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ABSTRACT

TAILORING THE ELASTIC POSTBUCKLING RESPONSE OF THIN-WALLED
AXIALLY COMPRESSED CYLINDRICAL SHELLS

By

Nan Hu

Recognition of the positive features of elastic instabilities for use in smart and adaptive
materials and structures has increased in recent years. Among many unstable events, buckling is
one of the oldest and most well-understood types of response and yet this critical condition has
been mainly regarded as a failure limit and the afterward response (postbuckling) as a safeguard.
However, research on smart/adaptive devices has identified buckling and postbuckling as a
favorable behavior. This dissertation explores the potential of cylindrical shells under axial
compression, for which mode transitions during the postbuckling response lead to sudden and
high-rate deformations from generally smaller changes in the controlling load or displacement
input to the system. Such geometric nonlinear responses allow cylindrical shells to be considered

as a viable structural prototype for purposes such as energy harvesting, sensing, actuation, etc.

Experimental and numerical studies evaluated three avenues for modifying and controlling the
postbuckling response of cylindrical shells: (1) by introducing seeded geometric imperfections
(SGI); (2) by introducing non-uniform stiffness distributions (NSD); and (3) by providing lateral
constraints and interactions (LCI). An SGI cylinder is obtained by superposing a single mode
shape from the eigenvalue analyses on a uniform cylinder to provide a governing role over other
initial random imperfections. An NSD cylinder follows a similar concept of introducing artificial
imperfections but by strategically placing patterned thickened regions (which alter the stiffness
distribution) on the shell surface with the aim of triggering localized buckling events in non-

thickened regions. Finally, an LCI cylinder is driven by the desire to gain further control of the



postbuckling response through the interaction of multiple cylinders in nested assemblies. The
numerical simulations were conducted through extensions on established methods for simulating
nonlinear geometric response in slender structures. Prototyped cylinder were fabricated, first by
using laminated composite materials and later through 3D printing and tested under cyclic

loading. Further extension of these concepts was explored through a design optimization process.

Numerical and experimental results suggest that SGI and NSD cylinders can attain a
controllable postbuckling response due to the governing role of artificial imperfections. For both
cases, the localized buckling events can be triggered in predefined regions; and careful selection
of the geometry and stiffness distribution can lead to elastic postbuckling responses with
tailorable features, which implies diverse design opportunities. Further, simulations and test
results demonstrated that the elastic postbuckling response of SGI and NSD shells was less
sensitive to initial (manufacturing) imperfections as well as loading variations compared to that
of uniform cylinders. Studies on LCI cylinders showed that this concept allows the attainment of
a higher number of mode transitions in the elastic postbuckling regime and the post-buckling
stiffening behavior increases to levels that surpass the initial buckling load. Optimization results
showcased that postbuckling response can be tailored into three types (softening, sustaining and

stiffening) and design guidelines were developed to achieve a targeted behavior.

The study has led to knowledge on the possibilities, extent and means to control (and thus
design) the elastic far postbuckling response of cylindrical shells with the noted variations in
geometry, stiffness and boundary conditions. Full characterization and understanding of these
variables in the attainment and control of postbuckling response with desirable features can
promote the use of the presented cylindrical shell concepts for a variety of purposes of emerging

interest and across scales for various applications.
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Chapter 1

Introduction

1.1 Motivation and Vision

Elastic instability has been a major concern for centuries in the design of all slender structural
elements and systems due to the resulting capacity reduction and associated large deformations.
However, a paradigm shift has emerged during the past decade pointing to an exciting research
area dealing with the harnessing of elastic unstable events for “smart” purposes, such as the
design of actuators, dampers, energy harvesters, sensors, etc. Among many unstable events,
buckling is one of the oldest phenomena that is well understood and yet is generally avoided
through special design consideration. Increasing interests in the design of smart devices and
mechanical systems have identified buckling and postbuckling as a favorable behavior, which

leads to the investigation of such response from a brand new perspective.

In the context of buckling-induced smart applications, most studies to date have explored many
traditional structural prototypes, such as laterally-loaded arched beams and bi-stable plates,
axially-loaded columns and strips, etc. Studies on 3D forms such as cylinders and spheres are
limited because the potential of using these forms for smart applications is confined by the
uncertainty of the postbuckling response and the difficulty of numerical prediction due to their
imperfection sensitivity. The selected prototype for this research was an axially compressed thin-
walled cylindrical shell, which has been comparatively less studied for smart purposes than for

its use as a load-carrying element. Mainstream research efforts have been made since early in the



20th century mainly focused on determining the critical buckling load with a single stable
equilibrium path, or on determining the initial postbuckling path for use as residual capacity.
Compared to other existing prototypes, cylindrical shells can attain a higher number of multiple
stable configurations (also known as mode jumps or mode transitions) in their postbuckling
regime without the need of additional constraints due to the natural transverse deformation
restraint provided by their geometry. However, cylinders are embedded in many structural
component and system, as shown in Figure 1-1. The research findings presented herein provide
guidance on tailoring the postbuckling response of cylindrical shells to achieve desired target

responses and open new avenues for using such prototype for potential applications across scales.

Nanoscale

(structure)

Prototype
Axially Compressed
Cylindrical shell

Microscale
(sensor)

Figure 1-1: Axially compressed cylindrical shells across scales.



1.2 Background

1.2.1 Harnessing elastic instabilities for smart purposes

Even though the theory of elastic stability [1, 2] is considered a mature field of mechanics, a

paradigm shift during the past decade is emerging to rekindle the popularity of studying elastic

instabilities of many kinds [3], such as snapping, buckling, wrinkling, crumpling, phase

transition, cavitation, etc. Among these kinds, buckling is a phenomenon that has been known for

centuries, since an equation to determine the critical buckling of a column was derived by

Leonhard Euler. Harnessing buckling-induced instabilities for smart purposes is a much less

explored yet promising research field. Figure 1-2 shows a concept map of four major aspects in

the use of buckling and elastic instabilities including application purposes, application scales,

structural prototypes and material prototypes.
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Figure 1-2: Concept map of using elastic instability, applications and prototypes.




Smart applications have recognized buckling-induced nonlinear behavior as favorable due to
two encouraging features, namely, high-rate motion and sudden energy release. Within the
elastic response domain, structures are capable of snapping from an initial shape to a buckled
shape. This feature has been investigated to develop novel design concepts of actuation, micro-
optical switching, and structures at multiple scales with switchable functionalities,
morphogenesis, etc. [4-6]. The key merit of using snap-buckling is that local and global buckling
(in some cases they may happen together) in structural elements can reduce the actuation force
during shape recovery. In addition, snap-buckling events release a significant amount of energy
from the system as the structure transitions into another stable post-buckled shape. Such behavior
has proved to be a very promising phenomenon for the design of energy harvesters, sensors and
actuators. For example, micro-electromechanical systems (MEMS) with snap buckling as an
energy harvesting mechanism have features such as being able to generate high-frequency
impulses over a large frequency interval, self-tuning abilities, and capability of adapting to
variable acceleration levels [7]. Recent efforts on self-powered wireless sensors have shown
them capable of achieving active sensing due to the actuation from buckling-induced responses
(from a buckled wire [8], beam [9], strip [10]). Such active sensors have proven to be a powerful
future technology for structural health monitoring (SHM) and non-destructive evaluation (NDE).
Emerging trends have shown the promising buckling-induced applications for multiple purposes,
such as compliant mechanism for MEMS-based accelerometers [11], increase of solvent
transport [12], determination of material properties [13], design of ventricular assistance devices
for a better transmission of the pneumatic load to the blood [14, 15], etc. It should be noted that
many existing buckling-induced applications are primarily at the micro scale, but the emerging

trend is extending similar principles to potentially serve as a platform for some nanoscale



applications, such as triggering an abrupt change in the phononic properties of nano-materials
[16], creating unidirectional negative Poisson’s ratio behavior within materials with periodic

microstructure [17], and to assist nanoscale assembly of a complex structures [18], etc.

It follows that the study of elastic instabilities and its applications is a highly multi-
disciplinary problem that includes elements of applied mathematics, biology, material sciences,
mechanics, physics, engineering, sustainability, etc. A recent review [19] concluded that many
interesting problems within the topic of elastic instability in a broader sense remain to be
investigated, including: (1) the mathematical complications in modeling buckling and post-
buckling in thin structures; (2) the mechanical instability of materials associated with
inhomogeneity and nonlinearity; (3) new phenomena due to the coupling between geometric and
material nonlinearities; and (4) the usefulness of mechanical instabilities for broad engineering

applications.

The first and major step for using a specific unstable event is to identify the desirable
structural prototype. Using the postbuckling response of axially-loaded structures for smart
applications has been studied for many structural forms [20-23], including beams, plates, and
rods. However, cylindrical shells have been relatively less used due to its more rigorous
analytical modeling and their high sensitivity to imperfections. However, cylindrical shells offer
some desirable response features in the postbuckling regime that other forms cannot attain with
the provision of external constraints. Figure 1-3 plots schematic response curves in the initial
postbuckling equilibrium path, which indicates that cylindrical shells can have an initially
unstable behavior with a larger load drop and deformation. Recent studies have attempted to use
such initial unstable postbuckling behavior of cylindrical shells in the design of energy

harvesters [24] and sensors [25]. When considering energy harvesting, the cylindrical



piezoelectric harvester with optimal layout is expected to provide higher energy conversion
efficiency than simple forms (e.g., beams or cantilevers). In sensing applications, an axially-
loaded cylindrical shell is expected to detect minute loads due to its sudden load drop along the
equilibrium path. Another interesting postbuckling feature is the negative stiffness in the
response curve, which can be potentially used in the design of advanced dampers and isolators.
Such principle has been recently explored in other cylindrical type axially-loaded structures,

such as tubes [26], and columns [27, 28].
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Figure 1-3: Schematic diagram of the postbuckling response of various axially-loaded structures.



1.2.2 Buckling and postbuckling of an axially compressed cylindrical shells

There is a long history of research [29, 30] since the early twentieth century aimed at predicting
the critical buckling load of cylindrical shells under axial compression with the goal of
determining this limit state with more accuracy. Consequently, most of the efforts have been on
determining the critical bifurcation point in the primary static loading branch, shown as path (1)
in Figure 1-4. Later, experimental evidence [31, 32] identified the governing role of material and
geometric imperfections on the critical load, which challenged the development of analytical and
numerical models. Geometric imperfections are known to reduce the critical buckling as shown
in path (2). Endeavors to understand the mechanisms behind the postbuckling response of axially
compressed cylindrical shells have been carried out analytically since the pioneering work by
Koiter in the early 1940’s [33]. Due the problem’s complexity analytical studies have mainly
focused on determining the first or second buckling loads and the initial postbuckling
equilibrium paths [34-37]. Recent efforts are motivated by the interest in using the residual

strength in the postbuckling regime as a safeguard [38, 39].

