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Abstract
Contact-Aided Compliant Cellular Mechanisms (C3M) are compliant cellular structures
with integrated contact mechanisms. The focus of the thesis is on the design, fabrication, and
testing of C3M structures with curved walls for high strain applications. Global strain capability
is increased in these compliant mechanisms by replacing straight walls with curved walls in the
traditional honeycomb cellular structure. The addition of contact mechanisms also increases cell
performance via stress relief. Furthermore, curved walls are beneficial for fabrication at the
meso-scale.
The curved honeycomb unit cell, defined by a set of variables, is analyzed using finite
element analysis. Each unit cell is subjected to an input displacement that is incremented up
until the maximum local strain is equal to the allowable strain. The effective maximum global
strain of the cell is then calculated from the input displacement. For each cell the non-contact
global strain (maximum global strain in a cell without a contact mechanism) and the contactaided global strain (maximum global strain in a cell with a contact mechanism) are calculated.
For the contact-aided cells the ideal contact gap must also be calculated. It was found that
curved C3M structures are always capable of larger global strains than straight-walled structures.
Analysis of various cell geometries, reveals that the best cells have curved walls, are tall and
slender, and do not benefit from a contact mechanism.

Two optimization problems were

formulated using MATLAB and finite element analysis to find the best non-contact and contactaided cells. The first problem optimizes global strain in contact-aided cells, where the value of
the objective function is found by taking the product of the contact-aided global strain and the
increase in global strain that can be obtained due to stress relief. The second problem optimizes
global strain in the non-contact cells, where this objective function is equal to the non-contact
global strain. The optimized solutions for the curved cells can achieve global strains of up to
32.4% in non-contact cells and 19.7% in contact-aided cells.
The lost mold rapid infiltration forming (LM-RIF) microfabrication process was used to
fabricate C3M structures from both metallic (mesoscale 316L Stainless Steel) and ceramic
(3mol% yttria stabilized zirconia) materials. The LM-RIF process is utilized to directly fabricate
structures from CAD models in multiple arrays of C3M parts. After the parts are fabricated, they
are tested experimentally using a custom test rig. During testing, a micrometer drives the
iii

displacement of the C3M mechanism, and the corresponding force is recorded via a built in force
gauge. The displacement and force are both recorded through a computer interfaced to the
system. This data gathered from the test rig is verified by calculating the displacements using
digital images.

Three different types of C3M specimen are tested and the force versus

displacement data corresponds to predicted data with Moduli of Elasticity values ranging from
120 to 280 GPa. Additionally, each of the specimens was capable of a global strain equal to
about half of the predicted global strain. There are several factors which could explain these
errors in the experimental results.

Slight variations in the fabrication process can lead to

geometric variations, such as bending, warping and inconsistent wall thicknesses, as well as
variations in the material properties, including elastic modulus and material strength, for each
batch of parts.
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Nomenclature

= global strain in the X direction
xglobal = input displacement in the X direction
L = overall cell length
= maximum local strain
h = length of horizontal walls
l = length of oblique walls
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t = in plane wall thickness
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abbreviated for flow chart
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= storage value containing maximum local strain of last iteration
γtemp = temporary storage value for γ
xiv

wCM = contact mechanism width
tmin = minimum in plane wall thickness
wmin = minimum out of plane wall thickness
ARmax = maximum aspect ratio
AR = aspect ratio
tCM = in plane wall thickness of the contact mechanism walls
th = in plane wall thickness of the horizontal walls
ktest_rig = test rig stiffness
F = force recorded by the force gage
xmic = displacement recorded by the micrometer
xC3M = displacement in the test specimen
k = accepted spring constant from data sheet
ktest = measured spring constant
d = measured undeformed specimen width
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Chapter 1 : Background and Motivation

1.1 Introduction
Cellular contact-aided compliant mechanisms (C3M) with curved walls are cellular
structures with integrated contact mechanisms that are capable of achieving very high global
strains. The cells utilize the contact mechanisms to take advantage of contact-aided stress relief
and obtain higher global strains than non-contact cells. The cells that are the subject of this
thesis also have curved walls in contrast to the straight cell walls of a traditional auxetic
honeycomb structure, resulting in higher global strains than cells with straight walls.

An

example of a curved C3M specimen in the undeformed and deformed positions is shown in
Figure 1.1 and Figure 1.2.

Figure 1.1: Undeformed curved C3M specimen

Figure 1.2: Deformed curved C3M specimen

The goal of this research is to develop methods for design of high strength cellular
structures that utilize both curved walls and contact-aided stress relief to achieve very high
global strains. In the literature, there are not many materials that are capable of both highstrength and high-strain. As shown in Figure 1.3, most structural metals and polymers have a
high elastic modulus, but are only capable of low strains, while elastomers, for example, are
capable of high strains but have a low modulus of elasticity. The motivation of this research is to
develop a material that will be closer to the top right-hand portion of the graph. Development of
1

a high-strength and high-strain cellular structure would be useful for many high strain
applications where out of plane stiffness is also required, such as a morphing aircraft skin.

Figure 1.3: Plot of elastic strain versus elastic modulus for
various engineering materials [1]

1.2 Research Objectives
The objectives of this research involve the design, fabrication and testing of C 3M
structures with curved walls. The main research objectives are as follows:
1. Explore a variety of curved C3M geometries and select the most promising
design.
2. Establish a methodology for calculating the global strain for a specific unit cell.
3. Develop an optimization routine to obtain the best C3M unit cell dimensions.
4. Compare curved C3M structures to those with straight walls.
2

5. Design cells for fabrication using the LM-RIF microfabrication process.
6. Mechanically test the meso-scale C3M structures to approximate stiffness and
global strain using a custom test rig.
7. Compare the experimental results to those predicted using finite element analysis.

1.3 Literature Review
This section presents a review of the related work in the areas of cellular structures,
contact-aided compliant mechanisms, cellular structures with curved walls, meso-scale
fabrication, and morphing aircraft structures.

1.3.1. Cellular Structures

Cellular structures are created by repeating a unit cell in an array form.

Cellular

structures are commonly found in nature. Some common examples include a bee’s honeycomb,
cork, wood, trabecular bone and plant parenchyma. Cellular structures can also be man-made
and designed to perform specific functions. Both artificial and natural cellular structures find
uses in thermal insulation, packaging and buoyancy control. They are also particularly useful for
structural applications. Cellular structures are able to withstand high strains when compared to
the bulk material, while maintaining significantly lower weights, depending on the relative
density of the cellular solid.

Cellular structures can be classified into two categories;

honeycombs (two dimensional cellular structures) and foams (three dimensional cellular
structures) [2]. The focus of this thesis will be on man-made honeycomb structures. Several
examples of honeycombs are shown in Figures 1.4 and 1.5.
Honeycomb structures can be fabricated in a variety of ways and from a variety of
materials. The most common fabrication approaches are molding [1], extrusion and gluing [3],
epoxying [4] or brazing [5] together ribbons of material to create the structure [2]. Generally
these ribbons are either flat sheets that are expanded once the glue dries, or sheet material that
has previously been bent into the desired shape [3,4]. For some less conventional honeycomb
shapes, however, the glue or epoxy may be used to attach ribbons of material to other shapes
such as tubing [6]. Other manufacturing methods have been used in the literature to fabricate
3

cellular structures including rapid prototyping [7] and laser micromachining [8]. As shown in
the literature, honeycomb structures have been fabricated from a variety of materials. Many
cellular structures are made from metals such as steel [9,10] and aluminum [4,6,11] while others
are made from plastics [7,12,13]. Other less conventional materials that have been used to
fabricate honeycomb structures in the literature include glass [8], ceramic [10], rubber [14] and
paper [15]. Additionally, active materials such as shape memory alloys [5] and shape memory
polymers [1] have also been used to fabricate honeycomb structures.

`
Figure 1.4: Traditional honeycomb
structure [11]

Figure 1.5: NiTi honeycomb structure [5]

[5,11]

In many applications, cellular structures are the core component to a sandwich structure,
which is a cellular structure “sandwiched” between two strong face-sheets, as shown in Figure
1.6. In this type of structure, the area moment of inertia is increased without significantly
increasing weight, resulting in a structure with a high out of plane stiffness [2]. There are many
examples of sandwich structures in nature, including the iris leaf and the human skull [16]. Manmade sandwich structures have been designed using a variety of materials and have found uses in
aerospace applications and sports equipment [2]. Scarpa et al. designed a sandwich structure
with a stiff face sheet for potential use in structural applications [17]. Olympio et al., has also
suggested a sandwich structure for a morphing aircraft skin that consists of a honeycomb core
with a thin, flexible face sheet material. In this application, the cellular core must provide the
out-of-plane stiffness and the face sheet simply provides an aerodynamic surface [11]. This type
of sandwich structure has been used in a variety of other morphing skin designs, with various
shaped honeycomb cores [7,11,18,19].
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Figure 1.6: Sandwich structure with honeycomb core [11]

Depending on the shape of the unit cell, cellular structures can have positive, negative or
zero Poisson’s ratio. The Poisson’s ratio of a honeycomb has to do with the ratio of the
displacement in the loading direction to the displacement in the direction perpendicular to
loading. As shown in Figure 1.7, three different cellular structures are expanded in the vertical
direction. In the far left of Figure 1.7, a typical honeycomb structure with positive Poisson’s
ratio is shown. As this cellular structure is stretched in the vertical direction, it contracts in the
direction perpendicular to the loading. This is the behavior displayed in most bulk materials. A
negative Poisson’s ratio cellular structure, also known as an auxetic structure, is shown in the
center of Figure 1.7.

The auxetic cell shown in Figure 1.7 is the most common auxetic

honeycomb, and is also known as a reentrant honeycomb. Cellular structures with negative
Poisson’s ratio are structures that expand in all four directions when stretched in one direction.
In cellular structures with zero Poisson’s ratio, shown to the right in Figure 1.7, loading in one
direction results in zero displacement in the direction perpendicular to the loading.

