknowns, tends to make the problem underdetermined, and

results in oscillating extracted loads.
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Figure 2.4: Extracted load for a cantilever beam subjected to a uniform reference load as a function
Polynomials up to degree 3 extracted the load
perfectly. Higher-order polynomials gave a relatively large oscillating error around the reference

of number of integrated Legendre polynomials.

load.

Table 2.2: Eggg vs. the degree of Integrated Legendre polynomial within one element.
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EPx, 0.000 | 0.000 | 0.000 | 8.864 | 1.436 | 1.565 | 1.294
(Uniform load) x107% | x1072 | x1072 | x1072
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2.3.3 The Effect of Element Size

Refer to Fig.[2.5 and Table[2.3] The extracted loads for applied reference loads with uniform,
linear and sinusoidal distributions were investigated as functions of the number of elements
used. The number of elements used was 1, 2, 4 and 8, respectively. The extracted load
within an element was assumed constant. In all the cases shown in the figure and table,

the measured data were taken only at 4 points except for Fig. (d) It appears that

Table 2.3: EFXt vs. the number of elements (Nejm).

Nelm 1 2 4 8
Nt =1 1/4 2/4 4/4 8/4

BB 0.000 | 0.000 | 0.000 | 0.000
(Uniform load)

EP 2.575 | 1.187 | 1.300 | 1.357
(Linear load) | x1072 | x1072 | x1072 | x1072

B 2.190 | 3.501 | 1771 | 1.532
(Sine load) x1072 | x1072 | x1072 | x1072

the problem is determined or overdetermined for all cases except for the case of 8 elements
and better extracted loads are expected. However, as the constant extracted loads of fewer
elements cannot better represent the non-uniform load distributions, the extracted load

errors tend to be dominant.

Therefore, an increase in the number of finite elements does not help in extracting a load
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(¢) Sinusoidal reference load. (d) Sinusoidal reference load (13 measured

points for displacements).

Figure 2.5: Extracted load for a cantilever beam as a function of number of elements. The load
within each element was assumed to be uniformly distributed.
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closer to the reference load though it has a potential to better represent the non-uniform
distribution of an applied load. Instead, the minimum number of elements that meets the
requirement of the accuracy of FEA may get the extracted load closest to the reference load
for a given number and distribution of measured points over the beam. This makes using a
high precision four-noded beam element advantageous because one can use fewer elements

to obtain a regularization effect by turning the problem to be an overdetermined one.

Increasing the number of elements seemingly tends to improve the quality of the extracted
load far off the supporting boundaries. In fact, the better extracted load was obtained
more due to a better representation of the load distribution. The extracted load got worse
near the boundaries as the number of elements increased due to the limited number of the
measured points. This conclusion is seemingly contrary to the previous observation (Chock
and Kapania, 2003) that aimed at reducing the boundary effect (Johnson, 1998a; |(Chock
and Kapania, 2003)) by increasing the number of elements near the boundaries. In fact, the
reduced boundary effect was more due to an increase in the noise-free measured data (and

reduced model order) near the boundaries. Compare Fig. 2.5(c) and Fig. 2.5(d).

2.3.4 The Effect of Density of Measured Points

Generally speaking, the more information about the structural model, load, and response is
known, the better the extracted load tends to be. Therefore, we expect that an increase of
the local and global density of noise-free measured points does help in bringing the extracted

load closer to the reference load (under which the measured data are taken).

The extracted loads for the uniformly, linearly and sinusoidally distributed reference
loads, respectively, with constant extracted load within an element are presented as functions
of the number of measured points in Fig. and Table (for linear reference load), in
which eight elements were used and the number of measured points is 4, 7, 13, and 25,

respectively. Obviously, more measured points tend to improve the quality of the extracted
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(d) Sinusoidal reference load

Figure 2.6: Extracted load for a cantilever beam as a function of number of measured points. The
applied reference load was uniformly, linearly or Sinusoidally distributed, but the load within each
of the elements was assumed to be uniformly distributed.



2.3. EXAMPLES 36

load, especially near the boundaries, without increasing the number of elements, which tends

to reduce the problem to be overdetermined or more overdetermined (N} < 1).

Table 2.4: EPXt vs. the number of measured points (Np,).

N 4 7 13 25

Ny =2 8/4 | 8/7 | 8/13 | 8/25

EPx 1.357 | 8.766 | 2.706 | 2.705
(Linear load) | x1072 | x1073 | x107% | x1073

2.3.5 The Effect of Enforcing Smoothing and C° Continuity

When a polynomial of higher order is assumed within an element for extracting a load, the
resulting extracted load will have unexpected oscillation within an element and discontinuity
between two adjacent elements. Therefore, it may be useful to enforce C° continuity and
load smoothing. The illustrative example was a planar uniform cantilever beam subjected
to linearly distributed load. Refer to Fig. . Eight four-noded beam elements (Ngp, = 8)
were used. The N, = 25 measured displacement components were taken from all of the
available nodes (Nyoge = 3Nem + 1 = 25). The first 4 integrated Legendre polynomials
were used for the extracted load representation within an element. Therefore, the problem
is underdetermined at the begining as the relative model order N = ]]\\;—; =8x(1+3)/25 =
32/25 > 1. When only the C° continuity is enforced, it equivalently adds Ney, — 1 = 7
constraints to the model. This only brings the model to appear barely determined N} =
(32 —7)/25 = 1. Although the load discontinuity disappears, the extracted load oscillation

still exists. It implies that the problem remains ill-posed. When both the C° continuity and
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Figure 2.7: Constraining the extracted load through the enforcement of load smoothing within an
element and C° between two adjacent elements: Ag, Ao = 1x 103 continuity. The applied reference
load was linearly distributed but a linear combination of first 4 integrated Legendre polynomials
(highest degree is 3) was used to represent the load distribution over an element for load extraction.
FEight elements were used to model the beam.

load smoothing are enforced, it equivalently adds Ney,, — 1 4+ N = 15 constraints to the
model. This brings the model to appear overdetermined N} = (32 — 15)/25 = 17/25 < 1.

Both the load discontinuity and oscillation disappear!

2.3.6 An Application to a Portal Frame

After the basic studies on the load updating for finite element models were for a cantilever
beam using the four-noded beam element, the proposed approach and recommendations
were applied to extract loads acting on a portal frame with a height of unit length and
a span of 2 units. The load density p has units of ET/h® where h is the height of the
frame. Note that both the applied load and deformation are out of plane. One element
was used for each of the two columns (under linearly distributed load with 1 unit of load

at one end and 0.5 at the other end) and two elements were used for the top beam (under
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Figure 2.8: Extracting in-plane and out-plane loads for a portal frame.

sinusoidally distributed load with zero mean value and amplitude of 0.5 unit). Quadratically
distributed load was assumed to be acting on each element. Therefore, the relative model
order N = ]]VV—; =4x(1+42)/13 = 12/13 < 1, which means it is an overdetermined problem.
The results in Fig. show that the extracted load agreed well with the applied reference
load.

2.3.7 An Application to Highly Oscillating Load Updating

It is interesting to see the performance of the load updating for FEM under non-noisy but
highly varying load. The example being investigated was a planar uniform cantilever or
simply supported beam subjected to sinusoidally waved distributed load; the load density p
has units of EI/L*. L =0.5.
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Figure 2.9: Extracting highly oscillating load for a cantilever beam. The applied reference load
(RL) was sinusoidally distributed with unit mean value. The extracted load (EL) was assumed
uniformly distributed within an element. (a) The RL had 3 sine waves. 60 elements were used.
The EL agreed well with the RL. (b) The RL had 6 sine waves. 120 elements were used. The EL
agreed well with the RL at first 3 sine waves near the fixed end but tended to be close to the unit
mean value of the RL at the other 3 sine waves near the free end. (c¢) The applied load had 12
sine waves and unit mean value. 240 (120) elements were used. The EL agreed well with the RL
at only 1.5 sine waves near the fixed end but tended to be close to the unit mean value of the RL
near the free end. Results using both 120 and 240 elements are almost identical.
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For all the cases shown in Fig. 2.9 a constant extracted load was assumed for each four-
noded beam element and the measured displacement components were taken at all available
nodes. As a large number of elements was used, the relative model order was N} ~ 1/3 < 1.

It means the problem is very overdetermined.

The results for the cantilever beam show that the load updating using the four-noded
beam element is able to extract the applied load for moderately waved load, but only good
to extract the mean value of the highly waved load. In other words, the load updating tends
to extract the average part of the applied load but filters out the highly oscillating part of
the load. This numerical “damping” effect may be contributed to the truncated errors due

to the limited machine precision. Figure [2.9] shows the results for the cantilever beam.

2.3.8 Measured Strains Based Load Updating

A planar uniform cantilever beam subjected to distributed load: the load density p has units
of EI/L?. L = 0.5. The measured data were the bending strains taken at 3 Gaussian
points of each of the 8 four-noded beam elements. Therefore, the relative model order
was NY = 8/(8 x 3) = 1/3 < 1, implying an overdetermined problem. The sensitivities
of the strains with respect to the assumed load coefficients were calculated according to
the method explained in Appendix D. While the uniformly distributed load was assumed
within a single element, the applied reference load was uniformly, linearly and sinusoidally
distributed, respectively, as shown in Fig. 2.10] The results show that the extracted load

agreed well with the applied load.

2.3.9 An Application to Geometrically Nonlinear Beam

Thus far, we have extracted loads acting on beams and frames assuming that the beam or

the frame behaves linearly. The approach was also used to extract loads under which the
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Figure 2.10: Extracting loads of different distributions for a cantilever beam with measured bending
strains at 3 Gaussian points in each of the 8 elements. Load within each element was assumed to

be uniform.
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response can be nonlinear. The finite element used in this study is capable of simulating
geometrically nonlinear behavior. The capability to extract loads that lead to a nonlinear
behavior was investigated for a cantilever beam subjected to self-weight, snow load, and
pressure load. For a nonlinear behavior, the axial displacement of the beam cannot be
ignored, while it is ignored for a linear case. It should, however, be pointed out that it would
be rather difficult to measure the axial displacement. Therefore, we investigated the role of

measuring the axial displacement along with the transverse displacement.

The example being investigated was a planar uniform cantilever beam subjected to uni-

formly distributed load: the load density p = 5 has units of EI/L?. L = 0.5.

In all cases, a uniform extracted load was assumed for each of eight four-noded beam
elements. The measured displacements were taken from all the 25 nodes. The problem was
overdetermined for all cases as the relative model order NY < 8/(8 x3+ 1)~ 1/3 < 1. The
full Newton-Raphson approach (Kapania and Li, 2003b) with 10 equal load steps was used

to solve the geometrically nonlinear problem.

Self weight load

For self-weight type load, the extracted load agrees well with the reference applied load
when transverse displacement alone is taken as measured data, which is as good as when

both transverse and axial displacement are used (see Fig. [2.11]).

Snow load

For snow type load (type II-n as compared with type II-c) (Kapania and Li, 2003a), the
extracted load agrees well also with the reference applied load when transverse displacement
alone is taken as the measured data, which is as good as when both transverse and axial

displacement are used ( Fig. [2.12)).
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axial displacements are set to zero in the fig-
ure) of all the 25 nodes. The extraction re-
quired 45.59 seconds of CPU time, 28 nonlin-
ear finite element analyses and 21 load updat-
ing iterations, stopping when the design step
size was 0.00019.
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(b) The applied load was extracted using
both transverse and axial displacement com-
ponents of all the 25 nodes. The extrac-
tion required 45.58 seconds of CPU time, 15
nonlinear FEA and 11 load updating itera-
tions, stopping when the design step size was
0.00063.

Figure 2.11: Extracting uniform self-weight type load for a cantilever beam. Eight finite elements

were used to model the beam.
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(a) The applied load was extracted using
transverse displacements only (the unknown
axial displacements are set to zero in the
figure) of all the 25 nodes. The extrac-
tion required 57.30 seconds of CPU time, 23
nonlinear FEA and 17 load updating itera-
tions, stopping when the design step size was
0.00045.
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(b) The applied load was extracted using
both transverse and axial displacement com-
ponents of all the 25 nodes. The extraction
required 44.26 seconds of CPU time, 16 non-
linear FEA and 12 load updating iterations,
stopping when the design step size was 0.0006.

