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Abstract

Cables are integral components of modern engineering systems, serving functions that range
from transmitting electrical signals to bearing mechanical loads. Their widespread use in aerospace,
automotive, civil, and marine applications has made it increasingly important to understand
and predict their dynamic influence on host structures. In lightweight spacecraft components,
where cables may account for a significant portion of the total mass, inaccurate modeling of
cable-structure interactions can compromise control strategies and system reliability. This the-
sis advances the analytical modeling of cable-harnessed structures and explores optimal cable
placement strategies that minimize their dynamic impact, thereby supporting the development
of robust control frameworks for aerospace systems and beyond. The thesis can be classified as
having two main areas of focus.

The first area focuses on plate structures and the identification of optimal cable wrapping
configurations that minimize the dynamic influence of cables on their host plates. An analytical
homogenization-based framework is employed to evaluate zigzag and diagonal wrapping pat-
terns, with configurations ranked according to how closely their frequency response functions
align with those of bare plates. A detailed parametric study reveals specific wrapping geome-
tries that yield negligible dynamic impact, offering practical strategies for simplifying structural
models. These analytical predictions are validated through finite element simulations and exper-
imental modal testing on fabricated specimens, confirming that certain cable arrangements can
be implemented without significantly altering the host plate’s vibrational behavior. The com-
bined analytical and experimental results provide a foundation for cable placement strategies
that reduce modeling complexity and enhance vibration control in plate-like structures.

The second area introduces the continuum modeling of cable-harnessed cylindrical shell
structures. Building on prior work for beams and plates, analytical formulations are derived for
shells with cables oriented axially and circumferentially. Using an energy-equivalence homog-
enization approach, coupled partial differential equations are obtained to describe the dynamic
behavior of these systems. Parametric studies are conducted to assess the influence of cable
orientation and geometric parameters, with results compared against finite element simulations
to verify model fidelity. The findings demonstrate that circumferential cable placement exerts a
significantly greater dynamic impact on the host shell than axial placement. This comparative
insight highlights the critical role of cable orientation in shell dynamics and establishes a contin-
uum modeling framework that can be extended to more complex cable-harnessed structures.
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Chapter 1

Introduction

1.1 Motivation

Cables have long been integral to contemporary engineering systems, serving diverse roles from
transmitting electrical signals to bearing mechanical loads in structural applications. Their ubiq-
uity spans sectors such as civil infrastructure, marine engineering, and aerospace technology. In
aerospace systems in particular, wiring harnesses are extensive: commercial aircraft can contain
up to 500 km of cabling distributed throughout the fuselage and control surfaces, while satel-
lites often incorporate tens to hundreds of meters of wiring routed across lightweight panels and
enclosures. Broadly, cable integration into structures occurs in two manners: either anchored
at both ends and allowed to vibrate independently, or distributed along a host structure where
both the cable and the supporting body respond collectively to dynamic inputs. The latter con-
�guration is particularly relevant in aerospace and automotive systems, where cables are often
routed across lightweight panels or enclosures as illustrated in Fig. 1.1 for a spacecraft struc-
ture. In such cases, the dynamic response of the host structure is signi�cantly in�uenced by the
cable layout and attachment scheme. It has been shown that the addition of cabling can shift
natural frequencies by 8-24%, introduce additional local modes, and signi�cantly alter damp-
ing characteristics [6, 7]. These effects are large enough to in�uence controller performance in
lightweight aerospace structures. For spacecraft components, where precision is critical, captur-
ing the coupled dynamics between cables and panels is essential for developing reliable control
strategies. Inaccurate modeling can lead to undesirable control behavior, including overshoot or
instability, potentially compromising sensitive onboard equipment. Spacecraft attitude (i.e., its
orientation in three-dimensional space de�ned by roll, pitch, and yaw) is particularly sensitive
to modeling errors. Even small discrepancies in predicted modal properties, on the order of a
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Figure 1.1: Cable-harnessed spacecraft structure [4]

few percent, can propagate into pointing inaccuracies or destabilizing feedback interactions in
�exible, low-damping structures. Ideally, cables should be arranged so that their in�uence on
the dynamic behavior of the host structure is negligible. Such con�gurations allow modeling
and development of control strategies to be signi�cantly simpli�ed, as the cable-induced effects
can be reasonably disregarded. The creation of accurate structural models contributes directly to
achieving this objective.

Advancements in materials science have played a pivotal role in shaping modern space tech-
nologies, particularly by improving the stiffness-to-weight ratio of structural elements. As space-
craft components have become lighter, the reliance on cabling has increased signi�cantly to meet
growing requirements for power distribution and data transmission. This shift has made it es-
sential to account for the dynamic in�uence of cables within structural models. Traditionally,
cables were simplistically modeled as lumped masses, often disregarding their inherent stiff-
ness and damping characteristics [8]. However, with cables comprising as much as 30% of a
spacecraft's total mass [9], accurately capturing their mechanical behavior is increasingly crit-
ical. High-�delity models of lightweight structures are indispensable for the design of robust
control algorithms, which depend on precise dynamic predictions. Moreover, the large scale of
these structures often precludes comprehensive ground testing, further emphasizing the need for
reliable modeling to anticipate in-orbit performance [4]. The research work presented in this
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thesis is motivated by the need to contribute to the development of accurate predictive models
for cable-harnessed structures, as well as optimal cable placement strategies minimizing their
dynamic impact, which would help support robust control in aerospace systems.

1.2 Literature Review

In 2007, researchers at the U.S. Air Force Research Laboratory presented foundational �nd-
ings that highlighted the signi�cant in�uence of cables on the dynamic behavior of beams when
mounted longitudinally along their top surfaces [4,8,10]. This work catalyzed a series of studies
focused on characterizing cable properties [11], developing �nite element models [9], and vali-
dating experimental results. Building on this foundation, Spak et al. [12–16] employed the dis-
tributed transfer function method to investigate damping mechanisms and model cable-harnessed
beams with longitudinal cable attachments. Further studies explored the damping behavior of
stranded cables treated as beam-like structures [17–21]. Choi and Inman [22, 23] utilized the
spectral element method, demonstrating its superior ef�ciency over conventional �nite element
approaches in modeling the dynamics of cable-harnessed beams.

To advance modeling techniques for cable-harnessed structures, researchers from Dr. Sale-
hian's group pursued analytical formulations that yield partial differential equations governing
structural vibrations. Pioneered by Martin, this marked a major shift in the research �eld. In-
spired by cable routing con�gurations observed in spacecraft, efforts were directed toward mod-
eling wrapped cable-harnessed structures, addressing a signi�cant gap in earlier studies by ex-
tending beyond the single-surface longitudinal arrangements. Initial contributions introduced an
energy-equivalence homogenization framework to derive governing equations for bending vi-
brations in beams wrapped with cables in periodic zigzag and diagonal patterns [24, 25]. This
method involved calculating the kinetic and strain energy of a representative repeating funda-
mental element, using linear displacement �eld assumptions to express strain and kinetic energy
for both the cable and beam components in terms of spatial and temporal derivatives at the el-
ement's center. The initial model treated cables as bar elements and revealed limitations, such
as the absence of cable tension effects in the strain energy [24, 25]. Subsequent re�nements by
Martin and Salehian addressed these shortcomings by modeling cables as string elements [26],
incorporating higher-order displacement �elds, and employing the Green-Lagrange strain ten-
sor [27, 28]. These analytical developments were supported by experimental validation [29],
establishing one of the �rst comprehensive analytical–experimental frameworks for periodically
wrapped beams.