All

honeycomb structures will exhibit one or more of these Poisson’s ratio values during loading.
Examples of various cellular structures, classified by the Poisson’s ratio value that they display,
are shown in Table 1.1.
The most common positive Poisson’s ratio honeycomb structure is the traditional
honeycomb, created by repeating hexagons in a cellular array, as shown in the left of Figure 1.7.
The traditional honeycomb structure is easy to fabricate by gluing or epoxying ribbons of
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material, making it cost effective to produce. Because the gluing procedure is common for the
traditional honeycomb structure, it is common to fabricate them from paper materials [15].
Additionally, the traditional honeycomb structure has been found to have a higher out of plane
stiffness than the auxetic honeycomb, making it suitable for applications where high out-of-plane
stiffness is necessary, such as morphing aircraft skin [11]. Shaw et al. has shown that the
traditional honeycomb has also been useful for applications involving in-plane compression,
such as lightweight armor, energy absorption applications, and in smart structures [5]. Wang et
al. analyzed the in-plane mechanical properties of seven different honeycombs with positive
Poisson’s ratio, which can all be found in [20]. Several examples of non-traditional honeycombs
with positive Poisson’s ratio are shown in the left column of Table 1.1.

Figure 1.7: Behavior of different honeycombs: positive Poisson’s ratio (left),
negative Poisson’s ratio (middle), and zero Poisson’s ratio (right). The cells are loaded
in the vertical direction, and the horizontal arrows represent the response. [7]

Auxetic materials have been found to have many desirable properties in the literature,
including very large shear moduli and high out-of-plane strength [21].

Additionally, the

sinclastic curvature displayed by an auxetic cell compared to the antisinclastic curvature (saddle
shape) displayed by the traditional honeycomb, makes auxetic materials ideal for structures that
require large out-of-plane deformations, or for curved sandwich structures [1,21]. Auxetic
materials, however, are more difficult to manufacture than traditional honeycomb structures, and
are more commonly fabricated using molding or extruding techniques [21]. The chiral structure,
shown in the center column of Table 1.1, is a very common auxetic structure that has been
analyzed for high-strain applications [12] and also has been shown to be ideal for sandwich
6

structure cores due to its high out-of-plane compressive strength and resistance to out-of-plane
shear loading [21]. Grima et al. developed a nonconventional auxetic structure that is created by
perforating a solid structure and achieves its deformation from the rotation of triangles in the
structure, shown in Table 1.1 [14]. Several other auxetic honeycomb shapes that have been
analyzed in the literature include the double arrowhead design for MEMs applications [8], strain
relief (curved) auxetic honeycomb for high strain applications [1] and the star design [22].
Several of these cellular structures are shown in the center column of Table 1.1.
Table 1.1: Examples of honeycombs with various Poisson’s ratios

Positive
Poisson’s Ratio

Negative
Poisson’s Ratio

Zero
Poisson’s Ratio

Diamond and Octagon
Cell (adapted from [22])

Chiral [13]

Hybrid [18]

Strain Relief [1]

Double arrowhead [8]

Accordion [18]

Diamond [20]

Star (adapted from [22])

Square (adapted from [22])

Hexagonal supercell comprised of
equilateral triangles [20]

Rotating Triangles (adapted
from [14])

Chevron [7]
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Cellular structures with zero Poisson’s ratio are sometimes desirable in applications
where one dimensional morphing is desired, such as wing span change in a morphing aircraft
[18]. Olympio et al. designed two zero Poisson’s ratio honeycombs by combining traditional
and reentrant honeycombs into a large array.

These designs, referred to as the hybrid design

and the accordion design, are both shown in Table 1.1, and were found to have similar stiffness
and strain properties to the traditional honeycombs.

Additionally, these structures can be

constrained in the direction of loading and the cellular structure stiffness remains unchanged
[18]. Some other honeycomb structures that exhibit near zero Poisson’s ratio values may be
found in [22] and [7], and are shown in the right column of Table 1.1.
Cellular structures are useful for a variety of applications, and are especially beneficial
for achieving high strength and high global strains if designed properly. In order to develop the
novel curved C3M structures, two other concepts must also be introduced to the design. These
include contact-aided compliant mechanisms, and the concept of adding curves to a structure.

1.3.2 Contact-Aided Compliant Mechanisms

Cellular structures can typically be classified as compliant mechanisms, which are
flexible mechanisms that transfer motion, force or energy from an input to an output. Compliant
mechanisms can be monolithic, with flexible members acting as links and joints, serving to
simplify the manufacturing process and reduce assembly time.

Additionally, compliant

mechanisms are more reliable, have increased resistance to wear and tear and are very low
maintenance due to the fact that there are no sliding joints, making them ideal for fabrication on
the meso or micro scale [23].
Compliant mechanisms have many advantages over rigid body mechanisms, but despite
these advantages, may not achieve the same range of motion as rigid body mechanisms [23].
Contact-aided compliant mechanisms (CCM) are mechanisms in which compliant segments
come into contact with each other during deformation. This contact can be used advantageously
to alter the behavior of the mechanism.
In the literature, contact can be used in compliant mechanisms for path generation
[24,25].

Mankame et al. designed a compliant mechanism that could convert an input

reciprocating motion into two curved paths, shown in Figure 1.8. The contact within the
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mechanism allows the output to make sharp path changes, and also serves to keep the local
stresses low and maintain enough stiffness to ensure repeatability [24]. Mankame et al. also
used contact-aided path generation to design a set of grippers that both grasp and pull, as shown
in Figure 1.9 [26].

Figure 1.8: Path Generating CCM [24]

Figure 1.9: Grasp and Pull Grippers [26]

Contact-aided compliant mechanisms can also be used to force an abrupt change in the
stiffness of a mechanism. The commercially available dental floss mechanism, shown in Figure
1.10, becomes stiff to ensure that the floss is taught, but the displacement is limited by a second
contact mechanism to ensure that the floss does not break [26].

Figure 1.10: Commercially available compliant dental floss mechanism [26]

Contact can also be used to increase load bearing capacity or range of motion in a
compliant mechanism.

Guerinot et al. utilizes contact in a compliant joint to allow the

mechanism to sustain higher compressive loads. After a specified about of deformation, contact
takes place, allowing the mechanism to sustain higher loads without buckling [27]. Cannon et al.
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utilizes contact to reduce the stress concentrations in a contact aided revolute joint, resulting in
improved performance and increased range of motion [28]. Aguirre et al. and Mehta et al. each
utilize contact-aided mechanisms to increase range of motion via stress relief [29,30]. Aguirre et
al. designed a micro forceps, shown in Figure 1.11, that comes into contact with itself after a
specified displacement, at which point stress relief takes place allowing the mechanism to
displace farther [29]. Mehta et al. incorporated cellular structures and contact-aided compliant
mechanisms into a novel, high strain cellular structure referred to as contact-aided compliant
cellular mechanisms (C3M), shown in Figure 1.12. The mechanisms take advantage of contactaided stress relief in the cellular structure, resulting in significantly higher global strains than a
cellular structure without contact [30].

Figure 1.12: C3M devices with
straight walls [10,30]

Figure 1.11: Contact-aided forceps [29]

Contact-aided compliant mechanisms have many benefits over traditional compliant
mechanisms. They can be used for path generation and to change the stiffness of a mechanism.
Contact can also be used to reduce stress concentration, increase load bearing capacity, increase
range of motion and result in stress relief in a mechanism. The changes in stiffness as well as the
increased range of motion are of particular interest when designing C3M structures.

1.3.3 Curved Walls

Curved walls can be beneficial for various applications involving cellular structures and
compliant mechanisms. They can help to increase performance by eliminating sharp edges and
corners in a design and to reduce stress concentrations in a mechanism.
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Various examples of curved cellular structures have been analyzed in the literature.
Olympio used topology optimization to develop various anti-symmetric “S” shaped cells for
shear compression morphing. He found that the curvature reduces the local strains in the cellular
structure [31]. Several examples of these “S” shaped cells are shown in Figure 1.13. Henry et
al. compared the stretch quotients for strain relief (curved) and straight-armed cells of negative
and positive Poisson’s ratio cells, where the stretch quotient is defined as the ease of deformation
for a particular set of output strains. After analyzing the four different types of cells, it was
shown that the strain relief (curved) auxetic cells had the best stretch quotient and would
therefore be the best choice for high deformation [1]. The strain relief auxetic and positive
Poisson’s ratio cells are shown in Figure 1.14. Several other examples of curved cellular
structures in the literature include circular honeycombs [32] and bi-cylindrical corrugated
specimen [5].

Figure 1.13: “S” shaped
cells [31]

Figure 1.14: Strain relief (curved) positive (left) and
negative (right) Poisson’s ratio cells [1]

Curved walls have also been used in the literature to optimize the performance of
compliant mechanisms. Zhou et al. developed a method for increasing the performance of a
compliant mechanism by using shape synthesis of compliant mechanisms using wide curve
theory. The method was demonstrated through the optimization of a compliant gripper. Using
curved walls in the gripper increased the gripping force by 45% when compared to the original
gripper with straight walls [33]. The curved and straight-walled grippers can be seen in Figure
1.15. Xu et al. developed a process for shape optimization of compliant mechanisms. The
process represents segments in the desired compliant mechanism topology as Bezier curves, and
was demonstrated through optimization of a compliant gripper. The optimized gripper was
found to have 67% improvement over the original design, where a successful design is measured
as having a high ratio of flexibility to stiffness [34].
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In addition to the performance benefits that can be obtained by using curved walls in a
mechanism, adding curved walls to a cellular structure is also beneficial from a fabrication
standpoint. These benefits will be discussed in the discussion of the fabrication process in
Section 1.3.4.