Figure 2.12: Extracting uniform snow loads of type II-n (non-conservative consideration) as com-
pared with type II-c (conservative consideration) for a cantilever beam. Eight finite elements were

used to model the beam.
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Pressure load

For pressure type load, we found that when only transverse displacement was taken as the
measured data, the load updating procedure failed to converge to a satisfactory solution for
the given load level (Fig. [2.13h). However, simply adding an axial measured displacement
at the free end (Fig. ), the extraction not only converged to the expected solution, but
the extracted results are also as good as when both the transverse and axial displacements

at all the 25 points are taken as the measured data (Fig. [2.13c).

2.4 Conclusions

The load updating for geometrically linear and nonlinear beams/frames with the given noise-
free measured deformation has been studied by the use of a four-noded curved beam element

and the optimizer L-BFGS-B.

For the basic studies, the extracted load was represented within an element by a linear
combination of integrated Legendre polynomials, the coefficients of which were taken as

design variables of the least-squares problem.

Through a relative model order analysis, the benefits for solving load updating problems
using the relative deformation measurement, the polynomials of lower orders, the elements
of larger sizes (because of using the high precision four-noded beam element), and the defor-
mation of denser measured points were studied for linear responses under the applied loads

of different types.

It was confirmed that using the reduced number of unknown variables to obtain an
overdetermined inverse problem helps get unique and stable extracted loads. Though this
conclusion was verified mainly through illustrative examples for a cantilever beam, it was

generally applicable to other load updating or inverse problems.
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(a) The RL failed to be extracted using TD

only. It stopped when DS was 1.114 x 10712
but the objective did not converge to zero
though each nonlinear FEA converged!

(b) The RL was extracted using TD and AD
measured only at the free-end. It took 28.98
seconds of CPU time, 18 FEA and 14 LUI,
stopping when DS was 0.00079.
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(c¢) The RL was extracted using all TD and
AD. It took 32.96 seconds of CPU time, 20
FEA and 12 LUI, stopping when DS was

0.00065

Figure 2.13: Extracting uniform pressure load for a cantilever beam with different choices of dis-
placement measurements. Eight finite elements were used. The unknown axial displacements are
set to zero in the figure. The TD were measured at all the 25 nodes. TD: transverse displacements;
RL: reference load; AD: axial displacements. DS: design stepsize; LUI: load updating iterations.
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Application examples were given for a 3D portal frame load updating, extracting highly
oscillating loads, and a strain-based cantilever beam load updating, and load updating for
geometrically nonlinear finite element models under under self-weight, snow and/or pressure

loads.

The extraction of highly varying applied load shows that the load updating for FEM
using the four-noded beam element is able to extract moderate waved load, but only extract
the average part of the load and filter off the highly oscillating part. This damping effect is

due to the truncated error of numerical implementation.

For a linear FEM, using only transverse components of the displacements are enough to
extract the applied load of a cantilever beam or simply-supported beam. However, for a
geometrically nonlinear FEM, both transverse and axial components of the displacement at

the measured points have to be used for a higher load level, especially for pressure load.

Present conclusions may be applied to the measurement based load updating for general
finite element models when the measured data are pre-smoothed or the noise in the data is

pre-filtered off.



Chapter 3
Placement Optimization of Fiber
Optic Sensors

We address the methodology and implementation for the placement optimization of a
distributed sensing fiber optic sensor using a simple breeding Genetic Algorithm (GA). The
sensor consists of an infinite number of infinitesimal sensors continuously connected together,
and its total output is proportional to the absolute value of the first time derivative of the
integrated spatial perturbation along the fiber. For the placement optimization, the sensor
performance is simplified as the full length integration of the absolute curvature change of
the fiber optic cable due to the perturbation on the deformed shape of the fiber optic cable.
The sensing optical fiber curve is represented by Non-Uniform Rational B-Splines (NURBS).
The coordinates of the control points of the NURBS curve are the design variables, coded as
genes of a chromosome string in the GA. The constraints include the maximum length and
maximum initial curvature of the fiber optic cable. As an application example for a clinical
smart bed, the deformation of the fiber optic cable is calculated from the deformation of
the mattress surface by the assumption that the fiber optic cable remains adhered to the
mattress surface, while the deformation of the foam-cored mattress is calculated using the
finite element code MSC.NASTRAN under given body pressure distributions. An interactive
Java tool was developed for the implementation of the placement optimization of the fiber
optic sensor. Illustrative examples are presented to demonstrate the validity of the approach
and usefulness of the tool. Though the specific example is for clinical use, the fiber optic
sensor and associated placement methodology can also be used in pilot/passenger seats and

structures for flight vehicles.

48
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3.1 An Overview

Sensor placement or sensor location design is an important issue that engineers must address
in solving problems like identification, analysis, control, and health monitoring of various
structures. Such structures include aerospace crafts, bridges, and offshore platforms, as well
as human bodies in clinical areas. There are often many limitations in sensor placement.
For example, the number of available sensors is limited and their positions essentially fixed
in service (Abdullah et al., 2001; |Guo et al., 2004)). In such situations, sensor placement

becomes a critical issue which governs the success and failure of the target purpose.

Though there are many types of sensors/actuators for structural health management
technology for non-aerospace and aerospace vehicles including fiber optic sensors, active
and passive acoustic sensors, electromagnetic sensors, wireless sensing systems, MEMS, and
nanosensors (Prosser, 2003), the algorithms for optimal placement of actuators and sensors
appear to be very similar regardless of the application (Padula and Kincaid, 1999). All can
be posed as selecting a subset of locations from a large set of candidate locations (Padula
and Kincaid, 1999)). Therefore, it is useful to review some literature on sensor placement in

other fields for the sensor placement of the specific kind.

Methods have been developed to optimally place sensors to address the identification and
control of dynamic structures by Udwadia and Garba (1985) and [Lim (1991)), etc. Kammer
(1991b) proposed an effective independence algorithm based on the contribution of each
sensor location to the linear independence of the identified modes. The initial candidate set
of sensor locations was quickly reduced to the number of available sensors. |Kammer (1991a))
dealt with the effect of sensor error on sensor placement. He also reported many earlier work
on the optimal placement of sensors for identification and control from a control dynamics
standpoint, and some smaller amount of work considering optimal sensor placement for
identification from a structural dynamics point of view. Kammer and Brillhart (1994) studied

optimal sensor placement for modal identification using system-realization methods. The
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sensor placement method maximized spatial independence and signal strength of targeted
mode shapes by maximizing the determinant of an associated Fisher information matrix.
Hemez and Farhat (1994)) extended the effective independence method in an algorithm where

sensor placement was achieved in terms of the strain energy contribution of the structure.

Miller (1998) computed a Gaussian quadrature formula using the functional gain as a
weight function, and thought that the nodes of the quadrature formula gave the optimal
locations for sensors. |[Hiramoto et al. (2000) used the explicit solution of the algebraic
Riccati equation to determine the optimal sensor/actuator placement for active vibration
control. Wouwer et al. (2000) presented an optimality criterion for the selection of optimal
sensor locations in distributed parameter systems; the criterion was based on a measure of
independence of the sensor responses. For fault detection, [Worden and Burrows (2001)) used
a number of different methods to determine an optimal sensor distribution based on the

curvature data.

Due to their capability to handle discrete design variables and search for global solutions
without using gradient information, GAs have been widely used in sensor placement type
problems (Padula and Kincaid, 1999; Abdullah et al., 2001} |Guo et al., 2004), sometimes
combined with gradient-based methods (Padula and Kincaid, 1999; Abdullah et al., 2001]).
Abdullah et al. (2001)) addressed the necessity to use GAs for placement of sensors/actuators
on civil structures, members of which are usually discrete and therefore discrete locations are
available for sensors/actuators. |Guo et al. (2004)) presented an improved GA for the global
and constrained optimization of sensor locations for structural health monitoring systems.
The performance function was based on damage detection. To overcome the inefficiency due
to infeasible solutions to the problem, some improved strategies were used, such as crossover
based on identification code, mutation based on two gene bits, and improved convergence.
They concluded that the improved GA is faster than the penalty function method and the

forced mutation method.

In the early GA researches, genetic representation of a chromosome or a solution was
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limited to binary digits (Holland, 1975; Michalewicz, 1994; Houck et al., 1995)), but problem
representation has been the subject of much investigation (Houck et al., 1995)). It has been
shown that more natural representations are more efficient and produce better solutions
(Michalewicz, 1994). One useful representation of an individual or chromosome for function
optimization involves genes or variables from an alphabet of floating point numbers with
values within the variables’ upper and lower bounds. Michalewicz (1994) has done extensive
experimentation comparing real-valued and binary GAs and shows that the real-valued GA
is an order of magnitude more efficient in terms of CPU time. He also shows that a real-
valued representation moves the problem closer to the problem representation which offers
higher precision with more consistent results across replications (Michalewicz, 1994). Along
this line, Zhang et al. (2000)) presented a novel float-encoded GA and applied it to the
optimal control of flexible smart structures bonded with piezoelectric actuators and sensors.
The performance function was based on the maximization of dissipation energy due to a
control action. The optimization algorithm allowed an integrated determination of actuator

and sensor locations and feedback gains.

Padula and Kincaid (1999) provided a survey of actuator and sensor placement problems
from a wide range of engineering disciplines (both aerospace and non-aerospace engineer-
ings) and a variety of applications. Combinatorial optimization methods are recommended
as a means for identifying sets of actuators and sensors that maximize performance. Frecker
(2003)) reviewed the work done in this area since 1999 to 2003, in addition to optimization
strategies for topology design of actuators, actively controlled structures, and drive electron-

ics design.

This study addresses the placement optimization of a distributed sensing fiber optic
sensor for its potential usage in human-machine systems, such as pilot/passenger seats, and
structures for flight vehicles though it was initially developed by Spillman Jr. et al. (2004)
for a clinical smart bed. The fiber optic sensor is used to both sense the movement and

determine the posture of the human body. For the clinical smart bed, for example, the
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Figure 3.1: A schematic diagram of the smart bed. The distributed sensing fiber optic cable is
stitched on the bed surface.

sensor can be used to monitor the movement of a patient and determine whether or not
the patient is lying on his/her sides, stomach or back. The sensor can be even used to
measure the breathing and heart rates. Proven to be a success as a concept, it requires
a design methodology and tool to optimally place the fiber optic sensor to maximize its
performance. Figure [3.1]is a schematic diagram of the distributed sensing fiber optic sensor
on the smart bed. The output of the distributed sensing fiber optic sensor, which consists of
an infinite number of infinitesimal sensors continuously connected together, is proportional

to the absolute value of the first time derivative of the integrated spatial perturbation along

the fiber, as presented by Spillman Jr. et al. (2004) and shown in Fig. 3.1 For placement

optimization purpose, the sensor performance is simplified to be the integrated absolute
curvature change of the fiber optic cable with respect to a perturbation due to the body

movement of a patient lying on it.

The fiber optic cable is represented by a NURBS curve (Farin, 1990) that is uniquely
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determined by a finite number of control points. This make it possible to convert the
placement optimization of an infinite number of sensors to the placement optimization of a
finite number of control points of a NURBS curve. Therefore, one can successfully use the
popular GAs (Markus et al., 1997; [Faupel, 1998; (Giurdal et al., 1999)) to obtain the optimal

placement of the distributed sensing fiber optic senor.

We model the smart bed as an elastic mattress core and ignore the flexible cover. The
initial and deformed geometries of the bed due to the body weight and movement of the
patient are calculated, using the finite element analysis tool, MSC.NASTRAN, from the
given body pressure distribution (Nicol and Rusteberg, 1993). The deformations of the fiber

optic cable are then extracted from the deformations of the mattress.

An interactive Java tool is developed to implement the above ideas. Illustrative examples

are given to demonstrate the validity of the presented method.

Though the specific example is for clinical use, the fiber optic sensor and associated
placement methodology can also be used in pilot/passenger seats and structures for flight
vehicles. The other potential use is the placement of Fiber Bragg Grating (FBG) sensors for
health monitoring structures in both aerospace engineering (Davisy et al., 1996|) and civil

engineering (Udd et al., 1998; Lin et al., 2005)).