A

@
@
g @ Loading
o
-l

(@ Stable Equlibrium
@ Initial Postbuckling Path
(® Far Postbuckling Regime

I
End Shortening

Figure 1-4: Schematic diagram of the postbuckling response of a cylindrical shell.



Aided by advances in computational mechanics and computer technology, investigations on
the postbuckling behavior of shells since early 1990s have mostly been carried out through
numerical modeling approaches. Several numerical methods have been proposed to trace the
equilibrium paths in the postbuckling regime [40-43], as shown in path (3) of Figure 1-4. Rather
than a response path with a single bifurcation point and a large critical buckling load, multiple
bifurcation points can be observed in the postbuckling response due to changes in the deformed
geometry after each critical point. A sudden “load drop” will occur when the equilibrium paths
intersect with each other, namely the strain energies corresponding to two successive curves are
equal. A localized buckling event in the shell surface releases energy from the system and
additional strain energy needs to accumulate to generate a new critical event. As a result, the
final response curve will consist of portions from the entire family of paths with a number of
jumps. Another interesting feature recognized by several experimental studies [38, 44, 45] is the
recoverable nature of the postbuckling response, as shown in path (4). An enclosed area in the
force-deformation response exists associated with the energy dissipation from the equilibrium
path transitions. Such features are not easily attained by other axially compressed structural

prototypes without providing them with additional external constraints.

1.2.3 Effect of geometric imperfections on postbuckling response

The postbuckling response of cylindrical shells is highly imperfection sensitive and difficult to
predict due to the random nature of the imperfection profile. In general, geometric imperfections
on the shell surface can be considered in four ways: by a mathematically determined “worst”
pattern, from actual measurements, through eigenvalue-based simulated shapes, or by
probabilistic methods. In the early stages of analytical model development, determination of the

“worst” pattern was theoretically demanding and thus geometric imperfections were assumed to



have an asymmetrical shape such that a load deduction could be estimated at a lower capacity.
The well-known knock-down factor was introduced to consider the imperfection sensitivity and
ensure a lower bound of residual capacity. The existence of imperfection leads to discrepancy
between analytical model predictions and experimental data. The most significant modeling
performance gain comes from the ability to scan the initial geometric imperfections and
thickness variations of manufactured shells for use as input to analytical and numerical models.
From a practical point of view, measured imperfections using laser scanning techniques are not
always available. Thus, mode shapes from eigenvalue buckling analyses are commonly used to
define artificially generated imperfections as small perturbations on the perfect shell. Typically
the first eigenmode is chosen to simulate an imperfection with a symmetric shape because the
lowest mode is assumed to have the largest effect on the first buckling load. However, it has
been shown that improved agreement with experimental data is obtained by seeding
imperfections from the superposition of multiple mode shapes [43]. The seeded imperfection
amplitude can range from 5% to 50% of the shell thickness and is selected based on known
knowledge of experimental response [46]. Thus, in spite of the significant advances in numerical
modeling approaches for predicting the buckling and postbuckling response of cylindrical shells,
without the measurement of actual geometric imperfection, the disagreement of predicted and
measured responses still exists [47-49]. Most of the recent studies on imperfection sensitivity
have featured the use of probabilistic methods (such as Monte Carlo) to develop less
conservative guidelines for the design of axially compressed cylindrical shells [50-52] and more
localized types of imperfection have been considered for calculating the postbuckling response,

such as cutouts, dimples, dents, mid-surface imperfections, etc.



The governing role of imperfection sensitivity has limited the potential use of unstiffened
cylindrical shells for the design of smart devices and mechanical systems. Given that
imperfections cannot be avoided, at least under current manufacturing technologies, the design of
cylindrical shells for smart purposes requires the transition from imperfection sensitive structures
to imperfection insensitive structures. Such attempt has been made in the design of stiffened
cylindrical shells where the buckling events are to occur between stringers even though the load-
carrying capacity is still reduced by the imperfection [53]. The possibility of the noted transition
(from imperfection sensitive to imperfection insensitive) has been demonstrated in a two-part
paper series [54, 55]. Several recent studies on shape optimization have thus explored the
opportunity of designing the pattern and amplitude of imperfections. Lindgaard et al. [56] carried
out shape optimization with buckling mode shapes as the design variables. The resulting mode
shapes were used to define a “worst” imperfection pattern for a thin-walled cylindrical shell such
that the axially compressed cylinder would minimize the buckling load. Ning and Pellegrino [57]
explored the concept of imperfection-insensitive cylindrical shells by designing a wavy cross-
section using structural optimization. It follows that, overall, the role of the geometric
imperfection may not be necessary regarded as a detrimental factor for the purpose of designing

smart materials and structures.

1.2.4 Modification and control of postbuckling response

The generation of multiple mode transitions in the postbuckling response of axially compressed
cylindrical shells highly depends on material, geometry and constraint features. To achieve a
targeted postbuckling response, existing avenues to modify and potentially control such behavior
includes: (1) varying the material properties; (2) using hybrid material systems; (3) using hybrid

material combinations and (4) adding lateral constraints.
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A prior study [58] identified that an isotropic shell may only be stable in its initial
configuration but that it will exhibit second or more stable configurations if made from fiber-
reinforced composites. The variation of fiber orientations, layer thicknesses and stacking
sequence of laminated composites has a significant effect on the first buckling load and near
bifurcation postbuckling behavior. Tailoring laminated composite to achieve tristability has been
investigated for multiple shell forms, such as corrugated shells [59], orthotropic shells [60],
double curved shells [61], etc. Multi-stable mechanisms have also been reported by using hybrid
systems. A quadri-stable compliant mechanism was designed and tested by using a bi-stable
curved-beam embedded in an arch beam [62]. A bi-stable switching mechanism was achieved
through a hybrid system of curved strips attached to a center beam [63]. A multi-stable lattice
structure consisting of a tri-stable lattice cell made with bi-stable laminates has also been
developed [64]. Buckling and postbuckling response has also been studied with the combination
of two materials for achieving sustainable snapping events, such as shape memory alloy wire
actuators embedded in laminated composites [65, 66], composite plates with piezoelectric
actuators and sensors [67, 68]. Similar effects have been achieved by using Macro-Fibre
Composites (MFC) to provide activation load. MFC bonded onto another structure has also been
used for developing energy harvesting prototypes due to their flexibility at large deformations
and shown to have higher power generating efficiency compared to traditional piezoelectric
materials [69]. Four major materials with the ability of shape change reported in the literature [6]
are metals (including metalloid), fiber-reinforced composites, polymers and piezoelectric
materials. In other cases, a smart structure also requires the ability of shape memory (i.e., snap
back to the original shape without external stimulus). Shape memory alloys (SMAs) [70] and

shape-memory polymers (SMPs) [71, 72] are well-known candidates among many smart
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materials. An ongoing trend is using soft and super-elastic materials to trigger snap-buckling,
such as dielectric elastomers (DEs), graphene, and ionic polymer—metal composites (IPMCs).
Finally, a way to induce multiple bifurcation events in the postbuckling response of slender
elements is to provide them with external lateral constraints that limit transverse deformations
[73, 74]. Prior studies have studied the addition of rigid constraints to provide additional
boundary conditions in order to achieve sustained snap-through and snap-back response in the
far postbuckling regime. For example, the disordered packing behavior of an elastic rod
constrained by a cylindrical chamber was studied to develop a prototype for a folding mechanism
[75]. A bilaterally constrained axially loaded CFRP strip can also exhibit snap through behavior

between the multiple buckling modes [10].

Optimization techniques have been devloped to seek the best material/stiffness distributions
or, in this case, an optimal shell geometry for a given objective [76] and general theories are
well-documented [77]. A recent review [78] shows that topology optimization has been used to
solve many multidisciplinary problems in the past decade. A paradigm shift of topology
optimization from a static problem with a strength goal to a buckling objective, considering a
nonlinear large deformation problem for smart purposes, has also emerged. Numerical
algorithms for tracking a nonlinear response path that exhibits snap-through behavior have been
developed [79-83]. Optimization studies towards tailoring the postbuckling response of
cylindrical shell has not been equally explored compared to plates because it always fails to the
cliché& of imperfection sensitivities and manufacturing difficulties. Recent efforts showcase the
use of topology optimization to find material layouts to obtain larger displacement and energy
release from the snap-through events for different purposes, such as actuators [84-88], energy

harvesters [24, 89, 90], dampers [91], multi-stable compliant mechanisms [92, 93],
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thermoelectric generators [94] and flutter control [95]. Thus, topology optimization is a
promising technique to find new structural and material layouts that satisfy a targeted snap-
buckling response. Shape and topology optimization techniques can thus provide synergistic
features to explore optimal geometric shapes and material distributions for harnessing

instabilities in the postbuckling behavior of shells.

1.2.5 Research gap

The buckling and postbuckling response of axially-loaded cylindrical shells has been a topic of
study for over a century. Yet, Figure 1-5 indicates that most studies have primarily focused on
determining the first critical buckling capacity. Studies beyond the initial equilibrium path have
increased only recently and deal mostly with the evaluation of residual capacity. The far
postbuckling regime is usually regarded as a failure and associated with plastic buckling if the

cylindrical shells are used as load-carrying components.

The focus of this research is in the vein of increasing interests in smart structures, which turns
elastic buckling from an undesirable feature into a desirable opportunity. Rather than a buckling
criterion, the first research gap is attaining multiple mode transitions and a recoverable response
in the far elastic postbuckling regime. The background presented in this section has shown that
axially-loaded cylindrical shells as a prototype for smart purposes are much less explored. The
largest barrier for using the elastic postbuckling domain in shells is that the occurrence of
multiple mode transitions and their spacing cannot be accurately predicted and controlled due to
the high degree imperfection sensitivity. The second research gap is thus to study cylindrical
shells with varied stiffness (material and geometry) such that postbuckling response can be

tailored and controlled. Figure 1-6 provides the evidence that isotropic unstiffened cylindrical
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shells have been highly studied due to their associated purpose as load-carrying components; but

in this kind of behavior they are most likely not an appropriate prototype.
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Figure 1-5: Response domain on postbuckling behavior of axially-loaded cylindrical shells.
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Figure 1-6: Geometric feature on the study of postbuckling behavior of cylindrical shells.
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1.3 Hypothesis and Objectives

1.3.1 Hypothesis

The elastic postbuckling response of cylindrical shells can be tailored and the sensitivity to
imperfections as a traditional challenge in the design of cylindrical shell can be reduced if the
geometric features, material systems and external constraints can be properly designed; thus
transforming a behavior traditionally seen as undesirable into an opportunity for use in smart

materials and structures.