Figure 1.15: Compliant gripper with straight walls (left) and curved walls (right) [33]

1.3.4 Meso-Scale Structures

The high-strength high-strain C3M structures are fabricated using a novel meso-scale
fabrication technique, capable of fabricating parts from both ceramic (nanoparticulate 3 mol%
yttria partially stabilized zirconia (3YSZ)) and metallic (mesoscale 316L stainless steel)
materials. The C3M structures fall into a category called “meso-scale structures”, meaning their
footprints are measured in millimeters, but their features are measured in microns. This section
presents a review of existing micro-fabrication technologies, and details the process by which the
meso-scale C3M structures were fabricated.
Many opportunities are arising in micro-fabrication technologies that allow the use of a
broad range of materials. Both zirconia and stainless steel have become excellent materials for
manufacturing meso-scale parts. Microfabrication has been used to develop a variety of ceramic
and stainless steel components for meso-scale systems including components for MEMs
[35,36,37,38]

and

microcomponents

such

as

microgears

and

micropistons

[39,40].

Microfabrication has also been used to fabricate other devices from both mesoscale zirconia and
mesoscale 316L SS, including cellular structures [10] and meso-scale surgical tools for
endoscopic surgery [29].
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There has also been some work in developing micro scale cellular structures, although the
majority of this work has dealt with materials other than zirconia and stainless steel. Mehta
designed high-strength, high-strain meso-scale cellular structures fabricated from mesoscale
zirconia and stainless steel as seen in Figure 1.12 [10]. Evans et al. developed a material
microstructure that exhibits negative Poisson’s ratio as a result of tensile deformation and
topological constraints [41]. Later work includes modeling the deformation of these auxetic
microstructures, by calculating the Poisson’s ratio of the structure for varying geometries of the
microstructure [21].

Larsen et al. presented a compliant micro mechanism with negative

Poisson’s ratio and fabricated the structure (shown in Figure 1.16) user laser micromachining [8]
and Levy et al. designed negative Poisson’s ratio structures for MEMs applications [42]. There
has also been some research involving the fabrication of three dimensional microstructures,
which have walls that resemble cellular structures, as shown in Figure 1.17 [43]. Other examples
of micro scale cellular structures may be found in [44,45].

Figure 1.16: Compliant micromechanism
testing bar [8]

Figure 1.17: 3D tetrahedral cage [43]

There are many different microfabrication techniques that have been used to manufacture
free standing parts.

These techniques can be classified as either top-down or bottom-up

approaches [46]. Top-down approaches start out with bigger blocks, and then reduce them down
to smaller pieces using typical machining techniques, while bottom-up approaches use small
particles to build a bigger structure [47]. Top-down approaches generally can only produce a
few parts at a time, result in parts with surface flaws [46], and are constrained by the size of the
tool used to machine them [48]. These disadvantages make top down approaches unsuitable for
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manufacturing C3M structures, due to the fact that large arrays need to be fabricated, small
feature sizes are required, and micron scale edge resolution is necessary.
Bottom-up approaches include self assembly [49] and directed assembly. Self assembly
involves aggregation and organization of molecules, which results in a stable, organized structure
[50]. It includes techniques such as microcontact printing [51] and microtransfer molding [52].
Directed assembly is a technique that allows for the fabrication of large arrays of free standing
parts at once, and also allows for the fabrication of thick parts with fine edge resolution.
Directed assembly has two main areas of research: direct writing and lithography mold-based
methods. Direct writing is a method by which 3D structures are fabricated by depositing
material layer by layer [53]. The parts can be built using rapid prototyping, eliminating the need
for masks [54]. Several examples of direct writing include 3D printing, hot-melt printing,
robocasting and micropen writing [53].

The lithography mold-based methods offer the

opportunity to create free standing meso-scale parts with fine edge resolution. Examples of lost
mold processes are shown in [55,56].

Lithography methods are also the least expensive

microfabrication technique [57] and allow for the fabrication of parts from a variety of materials,
with mold thicknesses up to 1mm.
Due to the fact that lithography mold-based methods are compatible with the
requirements for fabricating the C3M structures, a novel directed assembly microfabrication
technique was developed, called the lost mold-rapid infiltration forming (LM-RIF) process.
Figure 1.18, developed by Hayes, further shows the advantages of the LM-RIF process, when
compared to other manufacturing processes [58]. As seen in the figure, the LM-RIF process is
capable of fabricating large arrays of parts. The process can also fabricate parts with high aspect
ratios, fine edge resolution and is capable of fabricating three dimensional parts out of multiple
materials.

In Figure 1.18, all of the top-down approaches and several of the bottom-up

approaches are eliminated due to their inability to fabricate large arrays. Of the remaining
techniques, only two are capable of 3D fabrication: the LM-RIF process and the EFAB process
[59]. The EFAB process, however, is limited to manufacturing parts from only metals. This
figure clearly shows that the LM-RIF process is unique and very suitable for fabricating C3M
structures.
The LM-RIF process is a four step fabrication process that consists of the following
steps: 1) mold fabrication 2) colloidal suspension formulation 3) casting and 4) sintering. Before
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the fabrication process begins, the dimensions of the parts to be fabricated must be determined.
Finite element analysis is used to calculate the best part dimensions, using experimental
mechanical strength data. Once the parts are designed, CAD models of the parts are made and
the designs are arranged on a photolithographic mask. Following mask fabrication, the five step
process begins. A short description of each step in the fabrication process is provided below.

Figure 1.18: Comparison of microfabrication techniques [58]

First, the SU8 photoresist molds are fabricated using a modified UV lithography process
capable of fabricating mold thicknesses from several microns to more than 0.5mm. The molds
are fabricated on a polycrystalline alumnia substrate, which prevents the parts from being
handled throughout the process. The entire layering sequence used to create the empty molds is
shown in Figure1.19. After the layering sequence is complete, the mold is exposed, baked and
developed. Next the colloidal suspension is prepared and cast into the molds using a screen
printing squeegee to ensure that the mold is completely filled, as shown in Figure 1.20. Next the
molds are burned out and the substrates are sintered. After sintering, the parts are left free
standing and can be mechanically tested to obtain the material properties. The LM-RIF process is
described in further detail in [29,58,60,61,62]
As mentioned in Section 1.3.3, it is easier to fabricate parts with curved walls using the
LM-RIF process than it is to fabricate parts with straight walls. As the parts dry, they are subject
to shrinkage. Due to the fact that the parts dry in the molds, as they shrink they come into
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contact with the mold walls, resulting in drying stresses. Hayes modeled this stress in a straight
and a curved forceps design, and showed that the shape of the forceps greatly affects the drying
stresses. The curved forceps design was subject to drying stresses an order of magnitude less
than the straight forceps [58].

Figure 1.19: Mold fabrication
layering sequence [29]

Figure 1.20: The casting process: empty
mold (left), filled mold plus excess (right)
and mold planarization (bottom) [29]

1.3.5 Morphing Aircraft Skin

A morphing aircraft skin is one of the potential applications for high-strength high-strain
cellular structures. While simple aircraft morphing has been used on the earliest airplanes, recent
technologies include aircraft wings that can completely change aspect ratio, wing area, twist or
sweep in order to perform optimally during multiple portions of the flight. Shown in Figures
1.21 and 1.22 are two different airplanes that are suited for different types of flying. Figure 1.21
shows the Global Hawk, which is an airplane with a long wingspan and high aspect ratio, well
suited for long endurance and loitering. Figure 1.22 shows the X-45 which has a small aspect
ratio and swept back wings, making it ideal for high speeds [63].

Figure 1.21: Global Hawk [63]

Figure 1.22: X-45 [63]
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In order to develop an airplane that is well suited for multiple tasks such as both loitering
and high speed flight, it is necessary to morph certain aspects of the airplane.

Table 1.2

describes how increasing or decreasing different wing parameters affect different aspects of
flight. In addition to changing wing parameters, it is also possible to morph the configurations of
other parts of the airplane including the fuselage, engine and tail, however wing morphing has
the largest effect and is therefore the most common [63].
Table 1.2: Effect of various parameters on flight [63]

Many different types of wing morphing have been analyzed in the literature. Span
morphing is one dimensional morphing that involves changing the wingspan of the airplane
throughout the flight.

Span morphing has been achieved in various ways in the literature

including using telescopic wing structures [64,65], flexible matrix composites [66], or compliant
cellular structures [67]. Samuel et al. developed a pneumatic telescopic wing that can undergo a
230% change in aspect ratio from the unmorphed to the morphed configurations, as shown in
Figure 1.23 [64]. A two dimensional form of wing morphing in the literature is a variable
camber design which changes the shape of the airfoil through the use of inflatable wings [68],
compliant mechanisms [69], or chiral structures [12].

An example of a camber morphing

mechanism using compliant mechanisms is shown in Figure 1.24. Other morphing designs that
have been analyzed in the literature involve spanwise bending on the wing [70,71].
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Many aspects are integrated into a morphing aircraft, one very important one being an
aerodynamic skin that is flexible enough to accommodate all of the morphed configurations [63].
The skin should ideally be suitable for high strain applications, be light weight and have a high
flexural stiffness [72]. A review of morphing skins is given in [73]. Ongoing research relating
to morphing skin technologies includes active and passive skin technologies.

Figure 1.23: Pneumatic telescopic
wing [64]

Figure 1.24: Variable geometry compliant airfoil
in two different configurations [69]

Active skin technologies include the use of shape memory polymers and shape memory
alloys. In shape memory materials, a temperature change results in a change in shape and
stiffness of the material. Using this technology, by changing the temperature, the shape memory
materials can change shape from the unmorphed to the morphed configurations. In the literature,
honeycomb structures have been made from shape memory materials [1], or have been used with
shape memory materials [74] for skin designs. Reich et al. has used shape memory alloys as part
of a composite system [75]. Other research dealing with morphing skins made from shape
memory materials may be found in [76,77,78]. In spite of the benefits of shape memory
materials, some negative aspects have been shown. It has been shown that shape memory
polymers have a weak recovery force, meaning they are not ideal for actuation [1]. Additionally,
with active materials, an outside source is needed to induce actuation, which could mean added
weight to the airplane.
Passive skin technologies are designed to morph with the underlying structure of the
wing. One potential way that this is possible is shown in Figure 1.25. As seen in the figure, the
skin is attached to underlying morphing mechanism at specified connection points, and will
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passively morph as the structure actuates [19].