3.2 Description of the Problem

3.2.1 Objective/Sensor Performance Function

The concept of the distributed sensing fiber-optic sensor is based on mode angle shifting of
a multimodal optical fiber. When the fiber pattern on the smart bed is perturbed by the

motion, due to either respiration or heartbeat, the radius of the annulus (a ring-like output
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light signal figure projected on a flat surface) increases. As a result, if a special fiber is used
that only intercepts a portion of the annular or speckle pattern of this light and allows this
intercepted light to pass to a detector, an output signal will result in continuing information
about the perturbation that caused the change in the signal, See Fig. [3.1] This output, e.g.
the change in the radius of the annulus, is proportional to the absolute value of the first time
derivative of the integrated spatial perturbation along the fiber (Spillman Jr. et al., 2004]).
That is, the whole output of this distributed sensing optical fiber is the sum of the outputs
of an infinite number of infinitesimal fiber segments. The contribution of each infinitesimal
fiber segment to the output is proportional to its spatial perturbation that is the angular

change of the fiber segment.

For the placement optimization of the sensor, the experimentally verified physical law
for the sensor output (Spillman Jr. et al., 2004) is simplified as: the sensor performance
function is the sum of the absolute angular change df = ||Ax(s)||,ds over an infinite number
of the infinitesimal fiber segments ds’. That is, the performance of the whole distributed
sensing fiber optic sensor is the integration of the absolute curvature change due to a given

spatial perturbation over the whole fiber length L:

A@:/O | Ak (s)]],ds (3.1)

where Ar(s) = Ak(s)iy + Ary(s)i, is the curvature (vector) change of the fiber segment

ds, as the dominant spatial perturbation.

3.2.2 Design Variables/Placement Representation

Since a distributed sensing fiber optic sensor consists of an infinite number of infinitesimal
sensing fiber segments, the placement of those infinite number of sensors seems to be ex-
tremely hard. We can, however, transfer the placement of an infinite number of sensors to

the placement of a finite number of the control points - “dummy sensors”, if we represent
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control point (TYP)
perturbed mattress surface N

perturbed fiber curve
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Figure 3.2: A possible fiber optic sensor placement represented by a NURBS curve.

the fiber curve using a NURBS curve, which can be expressed mathematically by

Cls) = Z?:no Nip(s)w;P; (3.2)
> io Nip(s)w;
where p and ¢ are the polynomial degrees, N;, and N;, are the B-Spline basis functions,
Pi(s) = Xi(s)i, + Y;(s)i, are the control points, the weights w; of P; are the last coordinate
of homogeneous point P}’ E| (Farin, 1990). Refer to Fig. for a fiber optic sensor placement
represented by a NURBS curve with only 6 control points.

IThere are two different conventions for representing the control points in terms of their 4D coordinates
(z,y,z,w):
Homogeneous, in which the coordinates represent the point’s position in 4D space. Thus the point’s 3D
position is (z/w,y/w, z/w).
Weighted Euclidean, in which the coordinates are already considered to have been divided through. Thus the
first three components (z, y, z) directly represent the point’s position in 3D space and the fourth w represents
its weight.
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3.2.3 Constraints

Geometrical constraints

For a given placement of the sensing fiber, there is a geometric constraint on it, that is, the
optical fiber cable remains in contact with the mattress surface. Although the actual fiber
optic cable may slip on the mattress, it is assumed that the fiber cable remains adhered to

the mattress for simplicity in this study.

The mattress surface is assumed to be initially flat. The mattress surface and the fiber
optic sensor curve on it deform after the patient lies down on the bed. The deformed mattress
surface can be assumed to be a general surface that can be represented by a NURBS surface

or be determined from FEA for a given body pressure.

The deformed mattress surface is further changed due to a dynamic perturbation, such
as the respiration and heart beat of the patient. This deformed surface after perturbation

can be further determined from FEA for the given pressure perturbation.

For a fixed local curvature change of the deformed mattress surface, the longer the fiber
is, the larger the total curvature change will tend to be. Therefore, we might consider using
a longer fiber optic cable to get a better performance of the sensor. However, we need to put
a constraint on the maximum length due to cladding mode lost or laser power limit; e.g. we

can set L < L4z, Wwhere L,,q, is usually on the order of several meters.

Physical and mechanical constraints

Because the optical fiber and mattress membrane are very thin, the lateral (shearing and
bending) stiffnesses of the fiber and mattress cover are negligible. Since the mattress cover
is easy to wrinkle, the in-plane stiffness of the cover may also be ignored. This assumption

makes it possible to perform only one FEA for a given body pressure distribution during
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the whole optimization process since a change in placement of the fiber optic cable will not
change the deformed shape of the mattress surface. This makes using a global searching GA

possible.

A micro bend design may be useful to enhance the sensor performance. However, the
initial curvature or radius of the sensing fiber is subject to the limitation due to bending

losses (Udd, Schulz, Seim, Corones, and Laylor 1998).

3.3 Procedure and Implementation

3.3.1 Procedure

Refer to Fig. for a simplified flow chart of the procedure for the optimal placement of
the fiber optic cable.

Step 1. Choose a mattress model

Two main classes of bed mattresses are spring cored and foam-filled cored, respectively.
Practically speaking, the covers of all mattresses are woven of certain materials. For this
study, we choose a core material with material data given in Table 3.1 to model the mattress

of a standard size 198cm x 91.5cm x 16.5cm (78”7 x 36" x 6.57).

Step 2. Determine the body pressures due to the self-weight and perturbation

by measurement or numerical simulation

The self-weight induced body pressure and perturbed body pressure on the mattress surface

can either be determined by experimental measurements or by numerical simulations. For
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Step 1: Choose a mattress model

.

Step 2: Determine the body pressures

v

Step 3: Determine the deformations of the mattress

l

Step 4: Calculate the integrated curvature change of
any given placement of the fiber optic cable

.

Step 5: Calculate the sensitivity of the integrated
curvature change of any given placement of the fiber
optic cable with respect to a placement change

'

Step 6: Update the placement of the fiber optic cable
by optimization technique

Figure 3.3: Chart for optimal placement of the fiber optic sensor.
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Table 3.1: Latex Mattress Core Fact Sheet.
Standard Hardness Specifications for Mattress Cores

Hardness Range | (ILD= Indentation Load Deflection)
Soft 20-24 ILD
Medium 25-29 ILD
Firm 30-34 ILD
Extra Firm 35-39 ILD
Super Firm 40-44 TLD

Hardness range measurements based on ASTM D-1055
Source: http://www.flobeds.com/mattspec.htm

illustrative purpose and initial study, we can assume a simple body pressure distribution
(Nicol and Rusteberg, 1993) on the mattress, for example, given in the form of a NURBS

surface within a given area, which can practically model all kinds of pressure distributions.

Our numerical studies showed that the contribution of the initial deformation of the
mattress to the sensor performance is small. Therefore, we only consider the perturbed

body pressure for linear analysis.

Step 3. Determine the deformations of the mattress subjected to the body
pressures by MSC.NASTRAN

A linear analysis was performed to obtain the deformation of the mattress subjected to a
given pressure distribution pattern with unit maximum value. FEM model: 70 x 30 x 4 =
8,400 brick elements for the mattress core; the cover is ignored. Mattress core hardness is

assumed to be soft and taken from Table and transferred into Young’s modulus as in

Table 3.2]

Applied pressure and mattress deformation are shown in Fig. and Table [3.2]
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Level P
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(a) Body pressure. (b) Deformation.

Figure 3.4: Body pressure and deformation of the soft cored mattress. The pressure P has a unit
of N/cm?.
Table 3.2: Latex Mattress Core Fact Sheet.

Mattress core hardness and calculated maximum deformations
under the assumed body pressure (with the maximum value of 1.00N/cm?)

Hardness Range | E = Young’s Modulus | Maximum deflection Maximum nominal
(N/cm?) (cm) strain
Soft 1.213 15.0 0.909
Medium 1.493 12.2 0.739
Firm 1.765 10.3 0.624
Extra Firm 2.041 8.92 0.541
Super Firm 2.317 7.86 0.476

Note:

(1) The typical values of Young’s modulus E are calculated from Tablelﬂl
(2) Poisson’s ratio v = 0.3 for latex rubber foam is from Fig. 12 0f|Robe7"ts and Garboczi (20021).
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Step 4. Calculate the integrated curvature change of any given placement of the

fiber optic cable due to the body pressure perturbation

Assume that the fiber cable remains adhered to the mattress surface without slipping. Then,
we can easily extract the relevant fiber curve deformations from the initial and perturbed
mattress deformations. We can thereafter calculate the sensor performance, i.e., the inte-
grated curvature change, for given design variables — the locations of control polygons of the

NURBS curve.

Step 5. Calculate the sensitivity of the integrated curvature change of any given
placement of the fiber optic cable with respect to a placement change by finite

difference method

This step is to calculate the design sensitivity of the objective function with respect to design

variables. However, we ignore this step as we are using GAs.

Step 6. Update the placement of the fiber optic cable by optimization technique

An optimizer (Gurdal et al., 1999) is used to update the placement of the fiber optic cable
and give a better design than the previous one. A GA (Faupel, 1998)) is chosen as the

optimizer.

3.3.2 Implementation

The interactive design tool “Java Tool for the Placement of Fiber Optic Sensors” is devel-
oped in Java, aiming at the implementation of Steps 4, 5 and 6 of the procedure: for any

given initially deformed mattress surface and any given placement of the fiber optic cable
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constrained on the mattress, we shall be able to calculate the integrated curvature change of
the fiber optic cable due to any perturbation of the mattress surface and its sensitivity with
respect to a design change, so that we are able to update the placement of the fiber optic

cable to a better design both manually and by the optimization technique, e.g. GA.

3.4 Placement Optimization of the Fiber Optic Sensors
for a Smart Bed by GA

To demonstrate the current capability of the interactive Java tool for the placement opti-

mization of fiber optic sensors, an illustrative example is given here.

The Genetic Algorithm optimizer, GAJIT, the Java package kindly provided by |[Faupel

(1998)), is used to optimize the placement of the fiber curve.

3.4.1 A Very Simple Breeding Algorithm

Not addressing efficiency in this study, we only use a very simple breeding algorithm in

GAJIT to illustrate applying GAs to a NURBS curve design as follows:

e Remove a percentage of the least fit designs through culling;
e Preserve a percentage of the most fit designs unchanged (elitism);

e Then breed the elite and the remainder at random to fill out the rest of the next

generation.
The relevant parameters for the GA used here are:

e (Culling rate: percentage deemed unfit for reproduction;
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perturbed mattress surface

unperturbed fiber curve

perturbed fiber curve

control point (TYP)~__ 72

Figure 3.5: A placement of a fiber optic sensor for a smart bed represented by a NURBS curve with
6 control points. Adopted from Fig. [3.7p.

e Elite rate: percentage of population carried forward unchanged from each generation;

e Weight: the weighting it has for the chances of it being selected.

3.4.2 Coding/Decoding

A typical GA is only suitable for discrete design variables. To apply a GA to an optimization
problem of continuous design variables, we can approximate the continuous design variables

using discrete ones.

For the placement of the fiber optic sensor, we choose two components (X,Y) of the (4
out of 6 in Fig. [3.5)) control points of the fiber NURBS curve as design variables (the two
ends are fixed). The scaled coordinate components are —1 < X =2X [ Linattress < 1 and
-1<Y = 2Y /Whattress < 1, where Liattress a0d Winattress are the length and width of the

mattress, respectively. We code the design variables
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X0 =1[0.0968 —0.4194 —0.2258 —0.4839 0.1613 0.5484 —0.2903 0.2258];¢

using the genes (e.g. the gene size is 5) of a chromosome represented by a binary string:

Xy = [10011 01011 11000 10010 01000 01100 01001 10001],
Each chromosome, for example, represents one of the 20 members of the population.

Any chromosome X, has to be decoded back to its counterpart X;o for evaluation of the

fitness of the chromosome.