1.3.2 Objectives

Harnessing elastic postbuckling response features in cylindrical shells is a less explored yet
promising avenue for the development of novel materials and devices. The research goal is to
generate a new understanding for the means by which the elastic postbuckling response of

cylindrical shells can be tailored, i.e., modified, controlled and designed for specific features.

1.4 Scope

The scope of this research is to study the elastic postbuckling regime of cylindrical shells under
axial compression through three key design approaches as shown in Figure 1-7. Again, the
postbuckling response regime is the focus of this study, particularly the attainment of multiple
mode transitions. It is proposed that the elastic postbuckling response of axially compressed
cylindrical shells can be categorized in three types, as shown in Figure 1-8: stiffening, sustaining
and softening. These definitions are based on a ratio of the total load drop (between the first
buckling event and the end of the loading phase) to the magnitude of first critical buckling load.

As discussed later, each postbuckling response type has its own potential application features.
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Figure 1-7: Schematic of the three design concepts for cylindrical shells..

Three prototypes (SGI, NSD, and LCI) are proposed (see Figure 1-8) to achieve a targeted
elastic postbuckling response. The SGI concept was inspired by a well-known numerical
approach of modeling the postbuckling behavior with the consideration of imperfections. An SGI
cylinder is thus obtained by superposing single or multiple mode-shapes from an eigenvalue
analysis on a uniform cylinder such that a predefined geometric imperfection provided to the
original geometry has a governing role over other initial random imperfections. The NSD
cylinder follows a similar concept of introducing artificial imperfections but in this case by

strategically placing patterned thickening regions (which alter the stiffness distribution) on the
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shell surface with a focus of triggering localized buckling events in non-thickened regions. The
LCI cylinder concept emerged from the desire to obtain more mode transitions in the
postbuckling regime, compared to SGI and NSD cylinders, since the provision of multiple walls
leads to their interaction in the elastic postbuckling regime. With the noted variations in
geometry, stiffness and boundary conditions, the elastic postbuckling responses of these three

cylindrical shell types are expected to be tunable, that is, they can be modified and controlled.
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Figure 1-8: Schematic of the target postbuckling response of axially-loaded cylindrical shells.
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1.5 Organization

This dissertation has been organized into eight chapters. The remainder of this dissertation is
organized as follows. Chapter 2 provides a background and literature review for the advances
and trends on using buckling and elastic instabilities in general, including key applications,
structural prototypes, material uses, etc. Chapter 3 introduces the state-of-the-art approaches of
understanding and predicting the postbuckling response, including theoretical considerations,
numerical modeling and experimental testing. Chapter 4 presents the concept of using seeded
geometric imperfection (SGI) designs to modify and control the elastic postbuckling response.
Chapter 5 explores the concept of using non-uniform stiffness distributions (NSD) numerically
and experimentally. Chapter 6 presents the concept of providing internal lateral constraints and
interactions (LCI). Chapter 7 discusses the potential applications for using cylinders with the
assistance of an optimization tool and advanced manufacturing. Chapter 8 provides the research

significance, conclusions and future research needs.
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Chapter 2

Buckling-Induced Smart Applications

2.1 Overview

This chapter presents a state-of-the-art review to showcase the recent advances on buckling-
induced smart applications and to explain why a buckling response offers certain advantages to
fit their purpose. Interesting prototypes in terms of structural forms and material uses associated
with those applications are summarized. Finally, this review identifies potential research avenues
and emerging trends for using buckling and other elastic instabilities (El) for future innovations.
This chapter was partially published as a topical review paper in the journal Smart Materials and

Structures [96].

2.2 Why Buckling?

For centuries, buckling has been a major concern in the design of all slender structural elements
and systems due to the resulting capacity reduction, associated large deformations and
catastrophic failure. The structural response beyond the first bifurcation, i.e., the postbuckling
response, has been of most common interest only as residual capacity but otherwise not given
much attention and in most cases thought of little practical meaning. This is because it is difficult
to predict and control due to its high sensitivity to initial conditions, namely geometric
imperfections. Other than load-carrying capacity, two encouraging features of many buckling
phenomena are high-rate motion and sudden energy release. Within the elastic region, structures

are capable of snapping from their initial shape to a buckled shape along with a significant
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amount of energy release from the system, represented as a load drop in the force-deformation
response curve. These two features make buckling an ideal mechanism for adaptive and smart
applications. Increasing studies are demonstrating the use of such behavior across disciplines,
which can be divided into two main categories: energy-related and motion-related applications

(see Figure 2-1).
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Figure 2-1: Research publications on the use of elastic instability for different purposes.

2.2.1 Energy-related applications

Energy-related applications can be further categorized into energy production and energy
dissipation. Energy released from the buckling events can be used in the design of energy
harvesters and sensors for micro-electromechanical systems (MEMS) while the energy dissipated

can be useful for the design of absorbers, dampers, stabilizers and isolators.

Buckling events have been shown as a very promising source for nonlinear energy harvesters

by featuring the generation of high-frequency impulses over a large frequency interval, self-
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tuning features, and the capability of adapting to variable acceleration levels [7]. Energy
harvesting (EH) is a very attractive technique for a wide variety of self-powered microsystems.
Compared to macro-EH technology (such as the kW or MW level of power generated by energy
plants), micro-EH technology focuses on the development of alternative solutions for the
conventional battery [97]. The source for the EH technology can come from mechanical, thermal,
frictional, photic, chemical or biological sources and the corresponding harvested power ranges
from mW to pW. Energy harvesting from mechanical vibration has gained considerable interest
in recent years by converting mechanical energy into electrical energy [98]. A smart energy
harvester should be able to respond with large amplitude motions to increase power generation as
well as EH efficiency. The harnessing of buckling events offers advantages in the design of an
EH device because the nonlinear behavior can be excited at high-energy orbits from low-
frequency broadband vibrations, or quasi-static deformations, at which linear harvesters are
usually only weakly excited. Buckling events explored for use in nonlinear harvesters include the
snap-through mechanism in laterally-loaded clamped-clamped beams and bistability in thin
laminated composite plates. This applications have also found that the excitation frequency of
the harvester becomes less sensitive to frequency changes compared to linear harvesters, such as
a cantilever excited at its natural frequency [23]. Such buckling-induced prototypes have proved
suitable for many MEMS applications because the subject nonlinear response can broaden their

application bandwidth, modify the device performance and control resonant frequencies.

The benefit of buckling events has been the catalyst for much recent research on MEMS
applications. With the advances in integrated circuit technology, MEMS applications find wide
applications and the production cost have been significantly reduced [99]. The use of buckling-

induced response has been demonstrated to be reliable and capable of delivering useful power to
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MEMS devices. However, MEMS devices are susceptible to the well-known “pull-in” instability
if the applied electrostatic voltage reaches a critical level. Since it is widely accepted that the
“pull-in” instability is unavoidable, a latest review [100] identified that an increasing number of
studies have explored the feasibility of using “pull-in” instability to design special sensors and

actuators. More examples on buckling-induced MEMS systems are presented in Section 2.3.

Increasing research activities have focused on the development of wireless sensors and sensor
networks through the use of buckling and snapping for structural health monitoring (SHM) and
non-destructive evaluation (NDE). A comprehensive review [101] has shown that researchers
started to explore self-power wireless sensors because power operation based on batteries is their
major drawback. The emerging concept of wireless sensors with actuation interfaces is an
important step in the evolution of wireless sensor technology because it closes the gap between
traditional SHM and NDE methods. Recent efforts have demonstrated the capability of active
sensing due to the actuation from buckling events in different structural types such as wires [8],
beams [9], strips [10] and cylinders [25]. The actuation provides the interaction between the
wireless sensors and the system in which they are attached to or embedded in. With advances in
smart materials, such as piezoelectric materials, power harvesting (conversion of mechanical to
electrical energy) becomes possible. Buckling events provide the function of modifying the input
to smart materials by serving as a trigger. Under this concept, active sensors are likely to become

a promising technology in the future.

Promising endeavors on the use buckling events for energy dissipation have also been
conducted, but to a lesser extent as compared to the energy production purposes. Recent studies
have explored the possibility of taking advantage of such response for the design of absorbers

[102-104], dampers [26, 27], and isolators [28, 105-107]. It should be noted that in all of those
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applications the structural elements suffering buckling and postbuckling response are in the
elastic response region. Plastic buckling along with progressive failure mechanisms are out of the

scope of this dissertation.

2.2.2 Motion-related applications

The high-rate motion associated with snap-through buckling is another promising feature that has
been investigated to develop novel design concepts for actuators and micro-optical switching in
MEMS devices. Small perturbations can generate sudden snapping behavior in elastic elements
that enables the structure to dynamically change its configuration. The onset of the snap-buckling
transition can provide actuation output in terms of out-of-plane displacements, which provides a
new route to design materials and structures at multiple scales with switchable functionalities,
morphogenesis, etc. The key merit of using snap-buckling is that local and global buckling (some
cases may happen together) in structural elements can reduce the actuation force during shape
recovery and in most cases no additional stabilizing element is required during the

transformation between the equilibrium states.

The efforts noted above can be found in several recent reviews on morphology in materials
and structures. Kuder et al. [5] showed the increasing interest of using buckling-induced
response in terms of multistability to design morphing features in materials and devices.
Friedman et al. [4] showed that snap-through instabilities can lead to the development of self-
deploying or self-locking structures depending on the stability of their packed configuration.
Huang et al. [6] discussed switching in polymeric materials and their structures due to
instability/collapse phenomena in their shape changes. More buckling-induced mechanisms and

structure are expected to be explored with advances in novel fabrication technologies.
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2.2.3 Multi-purpose applications

The spectrum of smart applications covered in Section 2.2.1 and 2.2.2 has profiled the increasing
interests in buckling responses and the ongoing trend is to take the fundamental aspects behind
energy and motion related applications into diverse purposes. Another interesting trend is on the

use of elastic instabilities across multiple scales, particularly at the nano-scale.