One passive skin technology is the use of

sandwich structures with cellular cores. Many different types of cellular structures have been
used for the cores of these sandwich structures including traditional honeycombs [10,11], auxetic
honeycombs [11,19] and various zero Poisson’s ratio honeycombs including the accordion [18],
hybrid [18] and chevron cellular structures [7]. In addition to cellular structures, several other
passive skin technologies including flexible matrix composites [7,66] and corrugated structures
[79,80] are reported in the literature.

The morphing skin designed by Bubert et al. (shown in

Figure 1.26) combines the chevron cellular structure along with a flexible matrix composite face
sheet for wing span morphing [7].

Other researchers have created skin designs that are

integrated into a morphing wing design, eliminating the need for a separate skin altogether [64].

Figure 1.25: Connection between morphing structure and passive skin [19]

In summary, using contact-aided compliant mechanisms is beneficial to achieve stress
relief and adding curves to a compliant mechanism eliminates stress concentrations in the
structure. By combining both of these concepts with a traditional auxetic honeycomb, it is
hypothesized that a high-strength, high-strain cellular structure can be designed. The cellular
structure can be fabricated from mesoscale zirconia and stainless steel using the novel LM-RIF
process. These fabricated structures have potential use as the core of a sandwich structure for a
passively morphing aircraft skin, implemented as shown in Figure 1.25.
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Figure 1.26: 1D morphing design combining a zero Poisson’s ratio honeycomb
structure and a flexible matrix composite face sheet [7].

1.4 Thesis Outline
The focus of this research is an investigation of high strain C3M unit cells with curved
cell walls. In this thesis, Chapter 2 presents the C3M design and the methods used for analysis.
Specifically, various potential honeycomb designs will be analyzed and compared, and the
geometry of the best cell will be defined. Finite element analysis of the C 3M unit cells will be
described. Using finite element analysis, the C3M unit cells will be characterized in terms of
their Poisson’s ratio, and the best fillet size will be determined. Finally, a methodology will be
developed to calculate the global strains of non-contact and contact-aided cells.
Chapter 3 will present the predicted results obtained through finite element analysis.
First, a contact mechanism analysis will be performed in order to determine the effect of contact
mechanism shape on global strain. Next, global strain trends in the unit cells for varying
geometric parameter values will be shown. An optimization problem will be formulated in order
to find the non-contact and contact-aided cells that can withstand the highest global strains.
Finally, a comparison of curved and straight walled, non-contact and contact-aided cells will
show the benefits of using curved walls and contact mechanisms in a unit cell.
In Chapter 4, the meso-scale curved C3M parts will be presented. First the LM-RIF
fabrication constraints will be presented, along with the four designs to be fabricated. An
analysis to determine the best fillet size will be performed, and the finalized designs will be
selected and modeled using cad software. The mask layout for fabrication will be presented, as
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well as photographs of the fabrication process and final parts. Finally, the effect of array size on
global strain for the four designs will be shown.
Chapter 5 describes the experimental validation of the research. The custom test rig will
be described and the experimental procedure will be presented. The stiffness of the test rig will
be calculated, and the experimental results from the test rig will be validated using digital image
data.

Next, high precision springs with known spring constants will be tested using the

procedure and the known stiffness’s will be compared to those calculated from the test rig data
and digitized data. Predicted and experimental data showing force versus displacement plots will
be shown and compared for three different types of cells.
Chapter 6 presents a summary of the work as well as major conclusions drawn. It also
presents contributions of the research, and states potential future work.
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Chapter 2: Modeling of C3M with Curved Walls

This section details the process of selecting and modeling the cellular structure. It
describes the unit cell geometry as well as the finite element analysis used to calculate maximum
global strain in the unit cell. An iterative procedure is developed that can be used to calculate the
global strain for any unit cell.

2.1 Unit Cell Selection
The unit cell is the most basic unit of any cellular structure and is repeated in an array to
create a cellular structure [16]. The goal of this research is to find a curved unit cell that is
capable of both high strength and high strain.

Several different curved cell designs were

generated and compared to each other. Each of the curved designs is based on a traditional
cellular honeycomb with a non-dimensional base length of 1, and an overall height of 1, shown
in Figure 2.1. Each cell was also designed with a cellular wall angle of 32°, which was selected
as a compatible angle to create the 1 x 1 overall dimensions. By generating each of the curved
designs from these two basic shapes, it will be easy to compare the unit cells to each other.

Figure 2.1: Traditional cellular honeycombs used to generate curved designs

Five potential curved designs, along with their straight walled skeletons (shown as dotted
lines) were created, and are shown in Figure 2.2. The curved hexagonal and curved auxetic cells
are created by adding fillets to the corners of the traditional positive and negative Poisson’s ratio
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honeycombs. The corrugated design is created by drawing continuous arcs between points on
the traditional honeycomb to form a design similar to that commonly seen in corrugated
cardboard, and the hourglass design is created by curving the oblique walls of the auxetic
honeycomb to create an hourglass effect. Finally, the woven design is created by curving the
walls of the auxetic cellular structure and placing them in a pattern consisting of alternating
vertical and horizontal cells. All of the designs were assumed to have the same wall thicknesses
and material properties. When comparing the unit cells to each other, the most desirable unit cell
is that which can withstand the highest global strain in the X-direction. Global strain in the Xdirection can be defined as the displacement per unit length of the cell and be calculated using
Equation 2.1.

( 2.1 )

where

is the horizontal input displacement applied to the cell and L is the overall

horizontal length of the cell. To find the maximum possible value for
maximum value for
and the value for

in a given cell the

must be found. In order to do this, finite element analysis is used
is increased until the maximum local stain,

, is equal to the

maximum allowable local strain, which was found through experimental testing to be
approximately 0.00335 mm/mm for the mesoscale zirconia and stainless steel materials.
Each of the designs was modeled using ANSYS finite element analysis in order to
compare the global strain capability of each cell. The constraints imposed on each cell are
identical, where the bottom most points of the cells are fixed in the Y-direction, and the left most
points are fixed in the X-direction. The points on the top edge of the cell are constrained to have
the same Y-displacement, and the right side of the cell is subjected to an input displacement in
the positive X-direction, defined as

. Using these constraints and an iterative procedure,

ANSYS is used to calculate the value for maximum

, and as a result the maximum global

strain. The process by which ANSYS is used to model and constrain a unit cell, and calculate
maximum global strain will be further described in section 2.2.2.
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Figure 2.2: Curved hexagonal cell (top left), curved auxetic cell (top middle), corrugated
cell (bottom left), hourglass cell (bottom middle) and woven cell (right)

The maximum global strains were compared for each cellular design. The woven design
was found to have the highest global strain, 2.17%, followed by the corrugated design and the
curved auxetic design, which had global strain values of 1.73% and 1.55%, respectively. The
curved hexagonal and hourglass designs were found to be capable of the lowest global strains,
which were 1.37% and 0.94%, respectively. Despite the fact that it did not have the highest
global strain, the curved auxetic design was selected as the proposed C3M unit cell. This unit
cell had promising global strain values, which could be easily improved by varying the straight
walled auxetic unit cell dimensions. Additionally, the curved auxetic cell has not commonly
been analyzed in the literature, contrary to the corrugated design, which has been used for many
applications [5,2]. The majority of the previous work on C3M structures has dealt with straightwalled auxetic structures [30,10]. These new curved auxetic structures could easily be compared
to the straight-walled designs to show the improvement that has been achieved. The woven
design was eliminated due to the complexity of the unit cell design. Additionally, assuming that
every enclosed cavity in the woven design is considered a cell, then each contact-aided cell is
surrounded by cells with no contact mechanisms on all sides. Because of this, the woven design
has significantly more cells without contact than cells with contact, which may reduce the
amount of possible stress relief.
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2.2 Modeling the Unit Cell

2.2.1 Geometry

The proposed C3M unit cell (the curved auxetic design) and the variables that define it
are shown in Figure 2.3. As stated previously, the re-entrant honeycomb unit cell is shown using
the dashed lines, and is used to help define the curved cell. Here, h is the length of the horizontal
members in the cell, l is the length of the oblique walls, and θ is the angle measured from a
vertical line to the oblique wall (positive when counter-clockwise). The in-plane cell wall
thickness is defined by t and the out-of-plane wall depth is defined by w. The curvature of the
cell is created by adding fillets of radius r between the horizontal and oblique walls. The
equation used to calculate r is given in section 2.3.
The overall height and width of the cell are referred to as H and L respectively, both of
which are functions of h, l and θ. Additionally, P is a measure of the overall size of the cell and
is defined as the sum of H and L. The variables H, L and P can be calculated using Equations
2.2, 2.3 and 2.4.
( 2.2 )
( 2.3 )
( 2.4 )

Shown in Figure 2.3, Sc and St are the contact surface and target surface of the contact
mechanism, respectively. As the cell is stretched in the horizontal direction, these two surfaces
will come into contact, resulting in stress relief. This phenomenon occurs because the loads in
the cellular structure are redistributed when contact occurs as described in [30]. The initial
distance between Sc and St is defined as the initial contact gap, represented by γ. The minimum
contact gap, γmin, is the smallest manufacturable contact gap, which could range from w/15 to
w/10 [58]. In this thesis, however, γmin is assumed to be equal to w/10.
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Throughout this thesis, the plots use non-dimensionalized axes and values. The key
variables used to define the cell geometry are h, l, θ, r, t and γ. In order to non-dimensionalize
the problem, the variables, h/l, t/P, θ and γ/P will be used for plots and discussions. These nondimensionalized variables give enough information to define any cell geometry, and also provide
a means for comparing different cell geometries to each other.