3.4.3 Fitness Function

The fitness function for the GA is defined in the sense of the so-called exact penalty function

method:
L
A d
Fitness = fO H E(S)HQ °
Lmax
1 —pe max(mimax —1,0) — pr max( —1,0)]
0 max max
(3.3)

where

L
Aéz/ |Ar(s)||,ds
0

according to Eq. , is the sensitivity of the fiber topic sensor due to a given body per-
turbation. L and L., are the current and maximum allowed lengths of the fiber curve,
respectively. Komax and kg (= 0.5/cm) are the maximum and the maximum allowed ini-
tial curvatures of the fiber curve, respectively. p; and p, are the corresponding penalty

factors.
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3.4.4 Examples

Example 1. The assumed perturbed surface is from the initial flat surface of the
NURBS with 7 x 5 uniformly distributed control net by an 18.00cm downward
perturbation of the control point at the center of the mattress. Only 6 control

points of the fiber NURBS curve are used, two ends of which are fixed.

L.y = 200cm; pr, = 1 and p, = 1; the elite rate, culling rate and weight are 0.05, 0.2 and

0.1, respectively. Figure|3.6|shows the example of the placement optimization of a fiber optic

(a) An initial placement: Af = 0.29 (rad); (b) After 500 generations: Af = 1.94 (rad);
L =200.55 (cm); Komax = 0.04 (1/cm). L =198.58 (cm); Komax = 0.50 (1/cm).
(¢) After 1000 generations: Af = 2.30 (rad); (d) After 2000 generations: Af = 2.37 (rad);
L =207.67 (cm); Komax = 0.49 (1/cm). L =202.83 (cm); Komax = 0.46 (1/cm).

Figure 3.6: Placement optimization of a fiber optic sensor for a smart bed by GA.

sensor for a smart bed by GA. It is shown that the initial placement of the fiber curve is
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feasible but with a lower sensitivity of 0.29rad, a length of 200.55cm, and maximum initial
curvature of 0.04/cm. After 2000 generations of the GA iteration, an updated placement is
achieved, with a higher sensitivity of 2.37rad, a length of 202.38cm, and maximum initial
curvature of 0.46/cm. Figureis a 3-D view of the initial placement and updated placement
after 2000 generations of the GA iteration. We can see clearly that the initial placement of
the fiber optic sensor is inefficient due to the fact that most of the sensing fiber is in a much
less perturbed region. After 2000 generations of the GA iteration, much of the sensing fiber
falls into a highly perturbed region with a higher curvature change.

Example 2. The assumed perturbed surface is obtained by a 10% scaling of
the calculated deformation of the soft cored mattress under an assumed body
pressure as shown in Fig. 3.4, Only 25 control points of the fiber NURBS curve

are used, two ends of which are fixed.

Linax = 400cm; pr, = 4 and p, = 2; the elite rate, culling rate and weight are 0.05, 0.2 and
0.1, respectively. Figure|3.8shows the example of the placement optimization of a fiber optic
sensor for a smart bed by GA. It is shown that the initial placement of the fiber curve is
feasible but with a lower sensitivity of 1.01rad, a length of 358.95cm, and maximum initial
curvature of 0.49/cm. After 9000 generations of the GA iteration, an updated placement is
achieved, with a higher sensitivity of 1.51rad, a length of 358.95¢cm, and maximum initial
curvature of 0.49/cm. Figureis a 3-D view of the initial placement and updated placement
after 9000 generations of the GA iteration. We can also see clearly that the initial placement
of the fiber optic sensor is less efficient due to the fact that one part of the sensing fiber is in
an unperturbed region. After 9000 generations of the GA iteration, that part of the sensing
fiber approaches the perturbed region and the overall sensing fiber tends to form a star-like

pattern in the perturbed region.
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3.5 Conclusions

e The deformation of the smart bed is simulated by finite element analysis (e.g using

MSC.NASTRAN) when the body pressure is available.
e Both deformed area of the bed surface and fiber optic cable are represented by NURBS.

e A Java tool is developed as an interactive research and design tool for the fiber optic

Sensor.

e The sensitivity of the fiber optic sensor is indirectly represented by the integration of

the absolute curvature change over the curve length.

e The Genetic Algorithm (GA) is chosen as the optimizer for the placement optimization

of the fiber optic sensor.

e The fitness function of the GA is defined in the sense of the exact penalty function
method, where the length and maximum initial curvature of the fiber curve are limited

by prescribed upper bounds.

e [llustrative examples are given for the demonstration of the placement optimization of

the fiber optic sensor.
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(a) An initial placement.Af = 0.29 (rad).

perturbed mattress surface P

unperturbed fiber curve
perturbed fiber curve

control point (TYP)~__ X

(b) An updated placement after 2000 generations of GA iteration. Af = 2.37 (rad)

Figure 3.7: A 3-D view of the initial placement and updated placement. The perturbed (dashed)

and unperturbed (solid) fiber curve shapes of the optimal placement of the fiber optic sensor.
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(a) An initial placement: Af = 1.01 (rad); (b) After 5000 generations: Af = 1.32 (rad);
L =358.95 (cm); Komax = 0.49 (1/cm). L = 386.33 (cm); Komax = 0.49 (1/cm).
(¢) After 7000 generations: Af = 1.47 (rad); (d) After 9000 generations: Af = 1.51 (rad);
L = 386.09 (cm); Komax = 0.49 (1/cm). L =399.99 (cm); Komax = 0.49 (1/cm).

Figure 3.8: Placement optimization of a fiber optic sensor for a smart bed by GA.
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(a) An initial placement. A =1.01 (rad).

(b) An updated placement after 9000 generations of GA iteration. Af = 1.51 (rad).

Figure 3.9: A 3-D view of the initial placement and updated placement. The perturbed (dashed)
and unperturbed (solid) fiber curve shapes of the optimal placement of the fiber optic sensor.



Chapter 4
Optimal Design of Unitized Panels
with Curvilinear Stiffeners

In this chapter, we show many numerical results of optimal design study of stiffened pan-
els where the reference axes of the stiffeners can be curvilinear. An integrated approach to
use different capabilities in relevant fields, such as NURBS, DistMesh, and MSC.NASTRAN,
etc., are adopted in the MATLAB environment. Numerical studies are made to look into
the effects of certain factors on the optimal designs of stiffened panels under buckling con-
straints. Those factors include orientation, spacing, location, and curvature. It is observed
that curvilinear placement of stiffeners is equivalent to an orientation, spacing, location and
intersection placement of infinitesimal straight and connected stiffeners, and provides an en-
hanced design space. This enhanced design space sometimes leads to better designs than
purely using straight stiffeners. This work reconfirms the necessity to use global optimiza-
tion techniques to perform topology/placement/shape optimization of curvilinearly stiffened

panels along with size optimization.

4.1 An Overview

Availability of high-performance computing and commercially available software, such as
MSC.NASTRAN and MATLAB, is having enormous impact on the manner how structures
are designed. Similarly, the ongoing revolution in computer-aided manufacturing has sig-
nificantly removed the previous limitations on the design and manufacturing of a structure.

For example, using Electronic Beam Freeform Fabrication (EBF3), a rapid metal deposition

71
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process that works efficiently with a variety of weldable alloys (Taminger and Hafley, 2003)),
allows the stiffeners of a panel to have continuously varying properties such as orientation,
thickness, width, and material properties. These design parameters are mostly kept constant
in earlier studies because of manufacturing constraints. Together, the software for computer-
aided design, engineering and manufacturing (CAD/CAE/CAM) are bound to play a major
role in the design of all future aerospace and other related structures. We envision an en-
vironment in which design and manufacturing, using modern information technology, would
be integrated into one step, which also follows the modern trend for the unitized parts for
flight vehicles structures (Renton et al., 2004). Here, we address the integrated capability
of CAD and CAE implemented in the MATLAB environment to provide a methodology
and a practical design toolbox, EBFS3paneloptimization, for optimization of unitized panels
with stiffeners, especially, manufactured by the EBF3 technique. Though the development
of EBF3paneloptimization is still in progress, we have used it to run numerous examples to
confirm the important effects of the stiffeners’ orientation, spacing, location, and curvature,

etc., on the optimal design of a stiffened panel.

Although our current effort has been only partially automated and mainly dealt with
planar stiffened panels, the extension can be made to implement the automatic placement
and size optimization of both planar and curvilinear stiffened panel as shown in Fig. [1.1]
and thus provide a capability to design advanced unitized curved panels with curvilinear
stiffeners. This is an extension to optimize low-cost high-performance panels that have a
grid of stiffeners with a prescribed uniform or non-uniform pattern, such as isogrid and
geodesically stiffened panels (Gerdon and Gurdal, 1985; (Grall and Giirdal, 1992; (Gtirdal and
Gerdon, 1993)).

Advances in manufacturing and computer-aided design and engineering are making it

possible to fabricate these advanced unitized structures.
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In-plane load

Figure 4.1: A curved panel with arbitrarily oriented stiffeners and its finite element mesh.

4.2 Methodology, Procedure, and Capability

4.2.1 Methodology

The methodology used here does not focus on developing new theories, numerical methods,
and self-written in-house codes to achieve the solution to the stiffened panel optimization,
as that would only limit the capability of solving various practical problems. Instead, we
seek an integration of the advanced capabilities in CAD/CAE/CAM in the versatile MAT-
LAB environment to develop the proposed tool to design and fabricate advanced unitized

structures.
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4.2.2 Procedure

The present work implemented NURBS (Non-Uniform Rational B-Splines) (Farin, 1990;
Spink, 2000; Li et al., 2004) for the representation of the panel mid-surface/thickness dis-
tributions and stiffeners’ reference curves/cross-sectional dimension distributions. In a ref-
erence plane, the mesh for any stiffener is first generated in a separate routine that creates
its NURBS representation, and then the mesh for the plate is generated using automatic
mesh generation algorithm. We have adapted DistMesh, a MATLAB code for generation of
unstructured triangular /tetrahedral meshes by Persson and Strang (2004), with stiffeners’
mesh points fixed during the plate meshing. The planar reference mesh for the stiffened
panel is mapped into a curved NURBS surface by using bilinear interpolation. An interface
between MSC.NASTRAN and MATLAB is developed to automatically transfer the data be-
tween the analysis and optimization processes, respectively. A simple but helpful MATLAB

3D display package is also developed for a better visualization of the initial and final designs.

The whole package, called EBF3paneloptimization, however, is not any isolated capabil-
ity of a NURBS package, a simple DistMesh, the MSC.NASTAN, a NASTRAN/MATLAB
interface, or a 3D panel display package, but an integrated package of all those advances.
Without this integration, handling this arbitrarily curved stiffened panel optimization at
hand will be a hard and time consuming job. MATLAB, the Language of Technical Com-
puting with toolboxes of high performance for numerical simulations and graphic/external
interfaces, is taken as the main programming language. The NURBS toolbox, DistMesh
code, 3D display package, MSC.NASTRAN, etc, are taken as the modules of the whole
package.
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4.2.3 Capability and Limitation

Various examples were simulated to test the current sizing optimization capability, and to
study effects of orientation, spacing, location, and curvature of a stiffener on the optimal de-
signs to illustrate the strong need to perform an automatic placement (or shape) optimization

of stiffeners for a panel.

By manually updating one or two design parameters that determine the control points of
stiffeners’ NURBS curves, we have performed some placement optimizations of the stiffeners
for given end locations of stiffeners along the plate boundary edges. The pure shear, bi-

normal, and complex combined in-plane loadings are considered.

4.3 Mathematical Aspects of Optimization of Stiffened

Panels

4.3.1 Formulation of Optimization of Stiffened Panels

The optimization of EBF3 stiffened panels can be briefly formulated as follows, for instance:
Find X, which are a collection of the thickness distribution ¢ of the plate, the cross-sectional
dimension distributions, e.g. (w, k)™, of a (blade) stiffener st, along the stiffener’s axis, and
the position vector distribution ¢® of a point that represents the stiffener’s axis or reference
curve, to
Minimize:

Nsr

F(X) =M = pplateabt + Z psththstwst (41)
mass of plate =1 mass of a stiffener

which is the mass, one of the possible objective functions of the stiffened panel,

Subjected to the constraints on the predetermined types of responses, e.g. buckling load
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factor,
A > AL (4.2)
von-Mises stress constraint on the plate (and stiffeners),
0L < Oyon—mises < OU (4.3)
side constraints on size design variables,
tp <t <ty; w <wt<wy; B < B <A (4.4)
and side constraints on the shape design variables
' < <cf (4.5)

Here, all the pre-determined responses are evaluated by MSC.NASTRAN (MSC.Software,
2005)), which also utilizes the DOT optimization algorithms from VR&D (1999) to solve the

predetermined optimization problem.