Beyond the fundamental design of actuators and energy harvesters, several recent endeavors
have shown the promising potential of using buckling-induced behavior for multiple other
purposes (see Figure 2-2). Figure 2-2(a) presents a bi-stable compliant mechanism for a MEMS-
based accelerometer in which the mechanism can switch from one position to another when the
force on the accelerometer exceeds a threshold value [11]. Figure 2-2(b) shows a half section
view of a curved water-soluble polyethylene beam that is designed to increase the rate of solvent
transport. Snap-buckling of the beam is trigged by the release of internal elastic energy due to the
swelling and shrinking processes when the solvent diffuses into the water-soluble polyethylene
[12]. Such mechanism can also be used in the design of artificial muscles. The schematic picture
in Figure 2-2(c) shows a new experimental approach to determine the bending rigidity of
graphene using the snap-buckling instability in a prebuckled graphene membrane. Such concept
offers an interesting method to predict the properties of nanoscale materials [13]. For example,
Sadeghian et al. [108] experimentally estimated the Young’s Modulus of a silicon nanocantilever
from the instability induced by electrostatic pull-in forces. The approach has substantial
advantages over other methods used for the characterization of nanoelectromechanical systems.
Figure 2-2(d) shows an experimental setup to examine the snap-through instability of a
membrane subjected to an axially symmetric load simulated through water inside an acrylic

column. This prototype was developed to harness the nonlinear behavior of snap-buckling for the
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design of a ventricular assist device for better transmission of the pneumatic load to the blood
[14, 15]. A sensor relying on the elastic buckling of a thin wire (Figure 2-2(e)) was designed and
tested for memorizing peak strains in structures to identify damage. Such mechanical-memory
mechanism is a promising concept for damage index sensors [8]. Figure 2-2(f) shows a
biomimetic responsive surface inspired by the Venus flytrap leaves that can snap from concave
to convex states [109]. The sphere snaps by swelling elastic network with an organic solvent to
develop an osmotic stress. Such snapping surfaces can impact a variety of applications, such as

coatings, adhesives, drug delivery, etc.
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Figure 2-2: Harnessing of elastic instabilities for diverse purposes. (a) A bi-stable compliant
mechanism for a MEMS-based accelerometer (Reprinted from [11], Copyright (2007), with
permission from 10P Publishing). (b) A curved water-soluble polyethylene beam that to increase
solvent transport (Reprinted from [12], Copyright (2010), with permission from IOP Publishing).
(c) A method of determining material properties using snap buckling (Reprinted from [107],
Copyright (2012), with permission from American Chemical Society). (d) A ventricular assist
device using snap buckling (Reprinted from [14], Copyright (2003), with permission from
Elsevier). (e) A smart sensor with memorizing peak strain for damage identification (Reprinted
from [8], Copyright (2003), with permission from 10P Publishing). (f) A biomimetic responsive
surface based on snap-through buckling of domes (Reprinted from [108], Copyright (2007), with
permission from John Wiley and Sons).
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Harnessing buckling has been explored for many micro-scale applications; yet the emerging
trend is to extend the instability principles for uses across multiple scales, particularly the
nanoscale. For example, dramatic mechanically triggered transformations in a 2D periodic
elastomeric structures using unstable events have been used to transform phononic band gaps
[110]. In a similar line, microstructure elastic buckling responses have been used to trigger
abrupt changes in the phononic properties of nano-materials [16] to create unidirectional
negative Poisson’s ratio behavior in materials with periodic microstructures [17] and to assist the
nanoscale assembly of a complex structures [18]. A similar idea [111] was numerically
investigated by using a two-phase transition to design a viscoelastic material with negative
elastic modulus to be used as inclusions in a positive elastic modulus matrix. Elastic instabilities
have been found in many nanoscale structures [112, 113], such as nanowires, nanotubes, etc. The
major issue at such scale is surface effects, and they should be accounted as part of the total
energy potential of the system [19]. On the other hand, the success of micro-scale buckling-
induced applications has been extended toward the discussion of possibly using similar concepts
for large-scale applications. For energy-related applications, the increasing number of published
literature has shown the great potential of self-powered smart sensors based on snap-buckling for
wireless structural monitoring networks on buildings and bridges [10, 114-118]. For motion-
induced application, several reviews have identified opportunities for using buckling behavior to
design morphing components for different structures, such as automobiles [119], wind turbine

blades [120] and infrastructure [4].
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2.3 Prototype: geometry

The use of buckling and snapping events is diverse and this section summarizes various
manifestations of structural prototypes related to recent smart applications that have been
designed and experimentally investigated. Based on their configuration, structural prototypes can
be categorized into classic forms and emerging forms. From a geometrical point of view, the
buckling phenomenon can be found in all slender members, including one-dimensional members
(arches, beams, columns, rods, wires, etc.), two-dimensional members (membranes, plates, shells,
etc.) and three-dimensional members (cylinders, tubes, spheres, etc.). Some notes of interest
regarding these structural forms are: (1) laterally-loaded beams and bi-stable plates have been
well studied for the purposes of energy harvesting; (2) cylinders/columns/tubes have been
heavily investigated for energy dissipation purposes; (3) 3D forms are more favorable for use in
motion-based applications such as morphing structures, deployable structures and adaptive
structures; and (4) novel prototypes have been proposed under each form type to address
multiple potential applications. The following section highlights some of the examples to
identify the changing role of some classic buckling phenomena and to present emerging efforts

on new forms for potential applications.

2.3.1 Structural forms for energy-related applications

The loss of stability in a structure depends on the prescribed form and its geometrical
imperfections. In most cases, snap-through buckling occurs at a limit point rather than at a
bifurcation point. Figure 2-3 shows a classic structure that is known to exhibit unstable behavior
once its subjected to external loading. A laterally-loaded beam/arch/strip is the simplest 1D

structural form reported in energy-related applications [9, 23, 121-126]. Such phenomenon is
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familiar to engineers and has only one limit point on the initial loading path. Physically, external

loading at the critical state leads to snap-buckling along the loading direction.

Another common structural form for energy harvesting is the bi-stable panel/plate. Snap-
through buckling in a bi-stable system can also cause large amplitude motion due to its transition
from one stable state to another, which can significantly improve the efficiency of energy
harvesters. Compared to a laterally-loaded beam, the snap-through behavior of a bi-stable plate
depends on both its bending and in-plane stiffness. A recent review [23] highlights the increasing
body of literature on energy harvesting from bi-stable plates. Buckling in 3D forms (such as
cylinders and spheres) has been far less studied for energy harvesting purposes. One of the
reasons is that postbuckling behavior in cylinders and spheres is usually an asymmetric
bifurcation response that exhibits random behavior. Prediction and control of such behavior is

more difficult due to its high imperfection sensitivity.
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Figure 2-3: Schematic snap-through buckling of a laterally-loaded arch beam.

29



Many recent studies [12, 21, 22, 127-133] have explored various techniques to trigger snap-
buckling triggered by non-mechanical loading for the development of MEMS devices or energy
harvesters, see Figure 2-4. Figure 2-4(a) shows snap-through buckling of a curved double-
clamped beam from the electrostatic actuation of a fringing field engendered by symmetrically
located electrodes [130]. Figure 2-4(b) demonstrates a semi-flexible strip made of 115 pm-thick
curved bimetals designed to snap at 47 <C and to snap-back at 42.5 <C, whereby a hysteretic
thermal gradient can trigger snap-through behavior between the two positions [21]. Figure 2-4(c)
displays a steel buckled-beam subjected to a magnetic levitation system repelled by top and
bottom magnets to trigger the second buckling mode and thus enhance energy harvesting at low
frequency and small excitation conditions [22]. Two classes of azobenzene-functionalized
polymers (Figure 2-4(d)) were investigated to design contactless photo-initiated snap-through
events in bi-stable arches, leading to orders-of-magnitude enhancement in the actuation rates
(~102 mm/s) and powers (~1kW/m® under moderate irradiation intensities (<<100 mW/cm?)
[134]. For micro-device design, the capillarity-induced snapping of elastic beams and the
solvent-induced snapping of a beam (see Figure 2-4(e)-(f)) was reported in [12] and [129],
respectively. However, one of the noted drawbacks in these systems is that the external source
may not always be available and/or suitable for applications at different scales. For example, it is
difficult to integrate permanent magnets at the nanoscale and magnetic fields could strongly
interact with other components in electronic devices [20]. In addition to triggering from external
sources, structural prototypes using smart materials offer the features of self-tuning and self-

adapting and more discussion on this aspect of their development is presented in Section 4.
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Figure 2-4: Snap-through buckling of arch/beam forms triggered by various sources other than
mechanical loading: from (a) electrode-induced (Reprinted from [130], Copyright (2011), with
permission from Springer), (b) Thermal-induced (Reprinted from [22], Copyright (2013), with
permission from 10P Publishing), (c) Magnetic-induced (Reprinted from [23], Copyright (2013),
with permission from AIP Publishing), (d) Photo-induced (Reprinted from [134], Copyright
(2013), with permission from PNAS), (e) Capillarity-induced (Reprinted from [13], Copyright
(2013), with permission from IOP Publishing), and (f) Solvent-induced (Reprinted from [129],
Copyright (2013), with permission from the American Physical Society).
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Another well-documented prototype form class with postbuckling behavior is that of axially-
loaded structures. Such prototypes have not been extensively studied for energy harvesting
purposes but they have been used for energy dissipation purposes such as absorbers, dampers
and isolators. For these purposes, 3D forms, particularly cylinders and tubes are more frequently
used as a structural prototype over 1D and 2D forms. Figure 2-5 shows the load-deformation
curve of an axially-compressed cylindrical shell, which exhibits a postbuckling response with
multiple bifurcation points (also termed mode transitions) due to changes in the deformed

geometry after each critical point. Cylindrical shells can attain multiple local buckling events, or
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mode jumps, in their postbuckling regime due to the natural transverse deformation restraint
provided by their geometry. Dealing with such complex nonlinear behavior has proven to be a
challenging task due to the high imperfection sensitivity that this prototype form suffers from,
which has limited the practical design of thin-walled structures using this behavioral feature.
Nonetheless, 3D prototypes could gain more attention if the static and dynamic response from

mode branch switching in their postbuckling response can become predictable and possibly

modified and tailored.
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Figure 2-5: Schematic postbuckling response of an axially compressed cylinder.