Later work from the group expanded the modeling paradigm beyond periodicity to address
the spatial complexity of real-world cable harnesses. Martin and Salehian introduced non-periodic
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wrapping patterns through fundamental elements of varying size progressing along the beam at a
predetermined rate, producing partial differential equations with spatially dependent coef�cients
akin to non-uniform beam models [30]. This led to further exploration of the equations governing
non-uniform Euler-Bernoulli beams [31], and the development of mathematical techniques for
approximating their dynamics using equivalent constant-coef�cient models [32]. Agrawal and
Salehian extended this work by incorporating cable damping effects into periodically wrapped
beam models [33] validating the results experimentally [34]. Yerrapragada et al. further ad-
vanced the �eld by addressing the geometric asymmetry introduced by wrapping, developing
coupled vibration models that capture motion in all directions, moving beyond the single-axis
bending models [35, 36]. Their investigations included periodically wrapped beams [37] and
were supported by experimental studies validating their model [38,39], culminating in modeling
and experimental validation of coupled dynamics in non-periodic wrapping patterns [40]. Col-
lectively, these studies established a rigorous analytical and experimental foundation for wrapped
cable-harnessed beams. However, these models were constrained to one-dimensional beam the-
ory, which cannot capture the more complex phenomena inherent in aerospace panels which are
more accurately represented by two-dimensional models.

Efforts to transition these methodologies to higher-dimensional structures began with Agrawal
and Salehian, who extended the homogenization-based modeling to plate-like structures. Initial
efforts examined plates with parallel cable arrangements [41], followed by the development of
models for periodically wrapped plates in zigzag and diagonal patterns [5]. These analytical
models were supported by extensive parametric studies and �nite element veri�cation, and later
validated experimentally through frequency response function (FRF) and mode shape compar-
isons, and modal assurance criterion (MAC) analysis [42,43]. While some studies have explored
cable-harnessed plates using numerical methods [44,45], analytical modeling approaches remain
limited in the literature. Furthermore, the existing analytical body of work is strictly limited to
�at geometries (beams and plates). There is currently no analytical framework available for
cable-harnessed curved structures, such as cylindrical shells, which are ubiquitous in launch ve-
hicle and fuselage design, such as that shown in Fig. 1.1.

A parallel research direction within the group has focused on optimal cable placement and
wrapping strategies to minimize their impact on the host structures they are attached to. When
cables are arranged optimally, models of the host structure, which have simpler form, can be used
effectively for navigation and vibration control. Cao et al. [46] identi�ed optimal wrapping pat-
terns for beam structures using the previously developed analytical models from Refs. [26–29]
and validated their �ndings experimentally. A notable limitation in the current literature, there-
fore, is the lack of optimization strategies for plate-based cable architectures. While Agrawal
established the governing equations for plate structures, the identi�cation of cable con�gurations
that minimize dynamic impact remains unexplored.
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1.3 Thesis Objectives and Organization

The overall objective of this thesis is to extend the analytical modeling of cable-harnessed struc-
tures into unexplored territories of optimization and geometry. While previous work has suc-
cessfully characterized the dynamics of wrapped beams and de�ned the governing equations for
plates, some signi�cant gaps remain. The contribution of this thesis is twofold:

1. Optimal Wrapping Con�gurations for Plate Structures: Building upon the analytical
foundations established by Agrawal et al. [5], this objective focuses on identifying cable
arrangements that minimize dynamic impact. This will allow for the simpli�cation of
control strategies on host plate structures.

2. Analytical Modeling of Cable-Harnessed Cylindrical Shells: To address the absence
of analytical models for curved cable-harnessed geometries in the current literature, this
work develops a mathematical model for circular cylindrical shells. This serves as a critical
�rst step in expanding homogenization techniques to the non-�at structural components
common in aerospace fuselages and launch vehicles.

The outline of the thesis is presented below.

Chapter 2 details the technique employed for identifying optimal wrapping patterns for cables
on a host plate structure. The analytical model developed in Ref. [5] for periodically wrapped
cable-harnessed plate structures is utilized. An optimization framework is established, incorpo-
rating an appropriately-de�ned objective function to rank several cable-harnessed plate structures
based on how closely their frequency response functions (FRFs) align with that of the corre-
sponding bare plate structure that has no attached cables. A comprehensive analysis is carried
out to examine the in�uence of different wrapping parameters on the system's dynamic behav-
ior. Finally, the optimal results from the analytical model are compared against a �nite element
model as a means of verifying its accuracy. Following up this work, Chapter 3 presents exper-
imental validation of selected optimal wrapping con�gurations identi�ed in the analytical study
in Chapter 2.

Chapter 4 presents an analytical modeling approach for cable-harnessed circular cylindrical
shell structures, where the cables are aligned straight and parallel to the shell's axial direction.
The presented method closely follows established techniques from previous studies used in mod-
eling cable-harnessed beams and plates. To verify the model's accuracy, a parametric study is
performed, comparing its predictions of natural frequencies, mode shapes, and FRFs with results
from �nite element simulations across multiple shell structures.
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Chapter 5 builds upon the previous chapter by introducing an analytical model for cable-
harnessed shell structures with cables oriented along the shell's circumferential direction. This
enables a comparative study between axial and circumferential cable attachments, offering deeper
insights into how cable orientation affects the dynamic behavior of the circular cylindrical shell
structures they are attached to.

Chapter 6 concludes the thesis by summarizing its key contributions and suggesting direc-
tions for future research.
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Chapter 2

Optimal Wrapping Con�gurations to
Minimize Dynamic Impacts on
Cable-Harnessed Plate Structures:
Analytical Modeling

This chapter delineates optimal cable wrapping con�gurations for which the dynamic impact of
the cables on the host plate structure is minimized. Similar optimization work had previously
only been carried out for host beam structures [46]. Therefore, the work presented in this chapter
�lls the gap in the literature by presenting results for plate structures, which are two-dimensional
in nature. The analytical mathematical model used for the periodically wrapped cable-harnessed
plate structures was developed in Ref. [5]. Optimal wrapping results are presented for zigzag
and diagonal wrapping patterns. These results are compared with corresponding �nite element
solutions as a means of verifying the accuracy of the analytical solution. The work presented
in this chapter has been published as a research article in theASME Journal of Vibration and
Acoustics[1]1, and was presented in the3rd Global Conference on Electrical and Mechanical
Engineering[47].

1Used with permission of the American Society of Mechanical Engineers; permission conveyed through Copy-
right Clearance Center, Inc.
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2.1 Analytical Modeling and Optimization Methodology

The important details regarding the continuum modeling of the cable-harnessed plate structure
are presented in this section along with an explanation of the optimization methodology. A more
exhaustive presentation of the derivation of the analytical model is given in Ref. [5], where it was
developed.

2.1.1 Analytical Model

An energy-equivalence homogenization method is used to develop the mathematical model of
the periodically wrapped cable-harnessed plate structure. Because of the periodic wrapping, the
plate structure can be seen as being made up of fundamental elements repeated in both orthogonal
directions that serve as the building blocks that make up the entire cable-harnessed plate. The
homogenization modeling approach makes use of the periodicity of the structure to derive an
energy-equivalent continuum model. The strain and kinetic energy of the structure's repeated
fundamental element are calculated and used to obtain the strain and kinetic energy per unit area
of the element. The key homogenization assumption is that these areal energy densities that were
calculated for a single fundamental element are good representatives of the strain and kinetic
energy density of the entire structure – an equivalent homogenized continuum plate structure
with multiple fundamental elements. With this, the total homogenized strain and kinetic energy
of the structure is calculated and used to obtain the governing equation of motion of the system
in the transverse coordinate of vibration.