4.3.2 Convergence of Optimization of Stiffened Panels

Slow convergence and instability of the solution are often encountered in numerical compu-

tations, which cannot be solved using different optimization parameters and starting points

due to the ill-posed nature of the stiffened panel optimization problem. Firstly, Eq. (4.1)

shows that the objective function of mass is ill-posed by itself and makes the Hessian matrix

have a very large condition number. This can be understood from Eq. (4.1)), in which the

condition number of the Hessian is 100:

F(X) = 1000022 + 2
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Secondly, the different parts of the stiffened panel have very different contributions to the

objective function, the total mass of the panel:

pplateabt >> psththsttst (47)
mass of plate mass of a stiffener

Thirdly, there are very different design sensitivities of the objective with respect to (wrt)

different design variables:

oM oM oM
_ plate b - — stht st . — sththst 4.8
at p a ) ahst w Y awst p ( )
wrt plate thickness  wrt stiffener height — wrt stiffener thickness
and
oM | oM a oM | oM a
- = >> 1, — =—>>1 4.9
ot / ohst  wst 0t [ Qwst bt (4.9)

for pPlate = pst and Lt = a = b.

To elucidate the numerical techniques for overcoming the convergence problem, we first

give a general formulation of the optimization problem in the given design space to

Find
X= (21 20 - ) (4.10)
Minimize
Objective = F(X) (4.11)
Subjected to
g;(X) <0; for j=1,2,..,m (4.12)
vr <m;<a¥; for i=1,2,..,n (4.13)

The first technique involves scaling of design variables (Arora, 1989):

X = QDX (4.14)
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Note that the columns of Q are the eigenvectors of the Hessian matrix H of F(X). D =
diag[1/);] with A\? as the eigenvalues of H. After the scaling, the condition number of the

Hessian will be 1, which makes the problem well-conditioned.

The second technique is the simple scaling and shifting of the objective:
F(X) = a;F(X) + 3¢ (4.15)

The shifting is done to cause comparable contributions to the objective function and the
scaling is used to give comparable sensitivities of the objective and constraints with respect

to the design parameters.

The last technique proposed here is the shifting of the constraints so that the gradients

of the normalized constraints are scaled:

9;(X) = ag,9;(X) + 5y, (4.16)

In this study, a simplified version of the numerical techniques to solve the convergence

problem is used and illustrated for one blade stiffener case, as follows:

e For the panel problem with only one blade stiffener:

X = (t,h*, w™); the starting point: Xq = (o, by, w') (4.17)

e In X = QDX, for initial testing purpose, assume:

a 0 0
Q=1 D=|0 1 0 (4.18)
00 f

That is, the plate thickness is scaled as t = af and the stiffener width is scaled as
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wst — ﬁwst;
oM [OM|  aab  teb 1. oM [OM |  aab  teb
ot Ohst 0 - wé’t st ,wgt Lst 7’ ot st 0 - ﬁhff st wgt st
(4.19)
for pPlte = pst [t = g = b, and t, = wit if o = ty/a and § = w* /b
Or
oM [OM|  aab  toa L. oM /oM |  aab  toa
ot Ohst 0 - wgt st wgt Lst 7 ot owst 0 - ﬁhat st wgt st
(4.20)

for pPlate = pst [t = g = b, and t, = wi if @ = to/b and § = w* /A,
Therefore, we have the comparable design sensitivities of the objective.

e To have comparable design sensitivities of the objective and constraints:

— Make a test run of one iteration and print out the design sensitivities;

— Scale and shift the objective function.

The numerical examples later on will show the benefits of the scaling and shifting on im-

proving the convergence of the stiffened panel optimization using MSC.NASTRAN.

4.3.3 NURBS Representation of Stiffened Panels

The present work implemented NURBS (Farin, 1990; Spink, 2000; [Li et al., 2004) for
the representation of the panel mid-surface/thickness distributions and stiffeners’ reference
curves/cross-sectional dimension distributions. A NURBS curve (Fig. is expressed math-

ematically by

Do Nip(t)w; Py
Cl) =S N, e

and a NURBS surface (Fig. is represented by

(4.21)
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Boundary edges
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Y

Stiffener's
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Figure 4.2: NURBS representation for stiffeners’ reference curves.

> i Z?:o Nip(u)Njq(v)w; ;P

S u,v) = m n
(u.0) >ico Zj:O Nip(u)Njq(v)ws,;

(4.22)

where p and ¢ are the polynomial degrees, N;, and NN;, are the B-Spline basis functions,

Figure 4.3: NURBS representation for panel’s reference surface.

P, ; (or P;) are control points; the weights w; ; of P;; (or w; of P;) are the last coordinate
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of homogeneous point Py (or P;”)H

Now a brief introduction is given on how to move the control points of stiffeners” NURBS
curves to change the shapes of the stiffeners’ curves. In the conceptual and generalized
sense, the control point (vector) of all stiffeners” NURBS curves can be moved from the

initial position x( in the direction D¢ a design step a to the current position x as follows:

X = Xo + Dca (4.23)
where _ i _ ; _ -
x! X 231
X2 Xg (6%)
X = _ ;o Xo = ' ;o= _ (4.24)
XNC XéVC aNDV
and _ -
! dl - djlva
d? d? ... d?
D.=| - * = Ot (4.25)
aye a4,

Here N¢ is the total number of control points for all stiffeners’” NURBS curves, and Npy is

the total number of independent design variables or parameters.

IThere are two different conventions for representing the control points in terms of their 4D coordinates
(z,y,z,w):
Homogeneous, in which the coordinates represent the point’s position in 4D space. Thus the point’s 3D
position is (xz/w,y/w, z/w).
Weighted Euclidean, in which the coordinates are already considered to have been divided through. Thus the
first three components (z, y, z) directly represent the point’s position in 3D space and the fourth w represents
its weight.
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4.3.4 Finite Element Meshing and Mapping

In a reference plane, the mesh for a stiffener is first generated in a separate routine that
creates stiffeners’” NURBS representations (Fig. —b)7 and then the mesh for the plate is
generated using an automatic mesh generation algorithm by adapting a DistMesh, a trian-
gulation algorithm, developed by [Persson and Strang (2004), with pre-generated stiffeners’
mesh points fixed during the plate meshing (Fig. ) The planar reference mesh for

the stiffened panel is mapped into a curved NURBS surface by using bilinear interpolation

(Fig. [4.4k).

The current scheme allows the stiffeners to penetrate each other, which makes the mesh-
ing scheme simpler though it changes local load paths. As seen in Fig. [£.4] cut-outs are
allowed using DistMesh. After meshing, the MSC.NASTRAN/MATLAB interface is used
to automatically generate a NASTRAN input file for the stiffened panel optimization.

4.4 Numerical Studies on Optimal Blade Stiffened Panel

Designs

EBF3paneloptimization has been used for numerous examples of stiffened panel optimiza-
tion to confirm the important effects of the stiffeners’ orientation, spacing, location, and
curvature, etc., on the final/optimal design of a stiffened panel. The effects of intersection
of stiffeners are not specially considered but they are included in the curvature effects. Two
types of NASTRAN elements, CBAR and CQUAD4, are used to model blade stiffeners;
however, CQUAD4 elements are used in all examples in which we consider the offset and

the local buckling of a stiffener.

Both buckling and stress constraints (along with side constraints on design variables) are

considered during the optimization, but only the buckling constraint is active in almost all
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Figure 4.4: The meshing and mapping of a stiffened panel with a central hole.
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cases for the uniformly distributed low level loads. Therefore, only buckling load and modes
in final designs are shown in those cases. The default modified method of feasible directions
(VR&D, 1999; IMSC.Software, 2004; MSC.Software, 2005) is used unless it is mentioned
otherwise. Optimization parameters are preset and not optimized. While addressing the
relationship between the mass of an optimal design and the influencing factors, we only
show relevant results. The final designs are only shown in the form of geometry and/or
FEM 3D display, and design histories are selectively given when a special mention is desired.
In many cases, the convergence is very difficult to achieve without using a special scaling
technique to make design sensitivities comparable, and a maximum number of iterations (50
or 100) is usually met. Both the thickness of the unstiffened plate and the cross-sectional
sizes of stiffeners are taken as design variables, but uniform cross-section of a stiffener is
assumed unless mentioned otherwise. The offset of a stiffener is considered, and all the
in-plane loads are added along the mid-surface of the unstiffened plate. Note that in this
study all design points in the design space of placement design variables are results of sizing

optimizations.

4.4.1 Orientation Effects

Panels that have a grid of stiffeners with a prescribed uniform or non-uniform pattern,
such as isogrid or geodesically stiffened panels, are low-cost high-performance structures.
Therefore, we first investigate the stiffeners’ orientation effects on the optimal design of a
stiffened panel by using two stiffeners under pure shear. The geometry, load, boundary
conditions, material, and initial and bound values of designable sizes are shown in Fig. [4.5]
To exclude the influence of other factors on the results, only two orientations of straight
stiffeners are considered for brevity. In orientation I, the stiffeners’ mid-curves are along the
tensile direction of the stress field of the plate. The final design and the corresponding first
four buckling modes are given in Fig. [4.6] It can be seen that the two stiffeners do not give

good support for the plate to resist the buckling deformation and four buckling load factors
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Figure 4.5: Geometrical dimensions (a = 2.54m; b = 2.54m), pure shear loading (Qxy = 250kN/m),
and simply supported conditions of a blade stiffened panel. Both stiffeners and plate are made out
of aluminum. Initial size and bounds: ty = wp = 0.005m; hg = Swo; t, = wp, = [0.0001,0.1]m;
hy, = [0.0001, 0.5]m.

are relatively far apart.

In orientation II, the stiffeners’ mid-curves are in the compression direction of the stress
field of the plate. The corresponding results are shown in Fig. [£.7] It can be clearly seen
that the two stiffeners successfully support the plate and limit the buckling shapes within the
smaller panes. The first few lower buckling modes are more clustered together with closer

buckling loads. It implies that an optimal orientation is probably achieved there.

The panel mass decreases from 224kg in the case of orientation I (Fig. to 144kg in
the case of orientation II (Fig. [4.7). It is concluded that the orientation of a stiffener is an

important factor influencing the optimal design.
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(a) Optimal design: My, = 224kg.

Eigenvector Plot for Eigenvalue = 0.99361 Eigenvector Plot for Eigenvalue = 1.3745

Eigenvector Plot for Eigenvalue = 2.109 Eigenvector Plot for Eigenvalue = 2 3766

(b) First four buckling modes.

Figure 4.6: Effects of orientations of the stiffeners on the optimal designs. Orientation I: My, =
224kg.
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(a) Optimal design: My, = 144kg.

Eigenvector Plot for Eigenvalue = 0.99934 Eigenvector Plot for Eigenvalue = 11041

Eigenvector Plot for Eigenvalue = 1,1702 Eigenvector Plot for Eigenvalue = 12072

(b) First four buckling modes.

Figure 4.7: Effects of orientations of the stiffeners on the optimal designs. Orientation II: My, =
144kg.
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4.4.2 Spacing Effects

The same data are given in Fig. to study spacing effects. In fact, we first re-run the case
of orientation II under the previous topic of “Orientation Effects”, but using a less dense
mesh for stiffeners, and obtain almost identical final design, as seen in Fig. (Orientation
I) and Fig. (Spacing I). Then, we evenly place more stiffeners (with same less dense
mesh for stiffeners) along the same orientation, and reduce the spacing of stiffeners by half.
We observe a significant reduction of mass from 144kg for spacing I to 101kg for spacing
II, and smaller (local) buckling dimples are obtained through the reduction of the spacing.
Therefore, the spacing of stiffeners is another important factor influencing the optimal design.
Too large a spacing reduces a stiffened panel to act like an unstiffened panel, and too small

a spacing reduces it to act like an equivalent unstiffened plate with an increased thickness.