Many experimental and numerical studies have provided valuable knowledge towards
characterizing the elastic postbuckling response of axially-loaded structures. With increased

understanding of the behavior in the postbuckling regime, a wide variety of structural forms have
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been explored for energy dissipation purposes. For example, the postbuckling response of axially
compressed cylindrical shells (Figure 2-6(a)) can occur at a lower energy level and efforts to
characterize this response experimentally and numerically have been motivated by the interest of
using the residual strength as a safeguard [38, 135, 136]. A recent study [137] may inspire using
a group of cylinders connected by ligaments for use as an energy absorber (Figure 2-6(b)). The
bifurcation and snap-through collapse of a variety of thin-walled structures can be found in a
comprehensive review [138]. An inspiring study [105] has investigated several vertical vibration
isolation designs by using the Euler buckling springs (Figure 2-6(c)). A recent endeavor [139]
uses a composite bi-stable plate as part of vibration isolator subjected to harmonic base
excitation (Figure 2-6(d)). Another interesting feature in prototypes displaying buckling events is
that they give rise to negative stiffness, which can be potentially used for the design of advanced
dampers. For example, an interesting damping system (Figure 2-6(e)) was designed with
negative stiffness and large hysteresis by using the snap-buckling of a column with flat ends [26].
A negative stiffness device using snap-buckling under a similar framework was recently
attempted to use as seismic protection for structures (Figure 2-6(f)) [140, 141]. Similar buckling-

induced responses in various structural prototypes can also be used as isolators.
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Figure 2-6: Harnessing buckling-induced behavior for the different energy dissipation purposes.
(a) Postbuckling of a CFRP cylindrical shell (Reprinted from [39], Copyright (2003), with
permission from Elsevier). (b) Buckling of a cylinder group connected by ligaments (Reprinted
from [137], Copyright (2010), with permission from Elsevier). (c) Buckling of a column used for
an isolator (Reprinted from [105], Copyright (2002), with permission from Elsevier). (d) Bi-
stable plate used as an isolator (Reprinted from [139], Copyright (2013), with permission from
Elsevier). (e) Buckling of a column designed for a damper (Reprinted from [27], Copyright
(2013), with permission from Elsevier). (f) Spring-based negative stiffness device for seismic
protection (Reprinted from [140-141], Copyright (2013), with permission from ASCE).



2.3.2 Structural forms for motion-related applications

One of the key features of snap-buckling is their capacity of actuation. Many classical buckling
phenomena have been incorporated into the design of energy harvesters and MEMS devices.
Figure 2-7(a) shows a widely used example of using an arch-shaped beam as an actuator [87]. In
this case, a magnetic field normal to the chip surface creates a Lorentz force to trigger snap-
through buckling of the arch-shaped leaf spring. Similar snapping behavior can also be found in
many plate designs [120] for adaptive and morphing structures (Figure 2-7(b)). Brinkmeyer et al.
[142] explored the snap-through buckling of an isotropic spherical dome to design morphing
structures with pseudo-bistable behavior (meaning that snap-buckling occurs slowly due to the
use of a viscoelastic material). This dome can recover its original state without further actuation

due to the use of a macro polymer composite (Figure 2-7(c)).

Nature has long made use of elastic instabilities for functionality and it has generated an
important research are during the past decade. For example, a recent study [143] found that the
mosquito fascicle is laterally supported throughout the penetration process such that the Euler
buckling load is increased by a factor of 6. The results showed the importance of lateral supports
for modifying the stability of elastic structures, which is similar to man-made laterally
constrained systems. Within the subject of this review, bio-inspired concepts and biommetics
have been used in the development of structures and mechanisms with two major features:
snapping and folding. With inspiration from the Venus flytrap’s fast closure [144], a biomimetic
responsive surface was developed that can snap from one curvature to another [109]; a hingeless
flapping device (Figure 2-7(d)) was developed and patented under the name Flectofin® [145];
and a flytrap-inspired robot and novel actuation mechanism was designed [146]. Other recent

biomimetic lessons on snapping behavior include the design of an initially flat pod valve that

35



turns into a helix, which was inspired from the mechanical process of seed pods opening in
Bauhinia variegate [147], and the development of a dragonfly-inspired flapping strip with
piezoelectric patches [148]. Folding is another interesting mechanism that can be useful for the
design of deployable and morphing structures. Leaf-folding patterns have been investigated to
create new fold patterns for thin membrane structures [149]; a multi-stable composite cylindrical
lattice structure (Figure 2-7(e)) was designed to mimic the bi-stable behavior of the virus
bacteriophage T4 [150]; and the design of a bi-stable cell (Figure 2-7(f)) capable of reversibly
unfolding from a flat configuration to a highly textured configuration was inspired by natural

systems through origami design principles [151].
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Figure 2-7: Harnessing snap-buckling instabilities for motion-based purposes. (a) Snap-through
buckling of beam for actuator (Reprinted from [88], Copyright (2004), with permission from IOP
Publishing). (b) Snapping behavior of adaptive morphing trailing edge (Reprinted from [120],
Copyright (2013), with permission from John Wiley and Sons). (c) Snap-through buckling of a
dome with self-recovery ability (Reprinted from [142], Copyright (2012), with permission from
Elsevier). (d) A biommetic design of hingeless flapping device using snap-buckling (Reprinted
from [145], Copyright (2012), with permission from IOP Publishing). (e) Multi-stable cylindrical
lattices inspired from the bi-stable behavior of a virus (Reprinted from [150], Copyright (2013),
with permission from Elsevier). (f) Depolyable cell by using snap-buckling behavior (Reprinted

from [151], Copyright (2013), with permission from IOP Publishing).
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2.3.3 Emerging forms

Beyond the extensively studied classic forms, structural form-finding for new prototypes are part
of a parallel research avenue on harnessing snap-through buckling for potential applications.
Buckling-induced applications have sparked advancements in the development of novel forms
that can attain elastic instabilities. A recent review [19] concluded that many interesting
problems within the topic of snap-through instability remain to be investigated, including: (1) the
mathematical complications in modeling buckling and post-buckling in thin structures; (2) the
mechanical instability of materials associated with inhomogeneity and nonlinearity; (3) new
phenomena due to the coupling between geometric and material nonlinearities; and (4) the

usefulness of mechanical instabilities for broad engineering applications.

Recent contributions considered elastic instabilities in a variety of structural forms, ranging
from 1D to 3D, on their opportunities and feasibilities to be used as structural prototype, as
shown in Figure 2-8. Featured examples include slackening of a twisted thin rod [152] (Figure
2-8(a)), buckling of an elastic planar rod penetrating into a sliding sleeve [153], snapping of an
elastic arched beam inspired by a popper [154], snapping of a simple stretched bi-strip of
elastomers [155], the buckling and folding of over-curved rings [156], shrinking and buckling of
thin sheets with non-Euclidean metrics [157, 158], buckling of a planar sheet with a negative-
curvature liquid interface [159], the 3D shape of a sheet with a series of prescribed concentric
curved folds [160], multi-stability in spontaneous helical ribbons [161] (Figure 2-8(b)), the
postbuckling of a thin cylindrical shell under torsional loading to fold to a flat 2D form [162]
Figure 2-8(c)), buckling-induced encapsulation of a spherical shell patterned with a regular array
of circular voids [163] (Figure 2-8(d)), the secondary buckling instability of an initially spherical

elastic capsule [164], periodic beam lattices [165], periodic porous structures [166], etc.
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Figure 2-8: Explorations on structural prototypes for smart applications. (a) Twisting buckling of
a thin rod (Reprinted from [152], Copyright (2005), with permission from Springer). (b)
Multistability in a helical ribbon (Reprinted from [161], Copyright (2014), with permission from
AIP Publishing). (c) Postbuckling of an origami-inspired cylinder (Reprinted from [162],
Copyright (2005), with permission from Elsevier). (d) Buckling-induced deployable sphere,
Buckliball (Reprinted from [163], Copyright (2012), with permission from PNAS).

Future buckling-induced smart applications require the development of prototypes with
tailored geometric configurations and material distributions. The snap-through buckling response
in the structural prototypes presented thus far shows no more than two stable states. Research
efforts are emerging to explore the possibility of achieving multiple stable events through four
different approaches: (1) varying material and geometrical properties; (2) using hybrid systems;

(3) using hybrid material combinations and (4) adding constraints.
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A study [58] identified that an isotropic cylindrical shell may be only stable in its initial
configuration, but that it can exhibit second or more stable configurations as a result of the
anisotropy that can be attained by using fiber-reinforced polymer composites. Tailoring
laminated composite to achieve tristability has also been investigated for multiple shell forms,
such as corrugated shells [59], orthotropic shells [60], double curved shells [61], and shells with

piezoelectric patches [167].

More multi-stable mechanisms have been reported by using hybrid material systems. A
quadri-stable compliant mechanism was designed and tested by using a bi-stable curved-beam
embedded in an arch beam [62]. A bi-stable switching mechanism was achieved through a
hybrid system of curved strips attached to a center beam [63]. A multi-stable lattice structure
(Figure 2-9(a)) was developed based on a tri-stable lattice cell made from bi-stable laminates
[64]. Hybrid carbon fiber/E-glass/epoxy cylindrical shells have been shown to obtain multiple
mode transition in the postbuckling regime with a certain degree of control [45]. Finally, rather
than proposing an actual physical model, recent studies explored the design of smart structures
by connecting multiple unstable configurations through a representative model, namely the use

of heteroclinic connections between unstable equilibria [168, 169].