A schematic of the cable-harnessed system studied in this work is shown in Fig. 2.1. The
cables are wrapped in a periodic pattern on the host structure which is a thin rectangular plate
with dimensionsa� b� h. Zigzag and diagonal cable wrapping patterns are considered in this
study. The plate is modeled using classical plate theory which is only applicable to thin plates,
hence the thicknessh is assumed to be signi�cantly smaller than the lengtha and widthb. A
fundamental element of the structure has dimensionsL1 � L2 � h, and its size is dependent on the
number of fundamental elements in each row,m, and the number of rows,h . These parameters
also determine the wrapping angleq which is measured with respect to the wrapping direction.
In Fig. 2.1, the cables are wrapped in thex-direction in both patterns withm= 3 andh = 2. For
the zigzag pattern, the wrapping angle is given by the expression

tanq =
2L2

L1
=

2bm
ah

(2.1)

since, by de�nition,L1 = a=m andL2 = b=h . For the diagonal pattern, the wrapping angle is
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(a) Zigzag fundamental element (b) Diagonal fundamental element

(c) Zigzag wrapped plate (d) Diagonal wrapped plate

Figure 2.1: Schematic of cable-harnessed plate structure with different wrapping patterns. The
red lines represent the cables. The solid lines represent the segments of the cables on the top
surface of the plate while the dashed lines represent the parts on the bottom surface.

given by

tanq =
L2

L1
=

bm
ah

: (2.2)

Hence, for the same wrapping pattern parameters,mandh , of a given plate structure, the wrap-
ping angle is always smaller in the diagonal pattern than in the zigzag pattern. In other words, if
q andh are identical for both patterns, there will be a higher number of elements per row,m, for
the diagonal pattern.

Several assumptions are made in the development of the continuum model. Since classical
plate theory is used to model the plate, conditions of plane stress are assumed. In addition, its
material is assumed to be homogeneous and isotropic. The cable is assumed to have a circular
cross-section and under a pre-tensionT in the system's equilibrium state, which leads to com-
pression and shear in the plate. It is assumed that the cable remains in perfect contact with the
plate during the vibrations, and that the axial strain within the cable at any given cross-section
remains uniform.
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The continuum modeling begins with the de�nition of the displacement �eld which, assuming
a small transverse displacementw(x;y;t), is assumed to be linear and take the form

ux = � zw;x (x;y;t); uy = � zw;y (x;y;t); uz = w(x;y;t): (2.3)

Note that the subscript after the comma represents spatial differentiation with respect to the
variable(s) indicated in the subscript. The strain-displacement relations are obtained via the
Green-Lagrange strain tensor which is given in rectangular component form by [48]

ei j =
1
2

�
ui; j + u j ;i + uk;i uk; j

�
; i; j ;k = f x;y;zg: (2.4)

Using Eq. (2.3), the non-zero components of the tensor are obtained as

exx = � zw;xx+
1
2

�
z2w;2xx+ z2w;2xy+ w;2x

�

eyy = � zw;yy+
1
2

�
z2w;2yy+ z2w;2xy+ w;2y

�

exy = � zw;xx+
1
2

�
z2w;xxw;xy+ z2w;yyw;xy+ w;xw;y

�
;

(2.5)

whereexx andeyy are the normal bending strains in thex- andy-directions respectively, andexy
is the shear strain in thexyplane.

Using Eq. (2.5), the strain energy of the fundamental element is obtained and the total ho-
mogenized strain energy of the cable-harnessed plate structure is found to be given by [5]

Uhom =
1
2

Z b

0

Z a

0

�
H1 + H2w;2xx+ H3w;2yy+ H4w;2xy+ H5w;2x + H6w;2y � H7w;xx+ H8w;xy

� H9w;yy+ H10w;xxw;xy+ H11w;yyw;xy+ H12w;xw;y+ H13w;xxw;yy
�

dxdy: (2.6)

Given the assumptions of classical plate theory, the cable element parallel to thez-axis will not
undergo deformation, and hence the strain energy contribution from the cable is primarily from
the cable's top and bottom elements [5]. Assuming negligible rotary inertia, the total homoge-
nized kinetic energy is found to be given by [5]

Thom =
1
2

Z b

0

Z a

0
K1 �w2dxdy; (2.7)

where the over-dot represents time differentiation. The homogenized coef�cients are listed, for
both patterns, in terms of the system parameters in Appendix A. The coef�cientK1 from the
kinetic energy represents the mass per unit area of the system. Further details on the derivation

10



of the strain and kinetic energy of a fundamental element are presented in Appendix B. Using
the homogenized energy expressions in Eqs. (2.6) and (2.7), Hamilton's principle is applied
to determine the dynamic behavior of the system. The governing equation of motion of the
equivalent continuum cable-harnessed plate is obtained as

H2w;xxxx+ H3w;yyyy+( H4 + H13) w;xxyy+ H10w;xxxy+ H11w;xyyy+ K1ẅ = 0: (2.8)

The coef�cientsH2 andH3 represent the bending stiffness of the homogenized system in thex
andy direction respectively.H4 is the twisting stiffness andH13 is the coupled bending stiffness
in the x andy directions. The termsH10 andH11, which are found to be zero for the zigzag
pattern and non-zero for the diagonal pattern, represent the stiffness of the bend-twist coupling
in the diagonal pattern. It is observed that Eq. (2.8) has a similar form to the equation of motion
of a symmetric angle-ply laminated rectangular plate [5]. This implies that wrapping cables on a
plate in a diagonal pattern leads to a homogenized system that shows a dynamic behavior similar
to that of a symmetric angle-ply laminate. However, for a zigzag pattern where the coupled
bend-twist coef�cientsH10 andH11 are zero, its dynamic behavior will be similar to that of a
specially orthotropic laminate [5].

With regards to the boundary conditions of the system, this work focuses on the clamped-free-
free-free (CFFF) boundary conditions (i.e., a cantilevered plate). Although focus is placed on this
boundary condition, observations from previous works that studied different boundary conditions
on cable-harnessed structures [5,28,30–32] indicate that the boundary conditions will not affect
the results. Since for both the zigzag and diagonal patterns, a closed form solution of Eq. (2.8)
cannot be obtained for this set of boundary conditions, an approximate analytical method, the
Rayleigh-Ritz method [49, 50], is used to acquire the natural frequencies, mode shapes and fre-
quency response functions of the system. In the method, trial functions, constructed using the
assumed mode shape functions of a clamped-free and free-free beam, are employed to obtain
an approximate solution to the eigenvalue problem of the cable-harnessed system under a CFFF
boundary condition.

2.1.2 Optimization Methodology

The dynamic effects of the cables added to the host plate structure are observable via FRF plots of
the cable-harnessed system compared to those of the system without the cables. This is because
FRFs capture the dynamic properties and response of a system to a given excitation. Therefore,
the goal in this optimization work is to �nd the wrapping pattern(s) of the cable on the plate for
which the FRF of the cabled plate closely matches that of the bare plate as that will effectively
mean that the bare and cabled plates are almost dynamically the same despite the presence of
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the cables (i.e., it is almost as though the cables are absent). The quest to �nd these optimal
wrapping patterns begins with the de�nition of a suitable objective function.

The most evident way to de�ne the objective function for optimization is to de�ne a func-
tion that seeks to minimize the differences between the natural frequencies of the cabled and bare
plates, as was done in Ref. [46] for beam structures. However, since the goal in this work is to ac-
tively try to make the FRFs of these structures match, especially given that there is no closed-form
exact solution to work with, minimizing the natural frequency differences alone is insuf�cient. In
addition to the natural frequency differences, the antiresonance frequency differences are also to
be minimized. Including this criterion is essential because antiresonance frequencies are entirely
dependent on and highly sensitive to the positions of the actuation and sensing points, whereas
natural frequencies are not. Consequently, a good match of natural frequencies between two
structures does not assure a similar match for the antiresonance frequencies. For further rigor, a
third minimization requirement, namely the differences in the FRF amplitude values, is added.
The reasoning behind this is that there could theoretically exist an FRF plot for which the natural
frequency and antiresonance frequency values match, but there is a vertical mismatch in the plots
caused by differences in the FRF amplitudes at each frequency. This will not be captured by the
natural frequency and antiresonance frequency minimization requirements alone. The objective
function is therefore de�ned as

f (m;h ) = c1

vu
u
u
t 1

m

m

å
i= 1

 
wcp

n;i � wbp
n;i

wbp
n;i

! 2
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u
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j= 1
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vu
u
t 1

r

r

å
k= 1

�
log[gcp(wk)] � log[gbp(wk)]

log[gbp(0)]

� 2

: (2.9)