Figure 2.3: Geometry defining
contact-aided unit cells

Figure 2.4: Boundary conditions
applied using FEA

2.2.2 Finite Element Analysis

Finite element analysis was used to model and analyze the unit cells. ANSYS was used
as the finite element solver, and the cells walls were modeled using beam elements (BEAM 23),
where the element edge length is approximately equal to l/50. Contact was modeled using
CONTA172 for the contact surface Sc and TARGE169 for the target surface St.
The cells are constrained in a way that represents the boundaries imposed if the unit cell
were part of an infinite 2D cellular sheet, as seen in Figure 2.4. As stated in section 2.1, the
bottom edge of the cell is fixed in the Y-direction, and the left most node is fixed in the Xdirection.

The nodes on the top edge of the cell are constrained to have the same Y-
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displacement, and the right side of the cell is subjected to an input displacement,

. Using

the defined constraints, ANSYS is used to calculate a contour plot of local strains for any cell
geometry and input displacement. From this contour, the maximum local strain (

) in the

cell can be found. Various assumptions were made when calculating the local strain contour plot
in ANSYS. A large deformation analysis was performed, and the material was assumed to be
linearly elastic. The cells are made of mesoscale stainless steel or mesoscale zirconia, and
because the properties of these mesoscale materials are not exactly known, several additional
assumptions must be made. It was assumed that the material would always fail in tension, and
that the material failure would be due to a first principal strain. When using beam elements, the
first principal strain cannot be calculated in ANSYS, therefore the axial elastic strain is analyzed.
Planar elements (PLANE183) were also considered as a potential element for modeling
3

the C M unit cells.

Both beam and planar analyses were initially performed in order to

determine which elements were more effective to use, and it was found that the maximum local
strain values were different when using beam elements versus planar elements, as illustrated in
Figure 2.5. The global strains calculated using beam elements were found to be consistently
higher than those calculated using planar elements. This is due to the fact that beam elements
express the result with respect to the local coordinates, while planar elements express the result
with respect to the global coordinates. Because planar analyses take significantly longer to
converge, beam elements were used for modeling and analyzing the C3M structures to determine
the most effective structure. This allowed the optimization procedure to be performed in a
reasonable amount of time. In order to perform a thorough analysis, however, in Chapter 4
planar elements are used to determine points of stress concentration in the C3M structures. A
planar analysis is then used to determine the best fillet sizes to eliminate these stress
concentrations.
As stated previously, the best unit cells are defined as those that can withstand the highest
global strains, where global strain (
order to find the greatest value for

) is defined by Equation 2.1. From Equation 2.1, in
, the maximum input value for

To do this, the cell is subjected to increasing values of
where

until

must be found.
is equal to

,

is the maximum allowable strain of the material, calculated from the allowable

stress and Young’s modulus,

and E, respectively.
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This value of

that

corresponds to

is the highest possible input displacement that can be safely

imposed on the cell. This value can then be used in Equation 2.1 to find the maximum global
strain of the cell. In summary, the global strain (
which is a function of the input displacement (

) is an input strain applied to the cell,
). For each global strain value, a contour

plot is generated which shows the axial elastic strain distribution throughout the cell, and the
maximum value in this contour plot is equal to the maximum local strain (
allowable strain (

). Finally, the

) is an assumed allowable strain of the material, which was gathered

through experimentation. This value sets the limitation on the maximum local strain.

Figure 2.5: Comparison of global strain values calculated when using planar elements and beam elements. The
results do not match up exactly, and using beam elements results in larger global strains than planar elements.

Non-contact (units cells without a contact mechanism) and contact-aided (unit cells with
a contact mechanism) cells with curved walls are analyzed in this thesis to calculate non-contact
global strains,

, and contact-aided global strains,

. These values correspond to the

maximum global strains that can be accommodated in the non-contact and contact-aided cells.
The non-contact global strain can be obtained by calculating the maximum
contact cell, where

is incremented up until
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.

for a nonIn addition to

incrementing

, calculating the contact-aided global strain requires that the ideal contact

gap also be found. The process by which

is calculated will be outlined in Section 2.4.

An example of FEA results showing maximum local strains (mm/mm) in a non-contact
and contact-aided cellular structure are shown in Figure 2.6. As seen in the color bar at the right
of each figure the red regions represent the largest local strains while the blue regions represent
the smallest local strains. The green represents a local maximum strain value of zero, while the
colors below represent tension, and those above represent compression. In each of these contour
plots, the strain being plotted is the strain at one particular location within each element in the
cell. In each element, there are 15 possible locations to output the local strain at. Three of these
locations are along the center axis of the beam element and therefore represent the smallest axial
strain in the element due to the fact that the distance from the center is zero. The other 12
locations are not on the central axis of the element. The local strain that is plotted is at a point on
the outside edge of the element (meaning if you travel along the wall defining the cell, the point
on the element would always fall to the outside of the line at a distance of t/2), which would
represent the largest axial elastic strain in the element. If a point on the inside edge of the
element were plotted, the maximum local strain value would be the same, and the elements
plotted in tension and compression would switch. Therefore each of the elements shown in blue
or red in the contour plot are in both tension and compression. The output colors simply depends
on whether the strain is plotted at a point in the element at + t/2 or - t/2 from the wall defining the
cell. Despite this fact, the maximum local strain value will be unaffected as long as the local
strain is plotted for a point on the top or bottom edge of the element.
Both mesoscale zirconia and stainless steel will be used for the fabrication of some of
these C3M parts. Although ceramic is not a material that is generally associated with high strain
applications, high strength meso-scaled parts have been demonstrated in the literature [29,61,62].
The reported properties of nano-particulate zirconia (3mol% yttria stabilized zirconia) and
stainless steel (mesoscale 316L Stainless Steel) are used for all analyses in this paper. From
experimental testing performed, the material properties of mesoscale zirconia and stainless steel
were found to be very similar, where E = 200GPa,
/E = 0.00335 [61,62].
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Figure 2.6: FEA maximum local strain (mm/mm) results for a non-contact and contact-aided
cell. The color bar represents smallest to largest local strains from left to right.

2.3 Non-Contact Cells

2.3.1 Fillet Analysis

In order to understand and analyze the curved C3M cell, it is important to first understand
the behavior and geometry of the non-contact curved cell. The curved cellular structure is
created by adding fillets to an auxetic honeycomb with straight walls. In order to determine the
optimal size of these fillets, an analysis was performed. A typical auxetic honeycomb with
straight walls was modeled and increasing fillet sizes were added to the unit cell to determine the
effect on maximum global strain. The results of the analysis are shown in Figure 2.7. In the
figure, the fillet size is represented as a percent of the maximum possible fillet size, where the
maximum possible fillet size is a function of the shorter of l or h. As the fillet size increases, the
straight portions of h and l become shorter. The point at which the straight portion of h and/or l
is completely gone represents the maximum possible fillet size. The y-axis shows the maximum
global strain, where a higher global strain is desirable.
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As seen in Figure 2.7, global strain increases as fillet size increases. This means that the
most desirable fillet size for any curved auxetic cell will be the maximum possible fillet, which
can be calculated from Equation 2.5.

{

(

)

(

)

( 2.5 )

Throughout the remainder of this thesis, r will always be equal to the maximum possible fillet
size. This will ensure that each individual cell will be capable of its maximum capable global
strain value.

Figure 2.7: The effect of fillet size on global strain in non-contact cells with curved walls.
The largest global strain is always associated with the largest possible fillet size.

2.3.2 Poisson’s Ratio of Curved Cellular Structures

Another important characteristic of the unit cell is the Poisson’s ratio behavior. The
straight-walled cell that defines the curved unit cell is auxetic, meaning it has negative Poisson’s
Ratio for all geometries; however, it is important to realize that the behavior of the curved cells is
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very different than that of straight-walled auxetic cells. Figure 2.8 shows a plot of
for various values of θ in cells having curved walls, where

verses

is calculated from

Equation 2.6.

( 2.6 )

This equation is similar to Equation 2.1, but

is not an input displacement in the Y-

direction; it is simply the resulting vertical displacement of the top edge of the cell corresponding
to a specified

value.

Examining Figure 2.8, for small θ values (θ ≤ 50°),

is always negative, meaning

the cell always exhibits a positive Poisson’s ratio value (as the cell is stretched horizontally, the
top and bottom cell walls move closer together). For large θ values (θ > 50°), the results are a bit
more complex. An increasing slope on the plot means that the cell is behaving auxetically
(negative Poisson’s ratio). When the slope is zero on the plot, the cell is switching from negative
Poisson’s ratio behavior to positive Poisson’s ratio behavior. Note that as long as the vertical
global strain values are greater than zero, the values for

, and the net vertical distance

traveled by the top wall of the cell, are still positive. Therefore, the net behavior of the cell does
not appear to exhibit positive Poisson’s ratio until

is less than zero.

Figure 2.8: Vertical behavior of curved cells for varying θ and global strain (h/l and t/P are held constant at
1.4 and 0.014 respectively). The grey area on the plot represents net positive Poisson’s ratio behavior
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The maximum contact gap, γmax, is an important value that is affected greatly by the
vertical behavior of the cell. The maximum contact gap is simply calculated as the absolute
value of the

that corresponds to the maximum non-contact global strain,

. If the

contact gap were set to a value larger than γmax, then the local strains would exceed the allowable
strains before contact and stress relief take place, which could result in premature failure.
In curved contact-aided cells, an analysis has shown that stress relief through contact is
not possible in cells that exhibit negative Poisson’s ratio at the time of contact. This is shown in
Figure 2.9, where two data sets are shown that represent a cell with positive Poisson’s ratio (red)
and a cell with negative Poisson’s ratio (blue). In each cell, the contact gap is set so that contact
occurs just as the cell reaches a strain ratio of 1. The strain ratio is defined as the maximum local
strain over the allowable strain, therefore any value of strain ratio that is less than or equal to 1 is
acceptable. As seen in the figure in the positive Poisson’s ratio cell, after contact occurs there is
stress relief in the cell and the strain ratio decreases, allowing the cell to be stretched farther. In
the curved cell with negative Poisson’s ratio, however, after contact occurs the strain ratio
actually increases at an even larger rate than it did before contact. Because of this, only cells that
exhibit positive Poisson’s ratio will be able to benefit from contact-aided stress relief.