Buckling and postbuckling response has also been studied by the combination of two
materials for achieving sustainable snapping events, such as shape memory alloy wire actuators
embedded in laminated composites [65, 66], and composite plates with piezoelectric actuators
and sensors [67, 68]. Many studies have successfully investigated snap-bucking in structural
prototypes with piezoelectric patches and applied them to the design of novel adaptive multi-
stable composites. Figure 2-9(b) shows a prototype of bi-stable composite plates with four

piezoelectric patches such that the bi-stable structure can snaps back to its initial configuration
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without the need of an external actuation force [89]. A similar effect has been achieved by using
another emerging smart material to provide the actuation load — macro-fiber composites (MFC)
[167, 170, 171]. Bonded MFC onto other structures is also being used for developing energy
harvesting prototypes due to their large deformation capacity and their high energy conversion

efficiency compared to traditional piezoelectric materials [69].
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Figure 2-9: Structural prototypes for obtaining multi-stable behavior. (a) A bi-stable composites
concept for energy absorption (Reprinted from [112], Copyright (2013), with permission from
Elsevier). (b) Bi-stable composites attached with four piezoelectric patches (Reprinted from [65],
Copyright (2012), with permission from AIP Publishing). (c) A bilaterally constrained axially
loaded CFRP strip (Reprinted from [46], Copyright (2014), with permission from [OP
Publishing).
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The use of lateral constraints has also been shown effective for achieving sustained snap-
through and snap-back response in the far postbuckling regime. For example, the disordered
packing behavior of an elastic rod constrained by a cylindrical chamber was studied to develop
the prototype for a folding mechanism [75]. Bilaterally constrained axially loaded strips, which
can exhibit snap through behavior between multiple buckling modes [172] have been shown to
be efficient for devices that could harvest energy from pseudo-static motions [10]. Such behavior
has been exploited for energy harvesting purposes (Figure 2-9(c)) as well as its use in self-
powered sensors [10, 118]. Inner constraints have also been shown as a viable mechanism to
modify, and potentially tailor, the postbuckling response of axially compressed composite

cylindrical shells [45].

Searching structural forms for achieving snapping and buckling can be assisted by design
optimization methods. Topology optimization techniques has been developed to seek the best
material/stiffness distribution for a given objective [76] and its fundamental principles are well-
documented [77]. A recent review [173] showed that topology optimization has been extensively
used to solve a variety of multidisciplinary problems in the past decade. Topology optimization
methods with a buckling response objective are also emerging; thus shifting the concept from the
search of maximum strength or stiffness under static loading demands to problems dealing with
obtaining nonlinear large deformations for smart purposes. Numerical algorithms that can track
the nonlinear structural response following a path that exhibits snap-through behavior have been
developed [79-83]. Recent efforts have also showcased the use of topology optimization to find
material layouts that lead to larger displacement and energy release from the snap-through

behavior for different purposes, such as actuators [84-88], energy harvesters [24, 89, 90],
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dampers [91], multi-stable compliant mechanisms [92, 93], thermoelectric generators [94] and

for flutter control [95].

2.4 Prototype: material

This section summarizes various endeavors on buckling-induced applications from a material
point of view. A recent review [6] distinguished materials for morphing application into two
categories: by either having the ability of shape change or the ability of shape memory. A
material may have these two features separately or simultaneously. It can be seen from Section
2.3 that buckling response in either energy-based or motion-based applications can be trigged
suddenly, in an elastic manner, or gradually, in a viscous-elastic fashion. When an external
stimulus is not available a smart structure should be able to snap back to the original shape with
the use of shape memory materials. The applications involving shape changing materials, shape

memory materials and emerging soft material are discussed in this section.

2.4.1 Shape-changing and shape-memory material

The four major reported materials with the ability of shape change are metals (including
metalloids), fiber-reinforced composites, polymers and piezoelectric materials. Conventional
metals (such as steel, aluminum, etc.) are still a material option for many motion-based
applications. The major drawback of these isotropic materials is their lack of property tailoring
features, and that they are usually used as a base material requiring the aid of some shape
memory material for smart applications. Research studies on bi-stable shells [58] has proved that,
for a given configuration, a structure made from isotropic materials has only one stable

configuration, while it can have two stable configurations by introducing material anisotropy.
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Fiber-reinforced composites have been widely used for smart structures due to the possibility
of varying their stiffness via selection of the individual ply material properties, fiber orientation
and laminate stacking sequence. While anisotropic coupling effects are known to reduce the
buckling capacity of many structural forms, and are generally avoided through special laminate
designs, new and emerging smart applications like the many pursued in this review have seen

their influence as favorable, as shown in Figure 2-10.

Winkelmann [103] explored an energy absorbing mechanism by using composite bi-stable
strips. The waiting links, made of ultra-high molecular weight polyethylene (Figure 2-10(a)),
were designed to provide a redundant load path and provide a higher ductility to the mechanism
through snap-buckling behavior. Shaw et al. [139] experimentally investigated a passive
vibration isolator with the concept of high static stiffness but low dynamic stiffness via the snap-
buckling behavior of a composite bi-stable plate (Figure 2-10(b)). The nonlinear behavior was
shown to support substantial load and to significantly reduce the natural frequency of the system.
Figure 2-10(c) presents an experimental study on the tristable response of a doubly curved
orthotropic shell and it shows the use of curvature and anisotropy to achieve multistability [61].
Lachenal et al. [174] investigated an adaptive structural concept using a multi-stable twisting
grid of carbon fiber reinforced plastic (CFRP) strips (Figure 2-10(d)). More interesting studies on
the bistability and multistability of composite structures for morphing and adaptive application

can be found in the review by Daynes and Weaver [119].
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Figure 2-10: Explorations on structural prototypes for smart applications. (a) A bi-stable
composite strip for energy absorption (Reprinted from [103], Copyright (2013), with permission
from Elsevier). (b) A spring mechanism incorporating a bi-stable composite plate for vibration
isolation (Reprinted from [139], Copyright (2013), with permission from Elsevier). (c) Three
stable states for an orthotropic shallow shell with constant curvature (Reprinted from [62],
Copyright (2013), with permission from Elsevier). (d) A multi-stable twisting grid of carbon
fiber reinforced plastic strips (Reprinted from [174], Copyright (2013), with permission from
SAGE Publications).

The potential of polymeric materials for smart applications is similar to that of fiber-
reinforced composites, particularly in the development of micro devices and mechanisms. Two
major types of polymers used for buckling-induced applications are glassy polymers and rubbery
polymers. A comprehensive review on instability phenomena in polymeric materials and their

structures can be found in [6].
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Piezoelectric materials have received the most attention for buckling-induced applications due
to their ability to directly convert applied strain energy into usable electric energy, particularly
for integration into micro-scale devices. Several reviews [97, 175-177] have shown that the high
compliance associated with piezoelectric materials is very attractive for the design of energy
harvesters, actuators and self-powered sensors. Another interesting research avenue is the active
control of snap-buckling instabilities in structures through piezoelectric actuator-induced loading.
Similar concepts have been explored on various structural prototypes and they have shown the

possibility of instability control in columns [178, 179] and beams [123, 180].

As discussed in Section 2.2, self-adaptation and self-recovery are preferable features for
buckling-induced applications such that the structure can have a snap back behavior after snap
buckling. Shape memory alloys (SMAs) are one of the well-known candidates among many
smart materials for such purpose. The shape recovery of SMASs can be induced by either a stress
or a temperature change, which results in transformation between its two main phases due to its
different crystal structure. It has been reported that SMAs can regain their original shape after
being deformed well beyond 6-8% strain and magnetic shape memory alloys (MSMA) can even
result in reversible strain levels to up 10% [181]. SMAs have a number of unique properties that
make them appealing for a wide variety of applications in the biomedical and aerospace
industries, including large energy dissipation capacity, good fatigue and corrosion resistance,
large damping capacity, and availability in many configurations [182, 183]. Advances and
challenges for the use of SMAs can be found in a recent review paper [70]. Another promising
candidate for buckling-induced applications is shape-memory polymers (SMPs). Compared to
thermal-induced and mechanical-induced SMAs, SMPs can also be activated by electricity, light,

moisture and even certain chemical stimulus. The shape recovering capacity of SMPs can reach
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up to 400% in recoverable strain and, more importantly, they cost less than SMAs. More smart

applications using SMPs can be found in two recent comprehensive reviews [71, 72].

2.4.2 Soft materials

Another growing research trend pertains to the use of soft and superelastic materials for
triggering elastic instabilities. It should be noted that the following discussion is not solely
focused on buckling-induced but El-induced applications in general. Two major materials
reported in the literature for the above-noted purpose are dielectric elastomers (DE) and
graphene. DEs are ideal candidates for high performance and low cost applications due to their
characteristics of lightweight, ease of fabrication and low cost. General behavioral theory and
applications of DEs can be found in [184] and [185], respectively. Research studies [186-188]
have shown that DEs are capable of having large voltage-induced snap-through instabilities
(Figure 2-11(a)) and their potential has been demonstrated for different purposes, such as
actuators [189-192], energy harvesters [193-195], soft generators [196] and morphing in
elastomer systems (Figure 2-11(b)) [155]. More endeavors on harnessing snap-through

instabilities with DEs can be found in two recent reviews [197, 198].
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Figure 2-11: The potential use of emerging soft material on buckling-induced applications. (a) A
bi-stable compliant mechanism for a MEMS-based accelerometer (Reprinted from [90],
Copyright (2012), with permission from RSC Publishing). (b) Snapping a simple stretched bi-
strip of elastomers (Reprinted from [115], Copyright (2012), with permission from RSC
Publishing). (c) A graphene blister with switchable snap-buckling feature (Reprinted from [125],
Copyright (2013), with permission from American Chemical Society). (d) A double clamped
IPMC actuated beam (Reprinted from [209], Copyright (2010), with permission from Elsevier).
(e) An energy harvesting concept with two IPMC sliding cranks (Reprinted from [55], Copyright
(2013), with permission from SAGE Publications). (f) An experimental study on buckling of
IPMC pipes (Reprinted from [17], Copyright (2013), with permission from 10P Publishing).
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Graphene is a monolayer of carbon atoms densely packed in a honeycomb crystal lattice [199].
Studies [112, 200, 201] have recognized that the morphology of grapheme can lead to a sudden
snap-through transition and that it has great potential for the development of graphene-based
interfaces and devices (Figure 2-11(c)). Another soft material that has caught the attention of
researchers for buckling-induced applications is ionic polymer—metal composites (IPMC). The
features of IPMCs are their light weight, their ability to sustain large deformations, and their
ability to be used in wet conditions. Typical IPMC materials include Nafion and Flemion [185].
Figure 2-11(d) presents a double-clamped buckled beam under the electrical actuation of an
IPMC [202]. Cellini et al. [127] explored the feasibility of using the snap buckling of two IPMC
sliding cranks induced by a steady fluid flow for energy harvesting purposes (Figure 2-11(e)).
Beyond snap-through buckling of beam-like IPMC samples, a recent study by Shen et al. [25]
has showcased a prototype, along with a novel fabrication method, for sensors based on the
buckling of axially-compressed IPMC pipes (Figure 2-11(f)). A comprehensive review on IPMC
can be found in [203], while studies [157] also indicate that there is plenty of room left for

material science researchers to develop artificial materials to achieve elastic instabilities.