The objective function is a weighted average of root mean square (RMS) values that represent
each of the previously described minimization criteria, with the weights given by the coef�cients
ci . The “cp” and “bp” superscripts stand for “cabled plate” and “bare plate” respectively. The
symbolwn represents natural frequency whilewa represents antiresonance frequency. The fre-
quency response function is symbolized byg(w), and its logarithm is used in the RMS computa-
tion since the vertical axis of the FRF is plotted on a logarithmic scale. The division in each term
is done as a form of normalization with respect to the bare plate. The decision variables for the
optimization problem are the wrapping pattern parameters, that is, the number of fundamental
elements per row,m, and the number of rows,h , which de�ne the periodicity of the structure.
As can be seen in Eqs. (2.1) and (2.2), they are related to the cable wrapping angle which in
turn directly affects the extent to which the cables alter the dynamics of the host structure. Since

12



they must be positive integer values, they have to satisfy the following relation which acts as a
constraint in this optimization problem:

(m;h ) 2 N2; (2.10)

whereN is the set of natural numbers. The goal is to �nd them-h pairs satisfying the condition
in Eq. (2.10) which return minimum values from the objective function, Eq. (2.9), for each of
the zigzag and diagonal wrapping patterns. Note that the commas in the �rst and second terms
of Eq. (2.9) do not represent spatial differentiation.

2.2 Results, Discussion and Analysis

To accomplish the goal of this work, attention is focused on a particular cable-harnessed plate
structure; that is, all the system parameters are �xed, with the exception of the wrapping pattern
parametersm and h . The system parameters used are the same as used in Ref. [5], and are
itemized in Table 2.1. The material properties characterize an aluminum plate and Power Pro
cables. It should be noted that the mass ratio of cables to that of the plate would vary with the
wrapping pattern parametersmandh ; however, for the example pattern shown in Fig. 2.1, the
cable-to-plate mass ratio for the zigzag and diagonal pattern are 1.47% and 1.63% respectively.
It has already been established that this work only considers CFFF boundary conditions; the
clamped boundary condition is always taken along the edgex = 0. A number of wrapping
scenarios, summarized in Table 2.2, are explored. In addition to the cable being wrapped in
either a zigzag or diagonal pattern, it can also be wrapped in a direction either perpendicular or
parallel to the clamped edge. In the case of the former, the wrapping direction is thex-axis while
that of the latter is they-axis. Figure 2.2 shows a schematic of the wrapping done in they-axis
direction. This can be contrasted to Fig. 2.1 where wrapping in thex-axis direction was shown.
The wrapping angle is measured with respect to the wrapping direction, and it is always larger
for the zigzag pattern than the diagonal pattern for the same wrapping pattern parameter values.

2.2.1 Optimization Results

The optimal wrapping pattern parameters were determined by testing various combinations ofm
andh that satisfy Eq. (2.10), and comparing their outputs from the objective function, Eq. (2.9),
to see the pairs that return the lowest values. Bothm and h were varied from 1 to 20, thus
400 outputs of the objective function were acquired for each wrapping scenario. The results
are shown in Fig. 2.3. All the computations were carried out for the 0 to 500 Hz frequency
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Table 2.1: Material and geometric properties of the cable-harnessed plate structure as used in
Ref. [5]

Plate
Length (a) 0.201 m
Width (b) 0.099 m
Thickness (h) 0.0012 m
Mass density (r p) 2768 kg/m3

Young's modulus (Ep) 68.9 GPa
Poisson's ratio (n) 0.33

Cable
Radius (rc) 0.55 mm
Young's modulus (Ec) 128 GPa
Mass density (r c) 1400 kg/m3

Pre-tension (T) 3 N

range. That is, only the resonance and antiresonance frequencies appearing within that chosen
range were used in the RMS calculations in the objective function, and the FRF amplitudes were
only computed for that range. For the FRF amplitude computations, the actuation location was
taken at (0.1a, 0.8b) and the sensing location at (0.4a, 0.8b) with respect to the origin, as was
also done in Ref. [5]. These locations were carefully chosen as they do not lie on any of the
nodal lines of the modes that appear within the frequency range of interest. The shapes of these
modes are shown in Fig. 2.4. It is found that the mode shapes are the same for all the wrapping
scenarios, and for the plate without cables. This indicates that the addition of the cables has no
effect on the host plate's mode shapes for this set of boundary conditions, at least for the �rst
�ve modes. The 1st, 3rd and 5th modes are bending dominant in thex-axis direction while the
2nd and 4th modes are more twisting dominant. Equal weights ofc1 = c2 = c3 = 1

3 were used to

Table 2.2: Different wrapping scenarios for the cable-harnessed system

Case number Cable wrapping pattern Wrapping direction

Case 1 Zigzag x-axis
Case 2 Diagonal x-axis
Case 3 Zigzag y-axis
Case 4 Diagonal y-axis
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(a) Zigzag,y-axis wrapping (b) Diagonal,y-axis wrapping

Figure 2.2: Schematic of cable-harnessed plate structure with different wrapping patterns. The
wrapping direction is parallel to the clamped edgex = 0. The blue lines show the demarcation
between the rows and are not physically present.

compute the weighted average. Although the chosen actuation and sensing locations determine
what the FRF plots look like, it is ultimately the relative magnitudes of the strain and kinetic
energy contributions of the cable that determine the extent of its impact on the dynamics of the
host plate structure, which is independent of the actuation and sensing location chosen for FRF
plotting.

Table 2.3 shows the values ofm andh for which the objective function returns the lowest
values in each wrapping scenario, sorted in ascending order. In other words, this table shows the
optimal wrapping pattern parameters for each of the studied cases. It is clear that, in general, for
x-direction wrapping, minimal impact on the dynamics of the host plate occurs when there are
few rows and relatively few fundamental elements per row. This is also apparent from Fig. 2.3a.

(a) x-direction wrapping (b) y-direction wrapping

Figure 2.3: Objective function output (OFO) for different values ofmandh
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(a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4 (e) Mode 5

Figure 2.4: First �ve mode shapes of the cable-harnessed plate structure

(a) Zigzag,
x-direction wrapping

(b) Diagonal,
x-direction wrapping

(c) Zigzag,
y-direction wrapping

(d) Diagonal,
y-direction wrapping

Figure 2.5: Frequency response functions for the wrapping pattern parameters that result in the
lowest and 10th lowest OFO values for each wrapping scenario. The blue line represents the bare
plate while the red one is the cabled plate.

Minimal dynamic impact of the cables is achieved when there are 1 or 2 rows and less than
10 elements per row for both the zigzag and diagonal wrapping patterns. In contrast, fory-
direction wrapping, minimal impact on the dynamics of the plate occurs when there are several
rows and very few fundamental elements per row, as is also apparent from Fig. 2.3b. For this
wrapping direction, it is when there is only 1 element per row and as much as 10 to 20 rows that
minimal dynamic impact of the cables is attained for both wrapping patterns. Figure 2.5 shows
the FRF plots corresponding to the objective function output (OFO) values ranked 1 and 10 in
each wrapping scenario. It is clear from these plots that the cable-harnessed plate structures with
the lowest OFO values are very dynamically similar to the plate without cables since their FRF
plots match very closely to that of the bare plate.