4.4.3 Location Effects

It is well known that placing stiffeners at wrong locations does not help support the plate;
it will only increase the total mass of the panel. To illustrate this, we copy the results of
Fig. (Spacing I) into Fig. (Location I), and locate the two stiffeners further apart as
shown in Fig. (Location II). We observe a large increase in mass from the original 144kg
to 186kg and two smaller buckling dimples appear between the two stiffeners and form a

larger local buckling dimple.

4.4.4 Curvature Effects

After we have studied the effects of orientation, spacing, and location placement of straight
stiffeners on the optimal designs of stiffened panels, we further proceed to investigate the

effects of the curvature of stiffeners on the optimal designs of panels. We can represent a
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Eigenvector Plot for Eigenvalue = 0.9941

(a) Spacing I: Optimal design, (b) Spacing I: First buckling mode.
Mipin = 144kg.

Eigenvector Plot for Eigenvalue = 1.0032

(c) Spacing II: Optimal design, (d) Spacing II: First buckling mode.
Myin = 101kg.

Figure 4.8: Effects of spacing of the stiffeners on the optimal designs. Spacing II: My, = 101kg.
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Eigenvector Plot for Eigenvalue = 0.9941

(a) Location I: Optimal design, (b) Location I: First buckling mode.
Min = 144kg.

Eigenvector Plot for Eigenvalue = 1.0003

(¢) Location II: Optimal design, (d) Location II: First buckling mode.
Muin = 186kg.

Figure 4.9: Effects of location of the stiffeners on the optimal designs. Location I: My, = 144kg;
Location II: My,;, = 186kg.
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curved stiffener as an infinite number of inter-connected and intersected infinitesimal straight

stiffeners.

Pure shearing

We first investigate the curvature effect on the final design of a stiffened panel under pure
shear. Refer to Fig. for planar dimensions, load and boundary conditions, etc. The two
stiffeners are initially straight. Considering the symmetry, we use one design parameter «

to control the motions of the mid-control points of both stiffeners’ NURBS curves. Refer to

Fig. and Eq. (4.23))-Eq. (4.26) for initial control points and moving directions.

5.5 9.5 s s
2:2 22 —cos & cos T
1 1 1 1
Xy = E X5 = i d'=d; = ; and d*=di=
95 53 sin X —sinZ
15 15 4 4
(4.26)

Figures shows the final designs and corresponding buckling modes for parameter
a = -0.3, 0.0, and 0.8, respectively. It shows that though a bad placement of curvilinear
stiffeners, refer, e.g. to Fig. 4.11] ( @ = —0.3), may not reduce the mass compared to a
placement of straight stiffeners, refer, e.g. to Fig. [4.12| ( @ = 0.0), a good placement of
curved stiffeners, refer, e.g. to Fig. 4.13| (« = 0.8), may significantly reduce the mass. A
diagram of minimum mass (Mp;,) vs. shape design parameter («) is shown in Fig. |4.14]
It can be seen that the global optimum is achieved around o = 0.8, which corresponds
to curvilinear placed stiffeners (Fig. , though a local minimum corresponds to straight
stiffeners at o = 0.0 (Fig.[4.12)). It is evident that the curvature of a stiffener has a significant
influence on the optimal design of a stiffened panel, though a curved stiffener is not always
advantageous over a straight one. It also should be noticed that for placement optimization

of stiffeners, one needs to consider multiple minima problems.
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Figure 4.10: One design parameter o controls the motions of two mid control points x! and x?
starting from x3 and x2 and by ad! and ad? for stiffeners 1 and 2, respectively.

Bi-normal loading - two stiffeners

We now investigate the curvature effect on the optimal design of a stiffened panel under a
bi-normal loading. Fig. [4.15] gives planar dimensions, load and boundary conditions, etc.
The two stiffeners are initially straight and located very close to the upper/lower boundary
edges of the panel (location I). Considering the symmetry, we use one design parameter to

control the motions of two mid control points of both stiffeners” NURBS curves, as shown

in Fig. and given by Eq. (4.27)).

Figure shows the optimal design and first buckling mode for each of the three
placements of the two stiffeners. The first case shows that the pairs of stiffeners are badly
placed initially, and they cannot effectively support the plate, therefore they almost vanish
after optimization. However, from Fig. 4.1§| it is seen that a minimum is approximately

achieved when the design parameter a = 1.6, where stiffeners jointly provide a better support
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(a) Optimal design: My, = 240kg.

Eigenvector Plot for Eigenvalue = 0.98871 Eigenvector Plot for Eigenvalue = 1.3461

Ay,
e ol

Eigenvector Plot for Eigenvalue = 2.5993 Eigenvector Plot for Eigenvalue = 2.622

(b) First four buckling modes.

Figure 4.11: Effects of curvature of the stiffeners on the optimal designs. a = —0.3: M, = 240kg.
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(a) Optimal design: My, = 220kg.

Eigenvector Plot for Eigenvalue = 0.99361 Eigenvector Plot for Eigenvalue = 1.3745

Eigenvector Plot for Eigenvalue = 2.3766

(b) First four buckling modes.

Figure 4.12: Effects of curvature of the stiffeners on the optimal designs. o = 0.0: My, = 220kg.
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(a) Optimal design: My, = 178kg.

Eigenvector Plot for Eigenvalue = 0.99325 Eigenvector Plot for Eigenvalue = 1.0796

Eigenvector Plot for Eigenvalue = 1.1385 Eigenvector Plot for Eigenvalue = 1.2613

(b) First four buckling modes.

Figure 4.13: Effects of curvature of the stiffeners on the optimal designs. o = 0.8: Mpi, = 178kg.
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Minimum Mass vs. Shape Design Parametera (Pure Shearing)
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Number of maximum iterations: 50
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N Number of maximum iterations: 100
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Figure 4.14: Diagram of minimum mass vs. shape design parameter «. Two minima are found.
One corresponds to straight stiffeners at about o = 0.0 with minimum mass My, = 220kg. The
global optimal shape corresponds to curvilinear stiffeners at about o = 0.8 with a minimum mass
Mnin = 178kg, which is the minimum of the two minima.

and form a smaller buckling shape in the domain between the two stiffeners.

7.5 7.5 s T
- - COS 5 COS 5
X(l) — 15 : Xg — 15 : dl — dl — 2 : and d2 — d2 — 2
1 14 T AT
15 5 Sin bl Sin 3

(4.27)
Now, let the two initially straight stiffeners move close to each other as shown in Fig. |4.19
(location II). We then make a similar thorough line search to obtain the diagram of minimum
mass vs. shape design parameter «, as shown in Fig. [4.20, We again observe three local
minima for the curvilinear placement of stiffeners. The global minimum is found at o = 0.10

with a minimum mass M,;, = 197kg, which is the minimum of all three minima (compared
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Figure 4.15: Geometrical dimensions (¢ = 2.54m; b = 2.54m), bi-normal loading (Nyx =
250kN/m; Ny = 0.2Ny), and simply-supported conditions of a blade stiffened panel. Both stiff-
eners and plate are made out of aluminum. Initial size and bounds: ty = wy = 0.005m; hy = bwo;
ty, = wp = [0.0001, 0.1]m; Ay, = [0.0001, 0.5]m.

with straight stiffeners at o = 0.0 with M,,;, = 205kg).

For location III, let the two initially straight stiffeners move closer to each other so that
the two stiffeners are evenly placed as shown in Fig. Now, we make a similar thorough
line search to obtain the diagram of minimum mass vs. shape design parameter «, as shown
in Fig. [£.22] We again observe three local minima for the generally curvilinear placement of
stiffeners. The global minimum is found to be straight stiffeners at a = 0.0 with a minimum

mass My, = 185kg, which is the minimum of all three minima.

In this series of examples, we see that for fixed ends of stiffeners, curved stiffeners may
better support the plate than straight stiffeners. That straight stiffeners sometimes are

better is only a special case, just like a straight line is a special case of curves.
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Figure 4.16: Location 1: The end points of the two stiffeners are close to the upper/lower edges of
the panel and 13/15b apart from each other. One design parameter « controls the motions of two
mid control points x! and x2 starting from x§ and x2 and by a;d! and apd? for stiffeners 1 and
2, respectively.

Bi-normal loading - four stiffeners: convergence study

Refer to Fig. for planar dimensions, load (except that Ny = Ny) and boundary con-
ditions, etc., with four initially straight and evenly placed stiffeners as shown in Fig. 4.23|
Considering the symmetry, we use one design parameter to control the motions of the mid
control points of the four stiffeners’ NURBS curves. We use the thorough line search to get
two sets of results to show the benefit of using scaling of the design variable and the scaling
and shifting for responses as techniques to overcome the convergence problem. Figure [4.24
shows a comparison of the diagrams of minimum mass vs. shape design parameter as well
as the numbers of design iterations required to converge. It is observed that in much of the
design space, the optima of sizing optimizations are close to each other before and after the
improvement of the convergence. In some regions, however, the optima obtained are obvi-
ously different. Generally speaking, after the improvement of the convergence, the minimum
mass is reduced and the number of the iterations is reduced by about 50%. Figure [4.25

shows the optimal shapes obtained before and after the improvement of the convergence.
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Eigenvector Plot for Eigenvalue = 1.0027

(a) a = 0.0: Optimal design, My, = (b) o = 0.0: First buckling mode.
344kg.

Eigenvector Plot for Eigenvalue = 0.98405

o

T AT AT
S
VavAvATATA!

(¢) @ =0.9: Optimal design, My, = (d) @ = 0.9: First buckling mode.
245kg.

Eigenvector Plot for Eigenvalue = 0.99032

(e) a = 1.6: Optimal design, My = (f) @ = 1.6: First buckling mode.
235keg.

Figure 4.17: Location I: effects of curvature of the stiffeners on the optimal designs.
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Minimum Mass vs. Shape Design Parametera (Bi-normal Loading)
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Figure 4.18: Location I: Diagram of minimum mass vs. shape design parameter . The global
optimal shape is achieved at about a = 1.60 with a minimum mass My, = 245kg. The maximum
number of iterations for size optimization is set to be 50 and 100.

Figure [4.26| shows the first four buckling modes of the optimal shapes obtained before and
after the improvement of the convergence. Figure show the comparison of the design

histories for the optimal shapes before and after the improvement of the convergence.

Bi-normal loading - four stiffeners with a central hole

We have observed that in the case of uniform load and displacement boundary conditions
and evenly placed stiffeners, traditional straight stiffeners sometimes give a better design
than curved stiffeners. However, a disturbance to the uniformity of the boundary conditions

or plate itself may change the above conclusion. For example, after an inclusion of a cutout
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Figure 4.19: Location II: The end points of the two stiffeners are close to the upper/lower edges of
the panel and 7/15b apart from each other. One design parameter a controls the motions of two
mid control points x! and x? starting from x§ and x3 and by a;d! and apd? for stiffeners 1 and

2, respectively. Also see Fig.

in the plate, curved stiffeners may give a better design than the straight stiffeners.

We now investigate how an inclusion of a hole of radius 0.3m affects the optimal place-
ment /shape design of stiffeners under a bi-normal loading. Refer to Fig. m for planar
dimensions, load (except that Ny = 0.5/Ny) and boundary conditions, etc., but with four
initially straight and evenly placed stiffeners as shown in Fig. Again, we use one design
parameter « to control the motions of the mid control points of the four stiffeners” NURBS

curves.

For comparison, we use the thorough line search to get the relationship between the
minimum mass from sizing and the shape design parameter « for both the case without a
hole and the case with a central hole (Fig. |4.29)). For the case without a hole, we find the
global minimum at o = 0.0 with My;, = 190kg, which corresponds to straight stiffeners.
For the case with the central hole of radius 0.3m, however, we find the global minimum at
a = 0.0725 with M,;, = 182kg, which corresponds to curved stiffeners. Figures
and show the effect of a central hole of radius 0.3m on the optimal shape design of
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Minimum Mass vs. Shape Design Parametera (Bi-normal Loading)
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Figure 4.20: Location II: Diagram of minimum mass vs. shape design parameter «. The global
optimal shape is achieved at about o = 0.10 with a minimum mass My, = 197kg (compared
with straight stiffeners o = 0.0 with My, = 205kg). The maximum number of iterations for size
optimization is set to be 100.

stiffeners.