Figure 2.9: Global strain versus strain ratio for curved cells with positive (right) and negative (left) Poisson’s ratios.
In the positive Poisson’s ratio cell, stress relief occurs after contact occurs, allowing the cell to be stretched farther.
In the negative Poisson’s ratio cell, on the other hand, no stress relief occurs.
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2.4 Contact-aided Cells

2.4.1 Calculating Contact-aided Global Strain Graphically

Adding an internal contact mechanism to a cellular structure is beneficial for high strain
applications because it can result in stress relief, making the cells better than non-contact cells.
As stated earlier, the ideal contact gap is an important value that must be calculated in order to
find

. A plot showing contact gap versus strain ratio for various global strains in a curved

contact-aided cell is shown in Figure 2.10. In the plot, the geometry of the cell is held constant,
with the exception of contact gap. It can be seen that as global strain increases, the data sets
corresponding to various global strains shift upward, while remaining similar in shape. For each
global strain there is a best contact gap, which occurs at the lowest value on each curve (where
strain ratio is at its lowest). In order to find the best contact-aided global strain, it is necessary to
find the highest global strain that has its minimum below a strain ratio of 1. From Figure 2.10,
this global strain value is shown by the green curve, or 8.8% global strain. Following along the
curve to the lowest point, the corresponding contact gap can then be found. Assuming this
contact gap falls between the minimum and maximum contact gap values, this is a feasible cell
design and the contact-aided global strain has been found.

Figure 2.10: Calculating maximum contact-aided global strain by inspection.
A strain ratio ≤ 1 represents a feasible value.
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In order to automate this calculation of global strain, an iterative procedure is created that
helps to calculate the contact-aided global strain. This iterative procedure is illustrated in Figure
2.11. Each of the plots in the figure show contact gap as a percent of cell width versus strain
ratio.

First, the non-contact global strain (8.0% global strain for the example shown) is

calculated (Figure 2.11A). Due to the fact that the data is plotted with contact gap on the x axis,
this non-contact cell is actually modeled with a contact gap in it. The horizontal portion of the
curve represents the points where the contact gap is so big that the contact surfaces do not come
into contact for the given global strain.

When this is the case, the contact mechanism is

effectively nonexistent. Knowing this, the curve shown in Figure 2.11A is obviously the noncontact global strain curve, due to the fact that the straight portion of the curve lies exactly at a
strain ratio of 1. Next, the vertical displacement of the top edge of this non-contact cell is found.
This value represents the maximum contact gap, γmax (Figure 2.11B). Using a contact gap bigger
than γmax would result in the cell exceeding the allowable strain prior to contact occurring.
Because of this, an acceptable point on any curve must be to the left of the red line labeled γmax.
Once the non-contact global strain and the maximum contact gap are found, the global
strain can be incremented up, as seen in Figure 2.11C. Next, starting at the intersection of the
current global strain curve and the red line, we can follow along the curve to the left until a point
is found that is below a strain ratio of 1. Essentially, this step means that at a given global strain
value, contact gap is incremented down until the strain ratio is less than 1. If such a point exists,
the global strain value is acceptable and can be incremented up again. As seen in Figures 2.11C
through 2.11F, each of these global strain values (8.2%, 8.4%, 8.6% and 8.8%) has a data point
on the curve that is both below a strain ratio of 1, and on or to the left of the red line. Once the
global strain is incremented again to 9.0% (Figure 2.11G), the curve never descends below a
strain ratio of 1. As we follow the curve to the left, starting at the red line, the strain ratio
decreases and then eventually increases. In implementations of this process that do not involve
images, it will be important to realize that this change in slope means that the lowest portion of
the curve has been reached. If the curve still has not descended below a strain ratio of 1 at this
point, then it never will. For this case of 9.0% global strain, the global strain ratio is shown in
red, meaning that it is not a feasible value. This means that the last feasible value, 8.8%, will
become the maximum contact-aided global strain (Figure 2.11H).

The accuracy of this

procedure can be improved by decreasing the magnitude of the global strain increments to get a
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Figure 2.11: Illustration of iterative procedure to calculate contact-aided global strain
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solution closer to the true value. While using a lower increment value will result a more accurate
answer, it also results in greater computation time, therefore this must be decided by the user.

2.4.2 Step by Step Procedure to Calculate Contact-aided Global Strain

This iterative process that has been shown in Figure 2.11 can be summarized in several
steps that can be used to find the solution analytically. These steps, which can be used to
calculate the contact-aided global strain for a curved cell are described below.

Step 1: Calculate the maximum non-contact global strain (
up until
Step 2: Find

=

of the top edge of the cell corresponding to

Step 3: Check to see if γmax < γmin.or if
are true,

) by incrementing

;|

| = γmax.

from Step 2 is positive. If either of these

and all remaining steps should be ignored.

Step 4: Add a contact mechanism to the cell. Starting at

, increment the global

strain up
Step 5: Starting at γmax, increment γ down until

<

(Strain Ratio ≤ 1) or

γ = γmin. If γ = γmin, proceed to Step 7.
Step 6: Repeat steps 3 and 4 until the condition (

<

Step 7: The contact-aided maximum global strain (

) is not possible
) is equal to the last global

strain that satisfied the condition

This procedure can be followed for various cell geometries, and the contact-aided global
strains can be compared to find the best possible cell. Next this procedure is implemented as a
computer code, in order to automate the calculation process and decrease computation time.

2.4.3 Computer Code for Calculating Contact-aided Global Strain

Completing the steps listed in section 2.4.2 by hand to calculate contact-aided global
strain can be very tedious and time consuming. In order to automate this iterative process a
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computer code was written which interfaces MATLAB and ANSYS. The code can then be used
to calculate global strains for individual unit cell sizes, groups of cell sizes, or as an optimization
procedure. A flow chart outlining the computer code is shown in Figures 2.12, 2.13 and 2.14.
As it can be seen from Figure 2.12, the entire code can be used to solve an optimization problem.
If we ignore the convergence criteria and variable update shown at the end of the flow chart in
Figure 2.12, then this code simply performs steps 1-7 to calculate global strain. First, the input
variables that define the geometry, h/l, t/P, w, θ, εall, E, ν, and γmin/P are provided to the code by
the user to define the problem. The code then calculates l, h, L, H, P, t and γmin, assuming some
constant value for l which can be selected by the designer. Next, the variables c and r are
calculated, where c is called the cross over constraint. If h > c, then the walls of the unit cell will
overlap each other, and the unit cell geometry is not possible. Additionally, if 2r > 7t, then there
will not be enough room inside the unit cell for a contact mechanism and the cell is also not
possible. In each of these cases, the global strains are set to 0.
If the two constraints, h > c and 2r > 7t are satisfied, then the non-contact global strain is
calculated (Step 1). The steps for calculating non-contact global strain are shown in Figure 2.13.
The upper and lower bounds for xgl are initially assumed to be 0 and L, due to the fact that a
displacement of L would be equivalent to 100% global strain, which is not possible with the
available material and geometries. First, a bisection method is used for two iterations to find a
smaller window that xgl will fall in. This window will have a magnitude of L/4. Each time the
bisection method is used the current value of xgl, along with the other defining geometry, are sent
to ANSYS, which performs a FEA analysis and returns

and ygl. The value of

is

compared to the values at the bounds in order to determine the updated window that xgl will fall
into. After the bisection method is performed twice, an interpolation method is used to speed up
the process until
condition is satisfied,

is greater than 99.9% of εallowable, but less than εallowable. Once the
has been found, and the corresponding ygl is stored as γmax (Step 2).

After calculating the non-contact maximum global strain, the code checks to see if stress
relief will be possible. In order for stress relief to be possible, the maximum contact gap must be
bigger than the minimum contact gap, and the maximum contact gap value must be positive.
These conditions are confirmed by the if statement γmax < -γmin. If this statement is true, then γmax
= |γmax|, and the contact-aided global strain can then be calculated. If this statement is not true,
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Figure 2.12: Main optimization flow chart and calculation of variables
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then the contact-aided global strain will be equal to the non-contact global strain due to the fact
that stress relief will not be possible (Step 3).
Next a contact mechanism is added to the cellular structure and an iterative procedure is
performed which increments the global strain up, and then increments the contact gap down
(Step 4, 5, and 6), as shown in Figure 2.14. The procedure first increments xgl up a specified
amount depending on the value of q, and then increments the contact gap down. Each time the
contact gap is incremented down, the code checks for the following. First, if the strain values are
still above a strain ratio of 1 but the current local strain is less than that of the previous iteration,
then although the data point is still above the line, the lowest point on the curve for that global
strain value (Figure 2.10) still has not been reached. As long as the current contact gap is greater
than the minimum, the contact gap can be reduced to attempt to achieve a strain ratio less than or
equal to 1. If this occurs, then xgl can once again be incremented up and the contact gap can be
incremented down again, and the procedure is repeated. On the other hand, if the data point is
above a strain ratio of 1 and either the current local strain is greater than the previous local strain
or the contact gap is less than the minimum contact gap, then the global strain is too high and
there is no acceptable data point. In this case, if the current local strain is greater than the
previous local strain, this means that the lowest portion on the global strain curve has been
reached, and the curve lies completely above a strain ratio of 1. On the other hand, if the current
contact gap is smaller than the minimum contact gap, then the current geometry is not
manufacturable, and the global strain value is too high. If this is the case, the maximum global
strain is that of the previous iteration. (Step 4, 5 and 6)
This code will calculate the contact-aided global strain for any cell geometry. As shown
in Figure 2.12, the steps that have been discussed can become one iteration of an optimization
procedure that can be used to find the best C3M structure.