2.5 Summary

Harnessing elastic instabilities is a promising technique that is yet to be fully explored. Four
major aspects include application purposes, application scales, structural prototypes and material
prototypes. This chapter presented state-of-the-art developments on the harnessing of buckling
for smart purposes. The increasing interest in various disciplines for developing smart
applications during the past decade has motivated creative researchers to transform buckling

behavior into a promising phenomenon for the design of novel materials and mechanical systems.
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The following findings can be drawn from this chapter:

(1) Existing endeavors on buckling-induced applications can be generally divided into two
main categories: energy-related and motion-related. Energy-related applications can be
further categorized into energy production and energy dissipation. Energy released from
snap-through buckling can be used in the design of energy harvesters, sensors, actuators
and micro-electromechanical systems (MEMS), while the energy dissipated from buckling
events can be used for the design of energy dissipaters, dampers, stabilizers, isolator, etc.
For motion-related applications, snap-buckling instabilities have been proven to be useful
in the design of morphing, adaptive and deployable structures.

(2) The compiled research efforts have shown that buckling and other elastic instabilities can
be found across scales: from nanostructured materials to macro-scale structural elements.
Energy- and motion-related applications using snapping and buckling have been primarily
explored at the micro scale. However, an emerging trend is to extend the basic principles as
a platform for nanoscale applications. Prototypes of El-induced sensors and actuators are
also gaining momentum for the monitoring of large structures.

(3) The key step for using a specific unstable event is to identify a desirable structural
prototype. The studies highlighted in this review have shown that laterally-loaded beams
and bi-stable plates are the most frequently used structural forms for the purpose of energy
harvesting, while cylinder-type structures have been heavily studied for energy dissipation
purposes. 3D forms, by their nature, are more favorable for motion-based applications with
morphing or deployable features. Extending beyond the bistability featured by many
existing forms, a research trend is emerging to explore the structural systems that can

feature multi-stable events by: varying material properties, using hybrid

50



structural/mechanical systems, using hybrid materials, and adding constraints. The search
for structural forms to achieve desirable snap-through instabilities is also being assisted by
optimization methods, such as topology optimization.

(4) Another key step for using a specific unstable event is to select a suitable material. Two
major features in the selection of a material for El-induced purposes are the ability of shape
change and the ability of shape memory. A material may have these features separately or
simultaneously. Four major reported materials with the ability of shape change are metals
(including metalloids), fiber-reinforced composites, polymers and piezoelectric materials.
Shape memory alloys (SMAs) and shape-memory polymers (SMPs) are well-known
candidates among many smart materials. An ongoing trend is using soft and superelastic
materials, such as dielectric elastomers (DEs), graphene, and ionic polymer—metal

composites (IPMCs), to trigger elastic instabilities.

This chapter has covered diverse studies under the overarching concept of harnessing
buckling and elastic instabilities. However, it should be noted that snap buckling is only one type
of instability phenomena. This narrower treatment follows from the fact that it is not easy to
classify, or unify, all kinds of instabilities into a single category. Nonetheless, the research trend
is on the exploration of many kinds of instabilities. Continuous advances in materials processing
and fabrication methods are likely to motivate the creativity of researchers seeking to harness El-
induced mechanisms, indicating increasing growth and development in this research field for

several years to come.
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Chapter 3

Approach

3.1 Overview

The previous chapter featured the great body of experimental works on the subject of elastic

instabilities for smart applications and focused on conceptual and physical aspects, but it did not

highlight fundamental aspects. This chapter presents the theoretical background, experimental

approach and numerical tools based on which the current work is established. Figure 3-1 presents

a review of the method used to study this problem and it can be seen that while research

activities are still ongoing they have shifted from analytical approaches toward finite element

methods. The contents of this chapter are used and referenced in the following chapters.
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Figure 3-1: Research approach on postbuckling behavior of axially-loaded cylindrical shells.
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3.2 Theoretical background

Buckling of cylindrical shells under axial compression is perhaps one of the most studied
problems in mechanics, with thousands of publications since the early twentieth century [204].
Due to the geometrical symmetry present in cylindrical shells, their buckling is a phenomenon
related to the occurrence of an unstable symmetric point of bifurcation in the equilibrium path. In
this type of bifurcation buckling even a small imperfection plays a significant role and has a
large effect in modifying the equilibrium path; which leads to a new position of equilibrium at a
much lower buckling load. A localized buckling event on the shell surface is due to the
difference between the membrane stiffness and bending stiffness. Typically, the membrane
stiffness of the cylindrical shell is several orders of magnitude greater than the bending stiffness.
When a cylinder is subjected to axial compression, it will absorb a great deal of membrane strain
energy without large deformation in the axial direction. However, the thin shell will buckle when
the large stored-up membrane energy is converted into an equivalent amount of bending strain
energy. In reality, the uneven edge of the cylinder may create an initial uplift at the base, which
tends to produce a local and inward-directed “dimple” at a low axial load level. The “dimple”
then tends to grow larger both in extent (area) and in depth and moves gradually up along the
shell surface. Further generation of these local buckling events finally leads to a buckled

configuration of the shell into a more-or-less diamond pattern.

As a classic problem, a shell buckling analysis consists of determining the maximum load a
cylinder can support before it collapses, or significantly loses is load carrying ability.
Contributions to this field started early last century and were made by Donnell [29], von Karman
and Tsien [30]. Donnell was the first to explore large-displacement theory to achieve a closer

agreement with experimental data. von Karman and Tsien developed the governing equations
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that are based on classical shell theory with a Karman-Donnell type of kinematic nonlinear
equations. With the use of an Airy stress function ¢, the problem is reduced to solving two
governing equation subjected to appropriate boundary conditions as shown in Equation 3-1 and
Equation 3-2; where D = 2Et3/3(1 — v?); E is the Yong’s modulus, v is the Poisson’s ratio; 2t
is the shell thickness; r is the radius; and w is the radial displacement of any points in the middle
surface. It consists of two coupled nonlinear partial differential equations in terms of the

transverse displacement w and the Airy stress function ¢.

d%¢p 0° d%¢p 02 %¢p 0’w 1
DV4w=2tl—¢—w—z ¢ g qb( w+;)

d0y? 0x? 0x0y 0xdy  0x? ~dy? Equation 3-1
. 0’w , 0°wd’w| Ed*w _
Vi =E (axay) — Wa—yz - ?W Equation 3-2

The assumed radial deformation w in the first equation is approximately estimated in terms of
a number of parameters by using a minimum strain energy condition. Those parameters are
solved by applying the static analogue of Kelvin’s minimum energy theorem. Then, the Airy
stresses in the second equation are solved such that the stresses in the middle plane are obtained.
This procedure laid a significant basis for many following studies on the buckling and

postbuckling of cylindrical shells under axial compression.

Using the boundary condition of the membrane state, the governing equation can be reduced

to a standard eigenvalue problem with the eigenvalues

1 {(arzn + i)’ i }

m T2l al (a2, + B2)?

Equation 3-3

and eigenfunctions:
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Another significant theoretical contribution towards understanding the postbuckling behavior
of cylindrical shells was made by Koiter [205] by proposing the use of an asymptotic method to
track the postbuckling path of cylindrical shells with the consideration of imperfections. Solution
of the equilibrium equations near bifurcation points were derived on the basis of the potential
energy expansion. Koiter’s theory served as a groundbreaking theoretical solution for most
following investigations on postbuckling behavior. Budiansky and Hutchinson [206] identified a
complete family of bifurcation modes and then formulated an exact analytical solution for a
limited case of modes with infinitely long wavelengths while other cases are solved by numerical
analysis. Such analytical framework is also available based on the procedure of a perfect
cylindrical shell with an additional effect from thickness variation [207]. Similar studies have
been conducted to evaluate the critical buckling load with effect of the axisymmetric thickness
variations and periodic variations on anisotropic cylindrical shells [208, 209] and cylindrical

shells with arbitrary axisymmetric variations [210].
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The nonlinear equilibrium equations (Equation 3-1 and Equation 3-2) can also be derived
based on the principle of minimum potential energy. Researchers led by Thompson and Hunt
introduced another analytical approach based on general postbuckling stability theory and
focused on the tracing of branching phenomena [2, 211]. A conservative system is described by a
potential energy function 77, which is the combination of the strain energy U of the cylindrical
shell and the loss of the potential energy of the applied load V. The strain energy U includes two
parts: from bending (Up) and from membrane action (Uy,). The determinant of /7 will vanish at a
discrete critical point that lies on the fundamental equilibrium path. With assumptions of
boundary conditions and geometric imperfections, the equilibrium equations are established by
the Ritz Method by considering the total potential energy to be stationary with respect to all the

independent degrees of freedom.

Pedersen [212] extended the asymptotical solution into the advanced postbuckling region by
using the Galerkin method, where each bifurcated load and postbuckling function are associated
with axial wavelength. Sheinman and Simitses [34] described a framework to predict the post
limit points in the equilibrium path with the consideration of imperfections. Numerical results
showed that short (low L/R) and thin (high R/t) imperfect cylindrical shells have more significant
change in the wave number in the postbuckling regime. The imperfection sensitivity decreases
with increasing L/R and R/t. Under the same avenue, more recent studies has explored the
postbuckling behavior of cylindrical shells on multiple materials, such sandwich shells [213],
anisotropic laminated shells [37] and functional graded shells [214]. Energy methods are thus
most commonly used for predicting the postbuckling response of slender structures because it is
naturally compatible with the FEM formulation and has been incorporated in general-purpose

codes.
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3.3 Numerical modeling

Advances in computational mechanics and computer technology have decreased the difficulty of
simulating the chaotic postbuckling response of structures. Reports on numerical investigations
[46, 215, 216] have shown that equilibrium states in the postbuckling regime can be tracked and
predicted by general purpose finite element programs by conducting a second-order nonlinear
analysis of a shell with imperfection considerations, as shown in Figure 3-2. The procedure
requires two types of analyses: (1) an eigenvalue analysis to obtain estimates of the buckling

loads and modes, and (2) a load-deformation analysis to trace the postbuckling behavior.