It is observed that even though the loading is uniformly distributed, evenly placed straight

stiffeners are not necessarily best designs.

Complex in-plane loading: bi-normal and shear loading

We finally use two shape design parameters to investigate the curvature effect on the final
design of a stiffened panel under a complex in-plane load: bi-normal and shear loading.

Refer to Fig. for planar dimensions, load and boundary conditions, etc. Though the
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Figure 4.21: Location III: The end points of the two stiffeners are close to the upper/lower edges of
the panel and 5/15b apart from each other. One design parameter « controls the motions of two
mid control points x! and x?2 starting from x§ and x2 and by a;d! and aed? for stiffeners 1 and

2, respectively. Also see Fig.

loading is unsymmetrical, we retain a symmetric design with four initially straight stiffeners
to simplify the conceptual study at hand. We use design parameter o, to control the shapes
of mid-curves of the two stiffeners that are originally straight and evenly placed in the X -
direction, and use design parameter ay to control the shapes of mid-curves of the two other

stiffeners that are also originally straight and evenly placed in the Y-direction. Refer to

Fig. and Eqs. (4.28) and (4.29)).

5 5 5 10
15 15 15 5
X)) = ;oxo = ;oXp = ; and xp = (4.28)
5 10 5 .5
15 15 15 15
™ s
cos % cos % cos 0 cos T
2 2
dj = ;odi = ;odi = ; and dj = (4.29)
sin 7 —sin % sin 0 sin

2
As we are not performing an automatic placement optimization at this time, the two-
parameters problem can be handled manually by dividing the interested square domain

space by 11 x 11 grid points in the design space as shown in Fig. 4.35l We start from
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Minimum Mass vs. Shape Design Parametera (Bi-normal Loading)
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Figure 4.22: Location 3: Diagram of minimum mass vs. shape design parameter . The global
optimal shape is achieved at about o = 0.0 with a minimum mass M, = 185kg. The maximum
number of iterations for size optimization is set to be 100.

the placement of straight stiffeners, i.e., a; = as = 0, as it is conventionally viewed as a
potentially optimal placement for uniformly distributed loadings along the edges. We then
vary the design point in the neighborhood and see if there is any reduction in the total mass.
It happens that the initially straight stiffeners are a local optimal design (the dark square
point inside the circle nearby the left-bottom corner in Fig. |4.35)).

By intuition, we start from another design point, which represents a curvilinear placement
of the stiffeners. By searching around using the “gradient” information of mass reduction or
increase, we locate another local minimum design, i.e., around oy = 0.7 and ay = 1.3 (the

dark square point inside the circle near the right-top corner in Fig. 4.35)). Figure shows
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Figure 4.23: One design parameter « controls the shapes of the NURBS curves of four stiffeners,
which are initially straight (o = 0.0) and evenly spaced.

the final designs of the two local minima for the two-parameters case. Although both are
local minima, the curvilinear placement of the stiffeners has a lower mass (M, = 179kg)
than the straight one (M, = 187kg). Figure show the first four buckling modes of the

two minima, respectively.
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Minimum Mass vs. Shape Design Parametera (Bi-normal Loading)
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Figure 4.24: A comparison of diagrams of minimum mass vs. shape design parameter a before
and after the improvement of the convergence. After the improvement of the convergence, three
local minima are found. One corresponds to straight stiffeners at about o = 0.0 with a minimum
mass Mpyin = 213kg which is also the global minimum. The other two local minima correspond
to curvilinear stiffeners at about o = 0.275 with a minimum mass My, = 223kg, and at about
a = 0.875 with a minimum mass My, = 235kg.

4.5 Conclusions and Future Work

This chapter presents many numerical results from a study on unitized panels with straight
and curvilinear stiffeners. An integrated approach to achieve optimal design of stiffened
panels under various practical requirements is adopted in the MATLAB environment. The
codes with several capabilities, such as NURBS (for geometric model), DistMesh (for mesh
generation), 3D display (for visualization of the stiffened panel), and MSC.NASTRAN, are

used as subroutines or subprograms.
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Eigenvector Plot for Eigenvalue = 0.9995 Eigenvector Plot for Eigenvalue = 1.1683

Eigenvector Plot for Eigenvalue = 1.3573 Eigenvector Plot for Eigenvalue = 1.3995

(a) Before the improvement of the convergence.

Eigenvector Plot for Eigenvalue = 1.0014 Eigenvector Plot for Eigenvalue = 1.0138

Eigenvector Plot for Eigenvalue = 1.1103 Eigenvector Plot for Eigenvalue = 1.1777

(b) After the improvement of the convergence.

Figure 4.26: A comparison of the first four buckling modes before and after the improvement of the
convergence.
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Figure 4.27: A comparison of the design histories before and after the improvement of the conver-
gence.
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Figure 4.28: One design parameter « controls the shapes of the NURBS curves of four stiffeners,
which are initially straight (o = 0.0) and evenly spaced.

Numerical studies on optimal stiffened panel designs are made to investigate the effects of

certain factors, such as orientation, spacing, location, and curvature, on the optimal designs.

We observe that a curvilinear placement of stiffeners sometimes gives a better design
than straight stiffeners. A curvilinear placement of stiffeners is equivalent to an orientation,
spacing, location, and intersection placement of infinitesimal straight stiffeners. It also plays

a role in topology optimization due to the change of stiffeners’ intersections.

Therefore, it is necessary to perform an automatic placement optimization of generally
curvilinear stiffened panels and use global optimization techniques to find the best design

among multiple local optima, which are common for optimal designs of stiffened panels.
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Minimum Mass vs. Shape Design Parametera (Bi-normal Loading)
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Figure 4.29: Variation of minimum mass vs. shape design parameter . The global optimal shape
is achieved at about o = 0.0 with a minimum mass My, = 190kg. An inclusion of a central hole
of radius 0.3m results in curvilinear stiffeners as the global optimal placement, achieved at about
a = —0.0725 with a minimum mass My, = 182kg.
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(a) Before the inclusion of the central cutout — global minimum: « = 0.0; My, = 190kg;
optimal shape: straight stiffeners.
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(b) After the inclusion of the central cutout — global minimum: a = 0.0725; M, = 182kg;
optimal shape: curved stiffeners.

Figure 4.30: A comparison of optimal designs before and after the inclusion of the central cutout
of radius 0.3m.
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Eigenvector Plot for Eigenvalue = 1.0007 Eigenvector Plot for Eigenvalue = 1.0469

(a) Before the inclusion of the central cutout.

Eigenvector Plot for Eigenvalue = 1.0734

Eigenvector Plot for Eigenvalue = 1.0014

Eigenvector Plot for Eigenvalue = 1.1376 Eigenvector Plot for Eigenvalue = 1.1588

(b) After the inclusion of the central cutout.

Figure 4.31: A comparison of first four buckling modes before and after the inclusion of the central

cutout of radius 0.3m.
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(b) After the inclusion of the central cutout.

Figure 4.32: A comparison of design histories before and after the inclusion of the central cutout of
radius 0.3m.
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Figure 4.33: Geometrical dimensions (a = 2.54m; b = 2.54m), bi-normal and shear loading (Nyx =
250kN/m; Ny = 0.2Ny; Qxy = 0.5Ny; P, = 0), and simply supported conditions of a blade
stiffened panel. Both stiffeners and plate are made out of aluminum. Initial size and bounds:
to = wo = 0.005m; hg = 5wo; ty = wy = [0.0001,0.1]m; Ay, = [0.0001, 0.5]m.

Figure 4.34: Design parameter o controls the motions of two mid control points x! and x? starting
from x3 and x2 by a1d} and a;d? for stiffeners 1 and 2, respectively. Design parameter as controls
the motions of two mid control points x3 and x* starting from x3 and x3 by a2d3 and asdj for

stiffeners 3 and 4, respectively.
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Figure 4.35: Design space of two design parameters: a3 = X and as = Y, with corresponding
minimum mass: My, = Z. Two local minima are found as shown as the dark squares inside the
circles from 17 discrete points on the 11 x 11 grids. The maximum number of iterations for size
optimization is set to be 100.
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(a) Minimum 1 at o3 = 0.0 and as = 0.0. Minimum mass: My, =
187ke

(b) Minimum 2 at a3 = 0.7 and as = 1.3. Minimum mass: My, =
179kg

Figure 4.36: Two local minima vs. two design parameters.
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Eigenvector Plot for Eigenvalue = 0.99391 Eigenvector Plot for Eigenvalue = 10317

Eigenvector Flot for Eigenvalue = 1,1021 Eigenvector Plot for Eigenvalue = 1.1241

(a) First four buckling modes for minimum 1 at a; = 0.0 and s = 0.0
- straight stiffeners

Eigenvector Plot for Eigenvalue = 0.99268 Eigenvector Plot for Eigenvalue = 10185

Eigenvector Plot for Eigenvalue = 1.0469 Eigervector Plat for Eigenvalus = 1.2065

(b) First four buckling modes for minimum 2 at oy = 0.7 and ag = 1.2
- curved stiffeners

Figure 4.37: First four buckling modes for minimum 1 and minimum 2.



Chapter 5
Summary and Conclusions

This dissertation dealt with some inverse problems in structural mechanics, searching for
causes of observed or desired effects where some regularizations are usually needed to handle

the common ill-posed conditions.
Three application fields are covered in this work.

The first one is load updating for finite element models, where boundary displacements
or strains are assumed given from a noise-free measurement and least squares fitting is used
to identify load parameters. Therefore, the ill-conditioned problem itself is classified as one

with non-unique solutions or high condition number.

The formulation of the load updating is first made for geometrically linear and nonlinear
finite element models of beams or frames by using a previously developed four-noded curved
beam element. For the purpose of basic studies, the unknown applied load within an element
is represented by a linear combination of integrated Legendre polynomials, the coefficients of
which are the parameters to be extracted using assumed measured displacements or strains.
The inverse problem is formulated as an expanded Least Squares solution problem where the
difference between the calculated and measured displacements or strains is minimized, with
some intuitive Tikhonov-type regularization terms for enforcing C° continuity and smooth-
ing for the extracted load. The limited memory variable metric optimizer L-BFGS-B is used
to solve the ill-conditioned least squares problem. The benefits of regularization using the
four-noded beam element, polynomials of lower order for load representation, using relative

measurement data, richer measured data, smoothing, and enforcing C° continuity are to
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change the underdetermined problem to an overdetermined one. The basic idea is to over-
come the ill-posedness of the identification problem by reducing the relative model order or

the relative number of unknown variables of the system for given precision.

An extended work (Li and Kapania, 2004) is also made for general finite element models
based on MSC.NASTRAN where both plate and solid structures can be handled. The
reduced number of the unknown load parameters is used to regularize the ill-conditioned load
updating problem, and the parametrization of load is made crossing the element boundary

by using NURBS (Non-uniform Rational B-Splines) to represent the load distribution.

The present conclusions may be applied to the measurement based load updating for
general finite element models when the measured data are pre-smoothed or the noise in the

data is pre-filtered out.

The second problem is the placement optimization of a spatially distributed sensing
fiber optic sensor for a smart bed using a Genetic Algorithms (GA), where the sensor per-
formance is maximized subjected to constraints on the length of the optical fiber and its
maximum initial curvature. The sensor performance function is simplified as the full length
integration of the absolute curvature change due to the spatial perturbation from a subject’s
movement. The problem of the placement of an infinite number of infinitesimal sensing fiber
segments is replaced by the problem of the placement of a finite number of the control points

since the fiber optic cable is represented by a NURBS curve.

Due to the common problem of multiple solutions for the placement of sensors, a simple
binary-coded Genetic Algorithm (GA) is used for the placement of this distributed sensing
fiber optic sensor as an illustration to use a GA for a NURBS design. The fitness function of
the GA is defined in the sense of the exact penalty function method, where the length and

maximum initial curvature of the fiber curve are limited by prescribed upper bounds.