The OFO value of a cable-harnessed plate structure serves as a measure of how similar its
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Table 2.3: Wrapping pattern parameters with the lowest objective function output (OFO) values
for each wrapping scenario

Case 1 Case 2 Case 3 Case 4

Rank m h f (m;h ) m h f (m;h ) m h f (m;h ) m h f (m;h )

1 3 1 0.03217 4 1 0.03433 1 17 0.04775 1 15 0.03832
2 4 1 0.03390 6 1 0.03839 1 14 0.04787 1 13 0.03968
3 5 1 0.03706 5 1 0.03902 1 15 0.04797 1 14 0.04004
4 6 1 0.04271 3 1 0.04200 1 13 0.04988 1 12 0.04098
5 2 1 0.04541 7 1 0.04526 1 16 0.05106 1 20 0.04102
6 7 2 0.04787 2 1 0.04837 1 18 0.05148 1 16 0.04106
7 8 2 0.05106 8 2 0.05157 1 12 0.05369 1 18 0.04175
8 1 1 0.05134 9 2 0.05217 1 11 0.05450 1 17 0.04271
9 9 2 0.05148 8 1 0.05325 1 20 0.05567 1 11 0.04306
10 7 1 0.05217 7 2 0.05440 1 10 0.05569 1 19 0.04312

FRF is to that of the corresponding bare plate. Therefore, by observing the values in Table 2.3, a
quantitative judgement can be made of how well the cabled plate FRFs match the bare plate FRF
and make a comparison between the two wrapping patterns (i.e., zigzag and diagonal wrapping)
in each wrapping direction. The values in the table show that forx-direction wrapping, the
zigzag pattern tends to have a marginally better match. Conversely, fory-direction wrapping,
the diagonal pattern tends to have a better match. However, as can be seen in Fig. 2.6, this
observation is only true for the optimal wrapping pattern parameters displayed in Table 2.3. For
thex-direction wrapping, the zigzag pattern has higher OFO values after about rank 235, reaching
a maximum of about 0.3. For they-direction wrapping, the diagonal pattern achieves higher
OFO values after about rank 130, reaching a peak value of about 0.4. The form of the equation
of motion for the zigzag pattern more closely resembles that of a bare plate than the diagonal
pattern because of its lack of theH10 andH11 terms which the diagonal pattern possesses (ref.
Eq. (2.8)). Hence, the zigzag pattern is expected to potentially have better success at matching
the bare plate FRF than the diagonal pattern.

The results depicted in Fig. 2.3 show very interesting trends. From Fig. 2.3a, it is clear that
for x-direction wrapping, the lowest OFO values occur at low values ofmandh , and the highest
ones occur at low values ofm and high values ofh . For a low and �xed value ofh , as m
increases, the OFO increases after a small initial decrease. As the �xedh value is increased,
the trend transitions to a monotonic, gentle decrease with increasingm. For a low and �xed
value ofm, the OFO increases steeply with increasingh . As the �xed mvalue is increased, the
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Figure 2.6: Progression of OFO values when arranged in ascending order

trend becomes such that the OFO �rst undergoes a small initial decrease and then eventually
monotonically increases steeply with increasingh . The overall outcome of these trends is that,
for wrapping perpendicular to the clamped edge, increasing the number of rows results in a more
signi�cant impact on the system dynamics than increasing the number of elements per row. Thus,
accompanying an increase in the number of rows by a corresponding increase in the number of
elements per row will help to mitigate the effects on the system dynamics as evidenced by the
cells with similar colors arranged in a diagonal fashion in Fig. 2.3a.

Figure 2.3b shows that they-direction wrapping has the opposite trend to that shown in
Fig. 2.3a since the rows are now parallel to the clamped edge. The lowest OFO values occur
at m= 1 and the values progressively get larger asmincreases. For a given value ofm, the OFO
remains relatively the same for different values ofh . On the other hand, for a given value ofh ,
the OFO increases steeply with increasingm. The overall outcome of these trends is that, unlike
with thex-direction wrapping where an increase inmcould help compensate for an increase in
h , for wrapping parallel to the clamped edge, the dynamic impact is largely determined only by
m, the number of fundamental elements per row.

2.2.2 Frequency Response Function Analysis

This section presents further analysis into the effects of the cable wrapping pattern parameters
on the dynamics of the cable-harnessed plate structure via an analysis of the corresponding fre-
quency response functions. As a means of quantifying the effects on each mode, a normalized
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frequency difference (NFD) is used. It is de�ned as

NFD =
wcp

n;i � wbp
n;i

wbp
n;i

;

wherewcp
n;i is the ith natural frequency of the cabled plate andwbp

n;i is the corresponding bare
plate natural frequency. Since the bare plate frequencies remain constant, the changes in the
NFD result from changes to the cabled plate frequencies which occur due to the changes in the
wrapping pattern parametersmandh .

Figure 2.7 shows the plots of the FRFs for cable-harnessed plate structures corresponding to
selected wrapping pattern parameter values for both the zigzag and diagonal patterns wrapped in
thex-axis direction. Plot 1 in Figs. 2.7a and 2.7b correspond to an optimal structure, withm= 3
andh = 1, where the cabled plate FRF matches very well with the bare plate FRF. In Plot 2 of
the same �gures, the number of rows,h , is increased to 7, keeping the number of fundamental
elements per row,m, �xed at 3. Then, in Plot 3 of the �gures, the number of rows is held �xed
at 7 while the number of elements per row is increased to 9. The NFD values for each mode
across all the plots are enumerated in Table 2.4. Recall that Modes 1, 3 and 5 arex-direction
bending dominant and Modes 2 and 4 have a more twist-like shape as seen in Fig. 2.4. Hence,
in the forthcoming discussions, Modes 1, 3 and 5 shall be collectively referred to asthe bending
modes, and Modes 2 and 4 asthe twisting modes, since the modes tend to have similar behavior
based on the similarity of their mode shapes.

In Plot 1 of Figs. 2.7a and 2.7b, the cabled plate natural frequencies matching very well with
those of the bare plate is indicative of the fact that the stiffness and mass effects of the cable on
the host plate structure balance each other out across all the modes, despite the cable's tendency
to have a more dominant stiffness effect [5]. This is shown by the fact that all the NFD values for
Plot 1 are about 1% or less in absolute value for all the modes in both the zigzag and diagonal
wrapping patterns as seen in Table 2.4. The cable's mass effects are slightly more dominant for
the bending modes as opposed to the twisting modes, hence their NFDs are negative. Recall from
the discussion in Sec. 2.2.1 that increasing the number of rows has a more drastic effect on the
dynamics of the system. This is evidenced by the FRFs in Plot 2, Figs. 2.7a and 2.7b, and their
corresponding NFD values in Table 2.4. The cable's dominant stiffening effect is apparent across
all the modes since all the natural frequencies increase for both wrapping patterns. The higher
NFD values for the bending modes indicates a greater stiffening effect for those modes compared
to the twisting modes. This occurs because of the signi�cant decrease in the cable wrapping
angle,q. Whenq, measured with respect to thex-axis, is smaller, the projection of the stiffness
of the cable's inclined segment over thex-axis becomes larger, which leads to a largerx-direction
stiffening effect of the cable. This is also demonstrated by a large increase in the homogenizedx-
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(a) Zigzag

(b) Diagonal

Figure 2.7: Frequency response functions for selected wrapping pattern parameters forx-
direction wrapping. The blue line represents the bare plate while the red one is the cabled plate.
The horizontal axis is frequency in Hertz

direction stiffness coef�cient,H2, which increases with decreasingq. Since, for the same values
of mandh , the diagonal pattern has a smaller wrapping angle, the stiffening effect in its bending
modes is greater. For the twisting modes, the homogenized stiffness coef�cient(H4 + H13) is
responsible for the stiffening effect observed in these modes. Its value increases for the zigzag
pattern but remains relatively the same for the diagonal pattern, which explains why there is a
greater stiffening effect in the zigzag pattern for these modes.