Buckling eigenvalues and mode shapes were predicted and then linearly superposed to define
and seed an imperfection to a perfect shell. Geometric imperfections on the shell surface can be
introduced in the numerical model in three ways: from actual measurements, by a
mathematically determined “worst” pattern, or through eigenvalue-based simulated shapes [217].
From a practical point of view, measured imperfections using laser scanning techniques are not
always available, while the determination of the “worst” pattern is theoretically demanding. Thus,
mode shapes from eigenvalue buckling analyses are commonly used to define artificially
generated imperfections as a small perturbation on the perfect shell. This requires that the mesh
be adequate to model the buckling modes. Typically, the first eigenmode is chosen to simulate an
imperfection with a symmetric shape because the lowest mode is assumed to have the largest
effect on the first buckling load. However, it has been shown that improved agreement with
experimental data is obtained by seeding imperfections from the superposition of multiple mode
shapes [43]. The seeded imperfection amplitude can range from 5% to 50% of the shell thickness

and is selected based on known knowledge of experimental response [46].
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Figure 3-2: Established numerical approach for predicting postbuckling response.
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The numerical simulations presented in this dissertation were conducted using the approach
generally introduced in the above paragraph with slight modifications. The modifications in the
approach used are: (1) the use of asymmetric buckling mode shapes, (2) the use of higher-order
modes, and (3) the use of a statistical approach to determine the most likely response. A pilot
experimental study [218] showed that the postbuckling mode shapes were always asymmetric
due to the high sensitivity to localized imperfections on the shell surface. Thus, the biased mesh
seed method [219] was used to generate a non-uniform (size) mesh in the finite element model.
The cylinders were modeled with 4-node quadrilateral finite-membrane-strain elements with
reduced integration (S4R). Asymmetric buckling mode shapes were thus obtained from the
eigenvalue analysis. In addition, higher-order modes (up to 100) were considered to generate the
seeded imperfections because these shapes have a large number of waves in the circumferential
and axial direction. Finally, given the uncertainties of real imperfections, a statistical approach is
preferred to capture the general predictive response [220-222]. After eliminating repeated mode
shapes (i.e., with the same eigenvalue), mode shapes from the eigenvalue analysis were
organized in different groups and used as an imperfection. In ABAQUS, this step uses the
*IMPERFECTION option to define the imperfection and the model definitions for the buckling

prediction analysis and the postbuckling analysis be identical.

Tracing the postbuckling behavior requires conducting a second-order nonlinear analysis. All
analyses were conducted using the general-purpose finite element program ABAQUS [223].
Options include static solvers, arc-length methods (e.g., Riks) and dynamic solvers. All of these
methods have been shown to be suitable and offer advantages and disadvantages that depend on

the analysis goals [224]. Most numerical results in this dissertation were simulated using a static
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solver with an empirical damping ratio, which was proven to capture the postbuckling behavior

from test data.

3.4 Experimental plan: test units

It is well-known that the occurrence of multiple mode transitions and their spacing is highly
depended on the shell’s geometry, namely the length/radius ratio (L/R) and the radius/thickness
ratio (R/t). Prior experiments [32, 38, 44, 45, 225, 226] have established an empirical range of
these two ratios where multiple mode transitions were observed (see Table 3-1), which indicates
that short thin-walled cylindrical shells (L/R <2 and R/t > 100) are more likely to have multiple
mode jumps under small end shortening. With respect to materials, two types were used in this
study. A pilot study was conducted on shells fabricated from carbon/epoxy and carbon-E-
glass/epoxy laminates. Subsequent studies were conducted on prototypes fabricated through 3D
printing using polylactic acid (PLA). Details on these two test unit groups are presented in the

following sections.
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Table 3-1 Experiments on axially-compressed cylinders featuring multiple mode transitions.

*

L Le R t Le/r r/t
Source
(mm) (mm) (mm) (mm) (mm) (mm)
51- 0.51
[32] - 100 0.247 404
160.9 -1.61
[225] 800 600 300 3.2 2 93.8
[38] 700 520 350 0.33 1.5 265
[44] 530 510 250 0.5 2.04 500
[45] 254 203 101.5 0.28 2 363
Range - - - - 0.5-2 94-500
Mean Value - - - - 1.7 330

* Note: L. is the effective length of the cylindrical shell, obtained by subtracting the reinforcing
boundary regions from the total length.

3.4.1 Laminated composite cylinders

Two structural prototypes were considered using laminated composites during initial pilot

studies for this research: a carbon/epoxy cylindrical shell and a hybrid carbon/E-glass/epoxy

cylindrical shell (see Figure 3-3). The geometry of the carbon/epoxy cylinders had a L/R ratio of

1 and an R/t ratio of 363. All tests of the laminated composite cylinders had an inner diameter of

203 mm and a total length of 254 mm (including stiffened end regions of 25.5 mm each). The

effective length of the central part of the shell was thus 203 mm. The shell end regions were

strengthened (thickened) to attach the shell onto loading platens and consisted of 12 plies of

unidirectional carbon/epoxy placed in the cylinder hoop direction. The stiffened regions were

tapered such that each had four 25.4 mm plies, four 20.6 mm plies and four 15.9 mm plies
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Figure 3-3: Carbon/epoxy cylinder (left) and hybrid carbon/E-glass/epoxy cylinder (right).

The baseline carbon/epoxy test unit had a [45/-45] laminate design. The 2-ply design was
chosen to obtain a shell with relatively flexible axial stiffness in order to obtain the desired
postbuckling response. The laminate sequence was chosen based on numerical studies that
evaluated the effects of coupling stiffness terms in laminated composites on triggering multiple
mode jumps in the postbuckling response of cylindrical shells [218]. The presence of extension-
twist coupling terms (Bis, B2s) was found to be desirable for the sought-after behavior. Thus,
while anisotropic coupling effects are known to reduce the buckling capacity of cylindrical shells,
and are generally avoided through special laminate designs, new and emerging applications like

the one pursued in this research may see their influence as favorable [227].

The design of the hybrid carbon/E-glass/epoxy cylindrical shells was inspired by the use of

stiffeners for improving the load-carrying capacity of shells. Linear and nonlinear buckling
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analyses on isotropic cylinders [218] showed that mode jumps in the postbuckling regime were
more likely to occur when the seeded imperfection mode shapes had a relatively small number of
waves in the longitudinal direction but a large number of waves in the circumferential direction.
Thus, a hybrid cylinder concept was developed by using a chopped E-glass fiber mat with spaced
unidirectional carbon/epoxy strips. It was of interest to have a matrix system with high
compliance for the E-glass mat. Thus, an Epon 828 epoxy resin (Momentive Specialty
Chemicals Inc., Columbus OH) with a Jeffamine D-400 hardener (Hunstman Advanced
Materials, Lansing MI) and a ratio of hardener to resin of 0.6 was used. The hybrid cylinders
were cured in an autoclave as noted above for the carbon/epoxy cylinders. The average thickness
of the cured E-glass region was about 1.64 mm. Material properties for the E-glass-mat/epoxy

material were obtained through coupon testing and they were: E = 7. 95 GPa and v = 0.25.

3.4.2 PLA cylinders

The baseline PLA cylindrical shell also considered the geometrical constraints (L/R and R/t ratio)
from Table 3-1 and the size constraint of the available 3D printer. The baseline cylinder had a
length of 100 mm, a radius of 40 mm and a thickness of 0.5 mm, as shown in Figure 3-4. Like
the laminate composite cylinders, stiffened/thicker ring regions of 10 mm were built on each end
of the cylindrical shell because pilot experiments found localized buckling events occurring at
the edges can cause damage. The reinforced region had a step-wise geometry to transition from
the edge to the center part of the cylindrical shell (i.e., effective length region). The effective
length (Let) Of the cylinder was thus 80 mm. The cylinder had a Le«/R ratio of 2 and an R/t ratio
of 80. The Young’s modulus E was 1.8 GPa and the Poisson’s ratio v was 0.2. All specimens

used the baseline dimension just described yet variations were made for some prototypes.
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Figure 3-4: PLA uniform cylinder.

Studies on PLA-based 3D printing products [228, 229] have reported that the printing
orientation and fill pattern have an important effect on the mechanical properties of the printed
part due to the anisotropic nature of this fabrication technique. Therefore, tensile tests on PLA
printed coupons were conducted before the fabrication of the PLA cylindrical shells. The test
coupons were printed following the Type IV dimensions described in the ASTM D638 standard.
The coupons were fabricated in the same region of the printer to minimize variability. Two sets
of specimens were built with different printing orientation (see insets in Figure 3-5): one in the
XYZ direction and the other in the ZXY direction. Tensile test results are given in Table 3-2 and
Figure 3-5. It can be seen that the tensile strength and elastic modulus of the coupons is affected

by the printing orientation. The strength and modulus of coupons printed in XYZ direction are
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slightly higher (10%) than those printed in ZXY direction. It should be pointed out that the
elastic modulus for PLA printed material has been reported to be higher in tension than in

compression [228].

Table 3-2 Tensile test results of 3D printed coupons.
Specimen Modulus of Elasticity (GPa) Peak Stress (MPa) Break Strain (%)

XYZ-1 3.045 50.98 4.08
XYZ-2 2.722 51.56 2.69
XYZ-3 3.317 52.15 2.39
XYZ-Mean 3.028 51.56 3.05
ZXY-1 2.569 46.89 2.42
ZXY-2 2.475 46.26 2.77
ZXY-3 2.709 48.71 2.58
ZXY-Mean 2.592 47.28 2.59
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Figure 3-5: Results from tensile tests on PLA coupons printed in different directions.
3.5 Experimental plan: fabrication

3.5.1 Laminated composite cylinders

The cylindrical shells were manufactured from carbon-epoxy prepregs at the Composite
Materials and Structures Center (CMSC) at Michigan State University. The carbon/epoxy
cylinders were manufactured with unidirectional prepreg material (Item No. C-PP150; CST Inc.,
Tehachapi CA). The ply properties were: tyy = 0.14 mm, Ei; = 144.8 GPa, E» = 9.655 GPa, G2

= 5.862 GPa, and v, = 0.25. The carbon/epoxy prepregs were cut into suitable rectangular
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shapes (see Figure 3-6) and then assembled by placing them around a steel cylindrical mandrel in
the proper direction (0 refers to the axial direction). The curing schedule includes applying
0.276 MPa of pressure inside the autoclave. The temperature inside the autoclave was ramped to
120 <C at 6 degree/min., and then held for 120 minutes. The samples were then cooled to 65 C

at 10 degree/min. The autoclave pressure was removed once the sample cooled to 65 <C.

Figure 3-6: The cutting of CFRP prepregs.

The hybrid carbon/E-glass/epoxy cylinders were manufactured by placing 9.5 mm wide strips
of the carbon/epoxy unidirectional tape (the same used for the carbon/epoxy cylinders) with a
spacing of 41 mm on either side of an epoxy-saturated short-fiber E-glass mat. Manufacturing 