2.5 Summary
This chapter has presented the modeling of the C 3M structure. It first introduced several
possible curved unit cells and showed the process by which the selected unit cell was chosen. It
showed the geometry of the unit cell as well as the modeling of the unit cell using finite element
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Figure 2.13: Flow chart to calculate non-contact global strain and maximum contact gap
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Figure 2.14: Flow chart to calculate contact-aided global strain and best contact gap
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analysis.

An analysis of non-contact curved cellular structures was performed in order to

determine the optimal fillet size and to characterize Poisson’s ratio of the cells. An iterative
procedure was developed in order to calculate contact-aided global strain for any geometry. The
process was shown graphically and as a step by step procedure. Finally, the process was
implemented as a computer code, and flow charts outlining the code were presented. The code
developed in this chapter will be used to analyze the trends and behaviors in the C 3M structures
in Chapter 3. It will also be implemented as an optimization procedure in order to calculate the
best possible C3M structures.
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Chapter 3: Analytical Results
This chapter discusses the predicted results obtained through modeling the unit cell using
the computer code outlined in Chapter 2. First, the computer code is used to determine the effect
of contact mechanism geometry on global strain in both the curved and straight-walled unit cell.
Next, the global strains of a variety of unit cell geometries are examined in order to determine
the trends associated with certain geometric parameters. Next the best non-contact and contactaided unit cells are found using an optimization procedure.

The optimized curved cell

geometries as well as various other curved cell geometries are compared to the global strain
values of unit cells with straight walls.

3.1 Contact Mechanism Shape

When determining the best C3M unit cell, it is necessary to analyze the local strains in all
of the unit cell walls, including the contact mechanism walls. For the curved C3M cells, the
maximum local strain always occurs in the curved walls of the cell, and never in the contact
mechanism itself, due to the fact that the contact mechanism is in compression and the contact
mechanism walls do not experience bending. The contact mechanism width (wCM), shown in
Figure 3.1, is varied to determine the effect on contact-aided global strain. As shown in Figure
3.2, the contact-aided global strains are plotted at various contact mechanism widths, which are
represented as a percentage of the horizontal wall length, h. As seen in the figure, varying the
width of the contact mechanism in the curved unit cell does not affect the contact-aided global
strain capacity of the cell. This means that the global strains calculated by the code presented in
Chapter 2 are not affected by contact mechanism geometry, with the exception of contact gap. It
should be noted that for large contact mechanism widths, the contact mechanism would overlap
or contact the walls of the cell. In these cases, this contact mechanism size is not actually a
feasible geometry to manufacture, however it is beneficial to note the trends that occur over a
large range of contact mechanism widths.
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In designing the curved C3M structures, it will be necessary to compare their global
strains to those of the straight-walled C3M structures. In order to compare them, the effect of
contact mechanism geometry on contact-aided global strain in the C3M structure with straight
walls must also be analyzed. In these structures, as the input displacement occurs, the top and
bottom walls of the cell move away from each other, due to the fact that the cell behaves
auxetically. For this case, the contact mechanism is shaped like a dashpot, as shown in both
cases in Figure 3.3, so that when contact occurs the contact mechanism is in tension. Because
the contact mechanism is in tension, the contact mechanism walls experience bending and the
maximum local strain in the straight-walled C3M structure sometimes occurs in the contact
mechanism itself. For this reason, the geometry of the contact mechanism does affect contactaided global strain. Two different contact mechanism geometries are shown in Figure 3.3. Type
1, shown on the left, connects the contact mechanism directly to the bottom wall, resulting in two
locations where the contact mechanism intersects the bottom wall. Type 2, shown on the right,
looks more like a traditional dashpot, and only has one location where the contact mechanism
intersects the bottom wall. Several geometric parameters are shown in Figure 3.3 for each
contact mechanism type, including the contact surfaces and target surfaces, Sc and St,
respectively, the contact gap, γ, and the contact mechanism width, wCM.

Figure 3.1: Contact
mechanism width (wCM) of
the curved C3M structures

Figure 3.2: Varying the contact mechanism width in the curved
C3M structure does not affect the contact-aided global strain
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The two geometries are each modeled, and the global strains are plotted for various
contact mechanism widths in order to determine the best contact mechanism shape and size. The
plot showing the effect of contact mechanism width on global strain capacity for contact
mechanisms Type 1 and Type 2 is shown in Figure 3.4. Once again the contact-aided global
strains are plotted at various contact mechanism widths, which are represented as a percentage of
the horizontal wall length. As seen in the figure, contact mechanism Type 1 is capable of higher
global strains than Type 2 for every contact mechanism width. Additionally, for each type, as
the contact mechanism width increases, the global strain decreases and approaches the noncontact global strain value of 3.6%. The highest global strains occur at a very narrow Type 1
contact mechanism, which would not be a feasible design due to the fact that it would be
incredibly narrow. Although the final fabricated straight-walled C3M structure will likely have a
larger contact mechanism width due to constraints on the minimum spaces between the walls as
well as the need to manufacture a specified wall thickness, 30% of the base width is assumed as
the smallest possible contact mechanism width. This value is used as the contact mechanism
width for both curved and straight-walled C3M structures, in order to maintain consistency. It is
better to assume the smallest feasible contact mechanism width even if it will not be
manufactured, in order to compare the curved C3M structures to the best possible straight-walled
structures. By doing so, the benefit gained from adding curved walls is not falsely magnified.

Figure 3.3: Variables defining the Type 1 (left) and Type 2 (right)
contact mechanisms in the straight-walled C3M structure
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A Type 1 contact mechanism with wCM equal to 30% of the base width, h, will be
assumed for all future calculations. Taking this into account, the computer code presented in
Chapter 2 for curved cells was modified to calculate the non-contact and contact-aided global
strains in the straight-walled C3M structures. The code follows the same basic flow chart shown
in Chapter 2, with the same iterative procedure used to calculate the global strains. Minor
changes are made to the code to eliminate the radius calculation and modify the crossover
constraint calculation. Additionally, in the curved code, the contact analysis is only performed
for cells displaying positive Poisson’s ratio. This condition is eliminated in the revised code due
to the fact that all straight-walled C3M structures are auxetic.

Figure 3.4: Varying the contact mechanism width in the Type 1 and Type 2 designs shows that a smaller
width results in higher global strain. Additionally, the Type 1 design results in a higher global strain than Type 2.

3.2 Trends
After defining the process to calculate non-contact and contact-aided global strain and
selecting the best contact mechanism geometry, various unit cell geometries are analyzed to find
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the best solution. Eventually, exact values for the best solutions will be calculated using an
optimization procedure, however, it is beneficial to have an understanding of what types of cell
geometries would result in large global strains. Throughout this section, h/l, θ, t/P and γmin/P
were varied, in order to determine what combinations of these values would result in the largest
global strains. The non-contact and contact-aided global strains were calculated for each cell
geometry using the procedure outlined in Chapter 2. In each plot, h/l and θ are varied, and t/P
and γmin/P are held constant.
In the first plot, shown in Figure 3.5, the global strains were calculated for h/l values
ranging from 0.4 to 1.4 and for θ values ranging from 0° to 80°. In this plot, t/P is held constant
at a low value of 0.013, and γmin/P is held constant at 0.0036. This value of γmin/P corresponds to
a γmin value of 50 microns for a unit cell with a P value of 13.9 mm. A value of 50 microns for
γmin corresponds to a cell with out of plane thickness less than or equal to 500 microns. In the
figure, the light colored solid diamonds represent the non-contact global strain for a given cell
geometry while the open darker diamonds represent the contact-aided global strain. The data
points where a dark open diamond and a light solid diamond coincide represent cases where the
non-contact and contact-aided global strains are the same. For these cases, no benefit can be
achieved from adding a contact mechanism to the cell. There are two possible reasons that this
phenomenon occurs. The first is if γmin > γmax. In this case, the vertical displacement of the unit
cell at the non-contact global strain is less than the minimum contact gap. Due to the fact that
the contact-aided global strain procedure requires incrementing the contact gap down starting at
γmax, all potential values for γ will be smaller than what is manufacturable, making them
infeasible. The second case that would result in coinciding non-contact and contact-aided global
strains is if the cell behaves auxetically. As stated in Chapter 2, auxetic behaving curved cells
are not capable of stress relief. In the figure, most of the curves stop abruptly at certain values of
θ. This is due to the fact that data points for larger θ values would violate the crossover
constraint shown in Chapter 2, meaning the geometries are not feasible. As seen in Figure 3.5,
the most desirable cells (those with the highest global strains) are located in the top left corner of
the plot. It can be seen that the best cell in terms of global strain will likely be a tall slender cell
that will not gain any benefit from contact-aided stress relief, meaning it would not require a
contact mechanism at all.
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Figure 3.5: Trends in global strains for various geometries, where t/P and minimum contact gap are held
constant (t/P = 0.013, γmin/P=0.0036). Because the goal is to achieve high global strain, the best cells will be
tall and slender, and will likely not benefit from contact-aided stress relief

Next, the effect of varying t/P is shown in Figure 3.6. The same type of plot is shown,
where the global strains were calculated for h/l values from 0.4 to 1.4 and for θ values ranging
from 0° to 80°. However, in this plot t/P is held constant at a high value of 0.015. The value of
γmin/P is held constant again at the same value of 0.0036. Taking a look at the results, shown in
Figure 3.6, they are very similar to those presented in Figure 3.5. The global strains for each
data point in Figure 3.6, however, are lower than those in Figure 3.5. This means that having a
higher value for t/P results in a lower maximum global strain. This makes sense, due to the fact
that a thicker in-plane wall thickness results in a stiffer specimen, and lower global strain.
Additionally, there are several cases where increasing t/P results in fewer feasible geometries
due to the fact that the crossover constraint is a function of t. When t/P is equal to 0.015, the last
data point for an h/l value of 1.0 occurs at a θ of 46°, whereas when t/P is equal to 0.013, this last
data point occurs at a θ of 48°. Also, when comparing t/P values of 0.013 and 0.015, there are
more cases where stress relief is not possible, as seen in the data points where h/l is 0.6. This
occurs because a cell with higher t/P is stiffer and therefore has a smaller value for γmax. Because
of this, there are more cases where γmin > γmax. From Figure 3.6 and its comparison to Figure 3.5,
it is shown that the unit cell with the highest global strain will have the lowest possible value for
t/P.
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Figure 3.6: Trends in global strains for various geometries, where t/P and minimum contact gap are held
constant (t/P = 0.015, γmin/P=0.0036). By increasing t/P, the global strains for each geometry decrease.