It was mentioned in Sec. 2.2.1 that a correspondingly large number of elements per row will
generally help alleviate the signi�cant impact that a large number of rows has on the system's dy-
namics. This alleviation effect is illustrated in Plot 3, Figs. 2.7a and 2.7b, although the alleviation
mostly occurs in the bending modes while the twisting modes become even worse as re�ected by
their NFD values in Table 2.4. Because of the dependence of(H4 + H13) on the wrapping angle
via the term(cosq sin2q), this stiffness coef�cient attains a maximum value at an angle denoted
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Table 2.4: Normalized frequency difference (NFD) for each mode in the frequency response
functions plotted in Figure 2.7 forx-axis direction wrapping

Zigzag (%)

Mode Plot 1 Plot 2 Plot 3

1 -0.56 8.67 0.12
2 0.81 4.68 10.36
3 -0.52 8.62 -0.13
4 0.65 5.18 9.04
5 -0.50 8.51 0.13

Diagonal (%)

Mode Plot 1 Plot 2 Plot 3

1 -0.34 10.50 4.45
2 1.25 1.36 5.75
3 -0.32 10.76 4.90
4 1.05 2.52 5.14
5 -0.29 10.68 5.35

qmax. It turns out that the value of the wrapping angle for Plot 3 is very close to thisqmax for
each wrapping pattern thus greatly increasing the cable stiffening effect for the twisting modes.
The bending mode natural frequencies decrease sinceq undergoes an increase from the value in
Plot 2 resulting in a decrease in the contribution of the cable's strain energy towards stiffening in
thex-direction, with the effect for the zigzag pattern being such that the bending mode natural
frequencies now closely match those of the bare plate. Overall, the con�guration used for Plot
3 is a good example where the cable dynamics has minimal effects on the bending modes but
maximal effects on the twisting modes.

A similar analysis can be carried out fory-direction wrapping. Figure 2.8 shows the FRF plots
for cable-harnessed plate structures corresponding to selected wrapping pattern parameter values
for both the zigzag and diagonal patterns wrapped in they-axis direction. Plot 1 in Figs. 2.8a and
2.8b correspond to an optimal structure, withm= 1 andh = 14, where the cabled and bare plate
FRFs match well. In Plot 2 of the same �gures, the number of fundamental elements per row,
m, is increased to 5, keeping the number of rows,h , �xed at 14. Then, in Plot 3 of the �gures,
the number of elements per row is held �xed at 5 while the number of rows is reduced to 3. The
NFD values for each mode across all the plots are itemized in Table 2.5.
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(a) Zigzag

(b) Diagonal

Figure 2.8: Frequency response functions for selected wrapping pattern parameters fory-
direction wrapping. The blue line represents the bare plate while the red one is the cabled plate.
The horizontal axis is frequency in Hertz

In Plot 1 of Figs. 2.8a and 2.8b, the cabled plate and bare plate natural frequencies match
well because, once again, the cable's mass and stiffness effects on the host plate structure balance
each other out across all the modes, as illustrated by the low NFD absolute values for both the
zigzag and diagonal wrapping patterns in Table 2.5. It was previously discussed that, fory-
direction wrapping, increasing the number of fundamental elements per row drastically affects
the system dynamics, while changing the number of rows for the same number of elements per
row tends not to have much impact, upon examination of the OFO values in Fig. 2.3b. This
can be observed in the FRFs shown in Plots 2 and 3 for both patterns (i.e., Figs. 2.8a and 2.8b).
The cabled plate FRF in Plot 2 of each �gure is obviously very different from the bare plate
FRF, and the corresponding Plot 3 does not seem to have made any signi�cant improvement
visually. The greatly increased NFD values for Plot 2 from those of Plot 1, as seen in Table 2.5
for each wrapping pattern, demonstrates the cable's dominant stiffening effect when the number
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Table 2.5: Normalized frequency difference (NFD) for each mode in the frequency response
functions plotted in Figure 2.8 fory-axis direction wrapping

Zigzag (%)

Mode Plot 1 Plot 2 Plot 3

1 -1.29 7.19 15.86
2 1.08 11.13 1.67
3 -1.19 6.89 15.99
4 0.81 10.57 3.59
5 -1.17 6.99 15.66

Diagonal (%)

Mode Plot 1 Plot 2 Plot 3

1 0.63 8.01 15.14
2 -0.70 6.99 2.28
3 0.81 7.97 15.35
4 -0.48 6.91 3.96
5 0.76 7.98 15.11

of elements per row,m, is increased. For the bending modes, this occurs because the cable
wrapping angleq, now measured with respect to they-axis, undergoes a substantial increase
which results in an increased projection of the stiffness of the cable's inclined segment over the
x-axis, thus increasing itsx-direction stiffening effect. This is also demonstrated by an increase
in the homogenizedx-direction stiffness coef�cient,H2, which now increases with increasingq.
The increase in the wrapping angle also brings about an increase in the homogenized stiffness
coef�cient (H4 + H13) which, for Plot 2 of each of Figs. 2.8a and 2.8b, attains a value close to
qmax for each wrapping pattern hence the increased NFD values for the twisting modes. In Plot 3
of each �gure, the NFD values for the bending modes increase further compared to those in
Plot 2, while the NFD values for the twisting modes decrease, as seen in Table 2.5. This happens
because the decrease in the number of rows for the same number of fundamental elements per
row yields a further increase in the wrapping angle compared to Plot 2. This wrapping angle
increase causes a further increase in the contribution of the cable's strain energy towards the
x-direction stiffening while simultaneously decreasing the value of the homogenized twisting
stiffness coef�cient(H4 + H13) becauseq veers further away fromqmax, thus causing the cabled
plate twisting mode natural frequencies to be closer to those of the bare plate.
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2.2.3 Energy Analysis

This section demonstrates, from an energy standpoint, how the optimal wrapping patterns have
minimal impact on the dynamics of the host plate structure. This shall be done using the struc-
tures in Plot 1 of Figs. 2.7a and 2.7b, and a quantity known asRayleigh's quotient. Given a func-
tion, say the transverse displacement of a platew(x;y), known to closely resemble a mode shape
of a given system, Rayleigh's quotient produces an estimate of the associated natural frequency,
with the accuracy of the estimate reliant on how closew(x;y) is to the true mode shape [49]. It is
de�ned asw2 = R(w) = Umax=Tref, whereUmax is the maximum potential energy in the system
andTref is known as the reference kinetic energy [49]. For the bare plate, the maximum potential
energy is given by [50]

Ubp
max =

1
2

Z b

0

Z a

0
D

�
w;2xx+ w;2yy+ 2nw;xxw;yy+ 2(1� n)w;2xy

�
dxdy (2.11)

and the reference kinetic energy by [50]

Tbp
ref =

1
2

Z b

0

Z a

0
r phw2dxdy (2.12)

whereD is the �exural rigidity of the plate,n is its Poisson's ratio, andr p is its mass density.
For the cabled plate, the expression for the maximum potential energyUcp

max is given by Eq. (2.6)
and the reference kinetic energyTcp

ref by Eq. (2.7) but with �w replaced byw. So, given the mode
shapes of the bare and cabled plates, Rayleigh's quotient can be obtained via a computation of
the strain and kinetic energies for each the modes. That is,l i = R

�
wi(x;y)

�
wherewi(x;y) is the

ith mode shape andl i represents the associated Rayleigh's quotient. Note that mass normalized
mode shapes cannot be used as that would always result in unity for the integral de�ned inTref
for the bare and cabled plates. To track the effect of the addition of cables to the bare plate,
let Ucp

max = Ubp
maxDUmax, whereDUmax is theproportional change in maximum potential energy

induced by the addition of the cables. Similarly, letTcp
ref = Tbp

ref DTref. Then, for each mode,

l cp =
Ucp

max

Tcp
ref

=
Ubp

maxDUmax

Tbp
ref DTref

= l bpDl ; (2.13)

whereDl = DUmax=DTref. Equations (2.6), (2.7), (2.11) and (2.12) are used to calculateUcp
max,

Tcp
ref, Ubp

max andTbp
ref respectively. Subsequently,DUmax, DTref andDl are then computed for each

mode, and these results are depicted in Table 2.6 as percentage changes.