A Java tool is developed as an interactive research and design tool for the fiber optic
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sensor using GAs.

Two simple examples were given for the placement optimization of the distributed sensing
optical fiber for an integrated smart bed. The first example had 6 control points of the
NURBS curve for the sensing fiber curve of 2m. The spatial perturbation to the mattress
and the sensing fiber was from perturbating a control point of the NURBS for the mattress
surface. The second example had 25 control points for the sensing fiber’s NURBS curve of
4m. The mattress deformation and its perturbation were calculated using MSC.NASTRAN
under a given body pressure and its perturbation. The smart bed was modeled as an elastic
mattress core, ignoring effects of both the flexible mattress cover and the sensing optical
fiber. This made it possible to perform only a single FEA to obtain the mattress surface
deformation for the placement optimization of the sensor, which is important for using a GA
that needs a large number of generations. Both examples gave updated placements of the

sensors with improved sensor performance.

The further work includes the considerations of (1) using real-valued coded GA with a
special treatment for constraints, (2) the variation of the body pressure distribution, (3)
the multiple loadings and multiple constraints, and (4) the large initial deformation of the

mattress.

Though the specific example is for clinical use, the distributed sensing fiber optic sen-
sor and associated placement methodology can also be used in pilot/passenger seats and
structures for flight vehicles. The other potential use is the placement of Fiber Bragg Grat-
ing (FBG) sensors for health monitoring structures in both aerospace engineering and civil

engineering.

The third problem is the size and placement optimization on unitized panels with

straight and curvilinear stiffeners, subject to buckling and stress constraints.

The present work uses NURBS for the panel and stiffener representation. The mesh for
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the panel is generated using an automatic mesh generation algorithm by adapting DistMesh,
a triangulation algorithm, while the mesh for stiffeners is pre-generated and fixed. An in-
terface between NASTRAN and MATLAB is developed to automatically transfer the data
between the analysis and optimization processes, respectively. An integrated approach to
achieve optimal design of stiffened panels under various practical requirements is adopted in
the MATLAB environment. The codes with several capabilities, such as NURBS (for geo-
metric model), DistMesh (for mesh generation), 3D display (for visualization of the stiffened
panel), and MSC.NASTRAN, are used as subroutines or subprograms. The collection of
those codes is called EBF3paneloptimization.

The optimization consists of minimizing the weight of the stiffened panel, with design
variables being the thickness of the plate and height and width of the stiffener as well as
the placement of the stiffeners, subject to buckling and stress constraints under in-plane and

out-of-plane loads.

Numerical studies on optimal stiffened panel designs are performed to investigate the
effects of certain factors, such as orientation, spacing, location, and curvature, on the optimal

designs.

We observe that a curvilinear placement of stiffeners sometimes gives a slightly better
design than straight stiffeners. A curvilinear placement of stiffeners is equivalent to an
orientation, spacing, location, and intersection placement of infinitesimal straight stiffeners.

It also plays a role in topology optimization due to the change of stiffeners’ intersections.

Numerical results also show that the stiffened panel optimization is an ill-posed inverse
problem with slow convergence due to a large condition-number of the Hessian for the objec-
tive function. The simplified scaling of the design variables, and the scaling and shifting of
the objective and constraints, are used as techniques to overcome the slow convergence prob-
lem. Besides, the non-uniqueness of the optimal designs and a need for a global optimization

are also illustrated.
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Future work could include the automation of the placement optimization of the stiffeners,
more practical types of stiffeners, as well as more practical design objectives and constraints,

such as vibration frequencies, acoustic power /pressure, and panel flutter.

The outcome of the present research and the code EBF3paneloptimization are being used

for trade-off study of some panel designs used for EBF3 research.



Appendix A

Legendre Polynomials

Let a =0,1,--- ,N¢

1 a~

Lo(z) = Sag %(332 —1)°

be the a-th Legendre polynomial, and
Lo(z) = %C/ Ly(x)dx for a>2
—1

be the a-th integrated Legendre polynomial with

_ [(2a—3)(2a—1)(2a +1)
Jo = \/ 1

By definition,

~ 1+«
Lo(x) = 5
~ 11—z
Li(z) = 5
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The properties

Lo(z) = 2aa_1xLa_1(x)—a_1La_2(m); (Lo(z) =1, Li(z)=x)
/_1La(x)L3(x)dx = 5a62042+l

Fule) = \/ ot B Lafe)  La-alo)

Lo(=1) = 0

L,(1) = 0

(A.5)

are true for o > 2.

In the integral, all powers lower than n of the Legendre polynomial yield zero when

integrated against the cosine (because of the orthogonality of the cosines.)



Appendix B
Load Coeflicient Matrix at the
Element Level

In general, for our geometrically nonlinear FEM for the 3-D case, we can start with the

state equation of a nonlinear structural system (Kapania and Li, 2003a):

R(a,c,\) = qint(a) — Agexto(a, c) = 0. (B.1)

where R is the residual vector, q;,; the nodal internal force vector, qexo the nodal external
load vector calculated at the applied load level, A the proportional nodal loading factor,
a = a(c,\) the nodal displacement vector, and c the load (force) coefficient vector: iy
and qexto are summed from the nodal internal and external load vectors contributed by an

element e € [1, Neyy):

[ [
Qint1 Qexto1
e _ € —
Qing = qfnt Ie and Qexto = qutOI e (BQ)
node node
e e
_qintNre;ode_ _letONr?ode_
respectively, where
Pe
e o intlIp
Qincre . = e (B.3)
M¢_ ..
lnt”Inode
where
1
e e
Piure = Nre,,endg (B.4)
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and

node

1
ant[c - / (Nfrelode’gme o NIEode Qb?sne)dg (B5)
0

are the nodal internal force and moment vectors at node I¢

4 contributed by element e,

respectively; and

e ]':)gxtOIe
Qextore, . = . node (B.6)
Mext(]]ﬁode
where
1 —
gXto}'ﬁode - /0 N]I?ode [Ng + N’fl Sin(de7 308,5) + AeNp] jedé
1
= / Nre, W+ Ngsin(d®, ¢f ) + N7|T°d¢ (B.7)
0
and
1V[:Xt01e = 0 (BS)

node

are the nodal external force and zero moment vectors at node IS ;. contributed by the

distributed force acting on element e at the applied load level, respectively.

Assume that
Ni = ckP.(&) (B.9)

where P, are the basis functions, taken to be the integrated Legendre polynomials; o =
1,2,--- , N¢ (summation convention holds for a) with N¢ as the number of basis functions
considered for each element, and ¢! are the load (force) coefficient vectors for each element,
and the subscript [ = g, d, p identifies the load type, i.e., the self-weight load, snow load, and

pressure load, respectively (for [ = p, the material form N ; is used instead of the spatial

form N7).



B. LOAD COEFFICIENT MATRIX AT THE ELEMENT LEVEL 128

Now let’s consider the dependency of the three components of the force coefficient vector,
e.g. c¢. We know from Eq. that ¢! determine both the direction and the amplitude

of the external force distribution over an element. We consider three cases:

1). The 1-D case, i.e., the direction of ¢/ is given over the element by the vector d%:
cle = gle dle (B.10)

2). The 2-D case, i.e., the plane of ¢/ is same over all a and given by the vectors d{¢ and
dl:
cle = gle dle + 2le dlf (B.11)

3). The more general 3-D case, i.e., the direction of ¢, is unknown:
cle = gle d) + 2k dl) + ol db (B.12)

where d\ = e; for [ =g,d (self-weight load and snow load); d} =t; for [ =p (pressure
load).

Collectively, we can combine the three cases into one form:

cle = D*x% (B.13)
where Xle are called independent force coefficient vectors.
Therefore,
Pl = / Npo, € Pal&) + P (€1) sin(de, 5.,) + A“ch P,&)]T°dE (B.14)

The variations with respect to load (force) coefficient vectors:

5 lDextO[e

node

_ ge ge de de pe pe
- Fclgodea(sca +FcI§Odea5Ca +Fcl§0deaéca <B15>
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where, noticing that I3 denotes the identity tensor of order two,

1
P = / LN Po(6) T
0

node

node

1
Fd, = / I3Npe  Po(&)sin(d®, ¢f ) 7°dE
0

1
Fie o = /AeNIgodePa(fl)jedf (B.16)
0

node

For a single node of an element,

€ — L ge ge rde de I- pe pe
Oclexiore,, = Fere o0CH +Fepe 060"+ Fope 0cg (B.17)
where
leIe
I le J— c nodea
Fclﬁodea - 0 (B18)

For a single element e with N¢, . nodes contributed by load type [, noticing Eq. (B.13]),

node

le _ mleg. le
5quxt0 - Fc 6C

= Flocl (B.19)

le _ mlegsle
55quxt0 - Fx 5X

= ]?‘ifaéxff
= FleDleoxle (B.20)
where
Fls, oy’
Fie= [Pl . Fly |, B =FiDe Fi=| |, and 0x“=

Lle le
Fiye o OX e

node



Appendix C

The Derivatives of the Displacements
with Respective to Load Coefficient
Vector

In the linearized incremental form, the state equation can be written as

R+AR=0 (C.1)

and

AR = A,R+A,R+ AR
= R,Aa+RAx+ R A\ (C.2)

where the linearized increment operator A has been decomposed into three parts: the lin-
earized increment A, due to a change in a, linearized increment A, (or A.) due to a change
in x (or c), and linearized increment A, due to a change in A. The Jacobians R ,, R,
and R, are the partial derivatives of the residual R with respect to the state vector a, load

design vector x, and load factor A, respectively:

R,a = R,a<aa X, /\) = Qint,a — /\qextO,a (CS)
R1C = R,X(a7 X, )‘) = Qint,x — )\qextO,x = _/\qextO,x (04)

and
R,)\ = R,)\(a7 X) = —(Qext0 (CE))

130



C. THE DERIVATIVES OF THE DISPLACEMENTS WITH RESPECT TO LOAD
COEFFICIENT VECTOR 151

Also, R , is known as the tangential stiffness matrix of the system:

KT = KT(a, X, /\) = Ra (06)

)

which is nonsymmetric for a general loading case, e.g. when the pressure load is considered.

Therefore, we can write the augmented linearized incremental state equation as

R+ RaAa+ R,Ax + R,AN =0 (C.7)

The residual vector vanishes at the equilibrium for given load factor A:

R=0 (C.8)

Thus, we have the augmented linearized incremental state equation at equilibrium:

KrAa+ R Ax = 0 (C.9)

or
KTAa — )\qextO,xAX =0 (ClO)

or
Ax = )\K%lqextﬂ,x (Cll)

where a x is the sensitivity of displacement vector with respect to the load design vector x and

Qextox 15 the global force coefficient matrix, which is obtained by the assembling operation

using the relations given in Eqs. (B.154B.21)).



Appendix D
The Derivatives of the Strains with
Respect to Load Coefficient Vector

For the translational strain vector in the material form, one has, noticing Section 3.3 of

Kapania and Li (2003a)),

Ag = €,,A7,
= At(Am‘P,gl + @ Arw)
= At[(‘P,&),xa + ()b,flw,ma]AIa
= (€ ®@t)[(@g)ra + P, WaaAZa

= {t; - [(Pe)aa + P WadlejAza (D.1)
For the bending strain vector in the material form, one has

AR = Ky Az,
= AtAfol
- At(w’£1>7xa A'Ia

= [tj (We)aalejA7, (D.2)
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For the position vector of the mid-curve of the deformed beam, one has

Agp = @, Az,
= Ay(pg+u)
= Ao+ ALu
= A,u
= u, Az, (D.3)

Ax(P7§1 = (¢7£1),IQA$Q

= (Pa.) D24 (D.4)
For the incremental rotation vector, one has
Aw = w, Ax, (D.5)
and
AWy = (Wg )z Ay
= (Wa,)eAr, (D.6)
At the element level,
(90,651),1?& = NI,§1 Qoia:a = NI,flui,a:a (D7)
erwoz = NIW?,Z'O, (Dg)
(W,e§1>7$a = NI,&IWixa (D9>

where N; = N;(&) is the Lagrangian interpolation function of node I.
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