Table 2.6 shows that the addition of the cable results in the same proportional increase inTref
across all the modes for each wrapping pattern. This occurs since each of the mode shapes has a
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Table 2.6: Percentage change inUmax, Tref andl for each mode due to the addition of the cable
for the optimal wrapping pattern in Plot 1 forx-axis direction wrapping

Zigzag (%)

Mode DUmax DTref Dl

1 0.16 1.28 -1.11
2 2.92 1.28 1.62
3 0.23 1.28 -1.04
4 2.59 1.28 1.30
5 0.27 1.28 -1.00

Diagonal (%)

Mode DUmax DTref Dl

1 0.66 1.33 -0.66
2 4.07 1.34 2.70
3 0.70 1.33 -0.63
4 3.66 1.33 2.30
5 0.75 1.33 -0.58

reasonable balance of low and high displacement regions thus resulting in the same proportional
increase in kinetic energy across all the modes upon addition of the cable. Therefore, whether
or not a particular mode experiences a dominating mass or stiffness effect depends on how much
Umax increases proportionately in comparison to the increase inTref for that mode. The increase
in Tref is only slightly greater than 1% for both patterns, and marginally more for the diagonal
pattern compared to the zigzag pattern since, for this pattern, the length of the cable wrapped
around each fundamental element is slightly longer and thus has more mass. The same explana-
tion holds true when comparing the increase inUmax between the two wrapping patterns – there
is slightly more cable in the diagonal pattern being deformed thus contributing more potential
energy. It is clear from Table 2.6 that the proportional increase inUmax for the bending modes
(i.e., Modes 1, 3 and 5) is very small absolutely and relative to that ofTref. This results in an over-
all decrease in Rayleigh's quotientl for these modes. However, for the twisting modes (Modes
2 and 4), there is an overall increase in Rayleigh's quotient since the proportional increase in
Umax is more than that ofTref. This outcome stems from the fact that for the bending modes, the
cable tends to alternately pass through regions of high and low curvature resulting in an overall
outcome of very little strain energy impact of the cable. However, for the twisting modes, the
cable steadily passes through regions of high curvature consequently increasing its strain energy
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contribution for these modes. All in all, having only one row of cable limits its strain and kinetic
energy contribution to the system and the overall change in the Rayleigh quotient is always less
than 3% for all the modes of interest.

2.2.4 Finite Element Analysis Veri�cation

A �nite element analysis (FEA) simulation was carried out as a means of verifying the obtained
analytical results for a chosen set of optimal wrapping pattern parameters for each wrapping sce-
nario considered in this work. As mentioned earlier, the analytical solution was obtained via the
Rayleigh-Ritz (RR) approximate method since, for CFFF boundary conditions, a closed form
solution to the eigenvalue problem of the homogenized system cannot be obtained. The FEA
simulation was carried out using the commercially available softwareABAQUS. The plate was
modeled as a 3 dimensional structure using 3 dimensional tetrahedral elements consisting of 10
nodes per element (C3D10) while the cables were represented by uniaxial truss elements with 2
nodes per element (T3D2), where each of these elements corresponded to one truss member. To
model the dynamic interaction between the cables and plate, axial displacement linear equality
constraints were embedded into the �nite element model to satisfy the no-slip condition, bonded
contact between the two bodies. A STATIC STEP was �rst applied to model the tension in the
cables then a FREQUENCY STEP was applied to solve the eigenvalue problem of the system
using the LANCZOS SOLVER to determine natural frequencies and mode shapes. When solving
both the STATIC STEP and FREQUENCY STEP, the axial displacement linear constraints rep-
resenting the no-slip condition were applied using an EQUATION function inABAQUS. A mesh
sensitivity analysis was conducted and showed that for the tetrahedral elements (i.e., the elements
representing the plate), convergence was reached with a minimum element size of 0.12 mm and
a maximum element size of 2 mm. Convergence was de�ned to have been achieved when sub-
sequent iterations of the mode 5 natural frequency satis�ed a tolerance of 10� 6 Hz during the
sensitivity analysis.

Figure 2.9 shows a comparison of the FRF plots obtained via RR against FEA for a pair of
optimal wrapping pattern parameters,m andh , for each wrapping scenario considered in this
study (outlined in Table 2.2). The optimalmandh values used here are the same ones used in
Sec. 2.2.2 in creating Plot 1 for the zigzag and diagonal wrapping patterns in each of Figs. 2.7
and 2.8. The natural frequencies computed by each method are listed in Table 2.7. It can be
seen that the RR and FEA FRFs are in good agreement overall, with the highest percentage error
between the natural frequencies calculated by both methods being about 5%.

26



Figure 2.9: Comparison of the frequency response functions obtained via the Rayleigh-Ritz (RR)
analytical method andABAQUS�nite element analysis (FEA) software for a chosen set of optimal
wrapping pattern parameters for each wrapping scenario

2.2.5 Effects of Host Plate Aspect Ratio

To provide further insight, this section presents an analysis of the effects of the aspect ratio (AR)
of the host plate structure on the resulting optimal cable wrapping patterns. For a given value
of the widthb, the corresponding value of the lengtha is determined by the aspect ratio values
chosen for the study. These values, de�ned asa

b, are 1
3, 1

2, 2
3, 1, 3

2, 2 and 3. The procedure
for obtaining the optimal wrapping patterns for each combination ofa and b is the same as
described at the beginning of Sec. 2.2.1 (i.e., using Eq. (2.9) to rank 400 combinations ofm
andh) and is done for both the zigzag and diagonal wrapping patterns in thex-axis wrapping
direction. For a more robust analysis, results are obtained for 4 different values of the widthb
of the plate (100, 150, 200 and 300 mm) and the same aspect ratios de�ned earlier. Excluding
the case corresponding tob = 100 mm and AR= 1

3 (which has no resonance and antiresonance
frequencies in the 0 to 500 Hz frequency range of interest), a total of 27 plate structures are
analyzed.

The results of this analysis are depicted in Fig. 2.10a for the zigzag pattern and Fig. 2.10b
for the diagonal pattern. Each plot shows the top 7 wrapping pattern parameters with the lowest
OFO values for a given structure. Plots on the same row correspond to a given value ofb, while
those on the same column have the same value for AR. The color of a point in a plot corresponds
to the rank of the structure it represents. Careful observation of the plots in both �gures reveals
the following trends. For the lower values ofb (100 mm and 150 mm), the optimal wrapping
patterns for the structures with the highest values of AR tend to have just one or two rows, with
the corresponding number of elements per row being mostly much larger, reaching values close
to or exceeding 10. The midrange AR values (i.e., from about1

2 up to 3
2) also mostly have one
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Table 2.7: Natural frequencies (in Hz) obtained via the Rayleigh-Ritz (RR) analytical method
andABAQUS�nite element analysis (FEA) software for the FRFs plotted in Figure 2.9

Case 1 Case 2

Mode RR FEA Error (%) RR FEA Error (%)

1 24.77 24.72 0.19 24.82 24.82 0.00
2 107.18 108.68 1.40 107.65 109.01 1.26
3 154.22 152.87 0.87 154.52 152.66 1.21
4 349.65 342.53 2.04 351.05 340.13 3.11
5 433.10 428.10 1.15 434.00 425.77 1.89

Case 3 Case 4

Mode RR FEA Error (%) RR FEA Error (%)

1 24.58 24.72 0.57 25.06 25.32 1.01
2 107.47 113.25 5.38 105.57 110.57 4.73
3 153.18 152.25 0.61 156.28 154.76 0.97
4 350.23 346.72 1.00 345.74 337.07 2.51
5 430.17 425.77 1.02 438.60 431.77 1.56

or two rows, however, the corresponding number of elements per row is smaller than those of
the higher AR values. For some of these midrange AR values, one can also observe a trend
where corresponding values of optimalmandh are either very close to or equal to each other,
with the maximum difference between them being 2. For the structures displaying this trend, the
values ofm andh tend to range between 1 and 4. For the smallest AR values considered, the
optimal number of rows increases, reaching values greater than 5 with the corresponding number
of elements per row being mostly smaller and mostly ranging around 1 to 3. For the structures
displaying this trend, higher values ofh result in higher values ofm. Forb = 200 mm, the trend
for the highest aspect ratio values remains the same while the low to midrange values display
the trend described earlier where corresponding values of optimalmandh are either very close
to or equal to each other. However, AR= 3

2 stands out in both wrapping patterns. In the zigzag
wrapping pattern, the optimal structures are such that either ofm or h has a value of 1 while
the other parameter ranges between 1 and 4. Meanwhile, in the diagonal pattern,h consistently
remains at 3 whilemranges between 3 and 9. Atb = 300 mm, there seizes to be an aspect ratio
dependent pattern. The values ofmgenerally range from 1 to 3 while those ofh go up to 6, and
the trend where corresponding values ofmandh are either very close to or equal to each other,
is largely observable. Again, AR= 3

2 stands out in the diagonal pattern as it has a wider range of
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mvalues and the values ofmandh for the optimal patterns are mostly equal, or closely equal, to
each other.

2.3 Chapter Summary

The work outlined in this chapter identi�es optimal cable pattern geometries for a periodically
wrapped cable-harnessed plate structure such that the impact of the cable on the dynamics of the
host plate structure is minimized. A previously developed energy-equivalent homogenization-
based analytical model for zigzag and diagonal wrapping pattern geometries is used, and an
appropriate objective function is de�ned to identify the optimal wrapping pattern geometries
among a set of 400 investigated. It is found that, for wrapping in the direction perpendicular to the
clamped edge of the studied cantilevered plate, having 1 or 2 rows and less than 10 fundamental
elements per row results in systems with minimal cable impact on the dynamics of the host plate.
On the other hand, when the wrapping is done parallel to the plate's clamped edge, one should
use only 1 element per row and as many as 10 or more rows to achieve minimal cable impact
on the host plate dynamics. Further investigation reveals that wrapping perpendicular to the
clamped edge is more sensitive to changes in the number of rows, and simultaneously increasing
the number of elements per row by an appropriate amount can help alleviate some of the impact
an increase in the number of rows has on the cable-harnessed plate system. Contrarily, for
wrapping parallel to the clamped edge, since the rows are now parallel to the clamped edge, it is
the number of elements per row that the system's dynamics becomes sensitive to, and the number
of rows offers no signi�cant relief from the impact brought upon by an increase in the number of
elements per row. Further detailed analysis is carried out to study the mass and stiffness effects of
changes to the cable pattern geometry by examining several corresponding frequency response
functions. The obtained analytical results are then veri�ed by comparing them to those acquired
from a �nite element model, and they are shown to be in good agreement. Finally, an analysis
on the effects of the aspect ratio of the host plate on the optimal wrapping pattern is carried out.
In general, focusing on rank 1, for the smaller values of the plate widthb, a higher aspect ratio
results in an optimal pattern consisting of one row and multiple fundamental elements in the
row. A smaller aspect ratio value tends to result in the opposite case where there are multiple
rows and just one fundamental element per row, or just one of each. For the larger values of
b, for the zigzag pattern, the most optimal wrapping pattern mostly simply consists of one row
and one element in the row, with few instances of multiple rows and one element per row. The
same is true for the diagonal pattern, however for certain cases, optimal wrapping also consists
of patterns with equal number of rows and elements per row (not only structures with only one
row and one element in the row) up to values ofm= h = 4. Schematics of some of the optimal
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(a) Zigzag

(b) Diagonal

Figure 2.10: Top 7 ranked optimal structures for different host plate structures varied by aspect
ratio for x-direction wrapping
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wrapping patterns for different aspect ratios are provided in Fig. 2.11a for the zigzag pattern and
Fig. 2.11b for the diagonal pattern.

It should be emphasized that these results only apply to the particular plate structure studied
in this chapter. However, the optimization strategy developed and the valuable insights obtained
from the results for the particular cases studied, will help in the process of simplifying models for
applications involving harnessing cables on plate-like host structures. Optimal cable placement
allows for the effects of the cable on the plate structure to be ignored which will be useful for
space and other engineering applications.
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(a) Zigzag

(b) Diagonal

Figure 2.11: Schematics of top ranked optimal wrapping con�gurations for different host plate
structures varied by aspect ratio forx-direction wrapping
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Chapter 3

Optimal Wrapping Con�gurations to
Minimize Dynamic Impacts on
Cable-Harnessed Plate Structures:
Experimental Validation

This chapter details the experimental procedures and �ndings used to validate the analytical
predictions regarding optimal cable wrapping con�gurations that minimize dynamic impacts on
host plate structures, presented in the previous chapter. Experiments were conducted on selected
optimally wrapped structures identi�ed in that work to determine the impact of the cables on the
dynamic properties of their host plate structures. The work presented in this chapter has been
published as a research article in theASME Journal of Vibration and Acoustics[2]1, where it is
featured as an “Editor's Pick” article in the corresponding issue of publication.

3.1 Experimental Setup

The setup used for the experiments to measure the dynamic characteristics of the tested cable-
harnessed plates is presented in Fig. 3.1. Experimental modal impact testing is performed using a
PCB 086C01 impulse force hammer to excite the structure. The displacement response at a given
point is captured using a Polytec OFV-505 laser vibrometer operated via a Polytec OFV-5000

1Used with permission of the American Society of Mechanical Engineers; permission conveyed through Copy-
right Clearance Center, Inc.
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vibrometer controller. The data acquisition system LMS SCADAS Mobile, connected to a laptop
via an ethernet cable, is used to acquire the data from the transducers measuring the actuation and
sensing data. The data acquisition system is controlled using the LMS Test.Lab (version 14.0)
software which uses the data obtained from the transducers to compute the frequency response
function (FRF) of the structure being tested.

The primary goal of the experiment setup is to replicate, as closely as possible, the system
modeled in the previous chapter which was used as the basis of the optimization study performed.
Four cable-harnessed plate structures are tested, the details of which are given in Table 3.1. The
dimensions of all the host plate structures, and the chosen actuation and sensing locations for
each, are similar to that of the plate modeled in Chapter 2. The actuation and sensing locations
were strategically selected to avoid the nodal lines of the modes appearing within the 0 to 500 Hz
frequency range of interest. Data is captured at a sampling frequency of 2048 Hz to ensure suf�-
cient resolution and avoid aliasing within this frequency range. The displacement measurement
range of the laser vibrometer is set to 100mm/V, corresponding to a resolution of 30 nm. Both
zigzag and diagonal wrapping patterns are tested, and the wrapping direction is also considered
in both thex- andy-axis directions. The wrapping pattern parameters (i.e., the number of rows,
h , and number of fundamental elements per row,m) are chosen so that adequate comparisons
can be made among the structures tested in this work, and also to some structures tested in a
previous experimental work [43] where several cable-harnessed plate structures were tested in
an effort to experimentally validate the analytical model that had been previously developed in
Ref. [5]. It is also important that these parameters be chosen such that the cables do not ob-
struct the actuation and sensing locations upon being harnessed onto the plate. The fabricated
structures are shown in Fig. 3.2. Using a clamp �xture, each structure is clamped tightly on
one edge (x = 0) to mimic the clamped-free-free-free (CFFF) boundary conditions of the model.
The material of the host plate for all the structures is aluminum alloy 6061 with properties as
follows: Young's modulusEp = 68:9 GPa, mass densityr p = 2768 kg/m3, and Poisson's ratio
n = 0:33. For the cables attached to the host plate, Power Pro Super 8 Slick 80 lb break strength
�shing line is used, as was done in previous experimental works [29,39,42,43,46]. The cable's
material properties are: Young's modulusEc = 128 GPa and mass densityr c = 1400 kg/m3. The
cable radius isrc = 0:2 mm. Eight cables are made into a bundle so that the effective radiusp

8� 0:2 � 0:57 mm [39] closely resembles that used in the model. In all the structures, the
cables are wrapped around the host plate with an applied tension of 3 N as modeled in Chapter 2.
Suspended weights are used to give the required amount of tension in the cable and glue is ap-
plied at discrete locations to hold the tensioned cables in place. Although not formally measured,
the cables did not appear to exhibit any signi�cant unloading as they remained taut and �rmly
attached to the plate upon removal of the suspended weights. Moreover, simulations from the
analytical model revealed that varying the cable pre-tension has negligible effect on the FRF.
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