Finally, the minimum contact gap can vary, depending on the out-of-plane thickness, w,
that is being designed for. Therefore, it is necessary to understand the relationship between
γmin/P and the global strain values. Figure 3.7 shows a plot where t/P is held constant at 0.013
and γmin/P is held constant at a larger value of 0.0072. This value of γmin/P corresponds to a γmin
value of 100 microns for a unit cell with a P value of 13.9 mm. A value of 100 microns for γmin
corresponds to a cell with out of plane thickness less than or equal to 1 mm. Figure 3.7 can be
compared to Figure 3.5 to determine the effect of increasing γmin/P. As seen in the figure, the
non-contact global strains are unaffected, due to the fact that these values are not a function of
contact gap and are not affected by γmin/P. The difference seen in Figure 3.7 is that there are
significantly more cases that occur where the non-contact and contact-aided global strains
coincide. This is due to the fact that, since γmin is much larger, there are many more cases that
occur where γmin > γmax, and stress relief is not possible. As seen in this figure, it is much harder
to obtain stress relief in cases where γmin/P is large. Therefore, there will be more opportunity for
contact-aided cells when γmin/P and w are small values. Throughout this thesis, the manufactured
C3M specimen have out of plane thicknesses that are less than or equal to 500 microns.
Therefore, the results seen in Figure 3.7, although important to understand, are not used after this
point.
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Figure 3.7: Trends in global strains for various geometries, where t/P and minimum contact gap are held
constant (t/P = 0.013, γmin/P =0.0072). Increasing γmin/P does not affect the non-contact global strains. It
results in more cases where the non-contact and contact-aided global strains coincide due to the fact that
there are more cases where γmin > γmax, and stress relief is not possible.

After understanding the result of varying h/l, θ, and t/P, a good guess can be made as to
what the best unit cell will look like. The cell will be tall and slender, and will have the smallest
feasible value of t/P. Additionally, in this case, the cell will have a γmin/P value of 0.0036.
Keeping in mind the noted trends and constraints, the best possible unit cell will lie somewhere
in the top left corner of Figure 3.5. In order to get an even better idea of what the best unit cell
will look like, a more detailed plot of the top left corner of Figure 3.5 is shown in Figure 3.8.
Once again, the plot varies h/l and θ, although this time h/l is varied from 0.1 to 0.4 and θ is
varied from 0° to 16°.

The values for t/P and γmin/P held constant at 0.013 and 0.0036,

respectively. The highest global strains again correspond to the data points in the top left corner
of the plot, implying tall and slender cells. In the plot data points where h/l was less than or
equal to 0.2 were run, but no geometries were feasible at these values due to the crossover
constraint. This means that the best non-contact cells found by the optimizer should have an h/l
value between 0.2 and 0.25.
In analyzing each of these plots, we are able to get an excellent understanding of how
varying each of the variables affects global strain. It would be very difficult, however, to
determine the best possible geometries for non-contact and contact-aided unit cells using this
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approach, due to the fact that a finite number of data points are randomly selected and analyzed.
In order to find the best geometries, two optimization problems are formulated.

Figure 3.8: Trends in global strains for various geometries, where t/P and minimum contact gap are held constant
(t/P = 0.013, γmin/P=0.0036). This plot shows a closer version of the top left corner of Figure 3.5. Once again, the
best cells will be tall and slender, and will likely not benefit from stress relief.

3.3 Optimization Problem
3.3.1 Contact-aided Optimization Problem

In order to determine the best value for contact-aided global strain, an optimization
problem was formulated. Based on the trends observed in Figure 3.5, the curved cell that can
withstand the highest strain will be tall and slender and will not benefit from a contact
mechanism. Although this is the case, a very tall slender cell may prove to be difficult to
manufacture. Because of this, an objective function was formulated that would find the most
effective contact-aided cell. This problem is formulated as follows:

Minimize:
Subject to:

0.1 ≤ h/l ≤ 1.5
0° ≤ θ ≤ 90°
0.013 ≤ t/p ≤0.015
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7t – 2r ≤ 0
(

(

)

)

Variables: h/l, t/p, θ

The objective function, f1, is formulated to maximize the effectiveness of the cell by
taking into account the strain that it can accommodate as well as the benefit obtained from stress
relief. The solution to this optimization problem will have a high contact-aided global strain as
well as a significant amount of stress relief from contact. Within the objective function, any unit
cell that does not gain any benefit from stress relief will have

and the

objective function will therefore be equal to zero. This ensures that the solution to the problem
will be a contact-aided cell.
In the optimization problem, the first three constraints place upper and lower limits on the
three variables. The lower limit of h/l is enforced to ensure that the overall width of the cell is
significant enough to manufacture. A very small value for h/l results in an extremely tall and
slender cell, which would be very difficult or impossible to manufacture. The upper limit for h/l
is enforced because for h/l ≥ 1.2, as h/l increases, the global strains decrease, as seen in Figure
3.5. Increasing this limit is possible, but would result in very low global strains; therefore it is
constrained to 1.5. The upper and lower limits for θ ensure that the straight-walled cell defining
the curved cell is auxetic. Future analysis could include other angles for θ, but the current
problem is formulated to only include curved cells defined by auxetic straight-walled cells. The
constraints on t/P were selected as an acceptable window for manufacturable in-plane wall
thickness. In the optimization problem, t/P always converges to the lower boundary and is
therefore constrained by the lower bound of t/P. The fourth constraint in the optimization
problem ensures that there is enough room inside the cell for a contact mechanism. The last
constraint is the crossover constraint, which ensures that the cell geometry is feasible, where an
infeasible geometry is one where the walls of the cell overlap each other.
The optimization was performed using the fmincon function in the Optimization toolbox
in Matlab. Fmincon is a gradient based solver, which is ideal for a smooth objective function
whose derivatives cannot be calculated explicitly. Within the optimizer, the finite element based
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solver is called various times to calculate local strains. For each iteration of the optimization,
values of the variables are passed through and the code presented in Chapter 2 calculates the
non-contact and contact-aided global strains associated with these variables. The global strains
are then used to calculate the objective function value corresponding to those variables. This
optimization process, along with the internal function, is presented in the flow charts in Chapter
2.
The optimizer was run for a constant γmin/P value of 0.0036. The solution was found to
be sensitive to the starting value, indicating the presence of several local minima, therefore 24
different starting values were used in the optimizer. These starting values included different
combinations of h/l, t/P and θ where h/l ranged from 0.4 to 1.4, t/P ranged from 0.013 to 0.014
and θ ranged from 10° to 60°. Figure 3.9 shows a sample convergence plot for one starting
value, where it can be seen that the negative of the objective function is maximized.
Convergence occurs when the change in the variables is less than 1e-10, or when the optimizer
has performed 1,000 iterations. The best results are consistent with the trends that were seen in
Figure 3.5. Figure 3.10 shows the best contact-aided cell found by the optimizer as a unit cell
and an array in the undeformed and deformed states. This cell has a geometry of h/l = 0.31, t/P =
0.013, θ = 2.49°, a non-contact global strain of 18.2% and contact-aided global strain of 19.7%.

Figure 3.9: Sample of one optimization convergence
plot for a contact-aided objective function
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Figure 3.10: Undeformed (right) and
deformed (left) optimized contact-aided
cellular structures

3.3.2 Non-contact Optimization Problem

A second optimization problem was formulated, using

as the objective

function, to consider curved cells that do not require contact. This problem simply calculated the
non-contact unit cell that can withstand the highest global strain. This objective function is
valuable due to the fact that the best cell will likely not benefit from stress relief. Because of
this, minimization of the objective function should result in the best possible cell. The problem
is formulated as follows:

Minimize:
Subject to:

0.1 ≤ h/l ≤ 1.5
0° ≤ θ ≤ 90°
0.013 ≤ t/p ≤0.015
7t – 2r ≤ 0
(

(

)

)

Variables: h/l, t/p, θ

For this problem, the constraints were exactly the same as in the contact-aided problem.
Although this case does not require a contact mechanism in the cell, the fourth constraint was
kept in order to ensure that the unit cell would be manufacturable. Without this constraint, the
unit cells would be very slender, fragile and difficult or impossible to manufacture. In this
problem, 34 different starting values were used in the optimizer, due to the fact that the
optimization convergence takes significantly shorter computation time for the non-contact cell
than the contact-aided cell. These starting values included different combinations of h/l, t/P and
θ where h/l ranged from 0.4 to 1.4, t/P ranged from 0.013 to 0.014 and θ ranged from 10° to 50°.
This problem converged to a unit cell with a global strain of 32.4% (h/l = 0.23, t/P = 0.013, θ =
4.15°). For the cellular geometry of this solution, γmax < γmin, and stress relief is not possible.
This solution is consistent with Figure 3.8, from which it was predicted that the best non-contact
cell would have an h/l value between 0.2 and 0.25. The convergence plot for the optimized
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solution, assuming the same convergence criteria as the contact-aided case, and a figure showing
the undeformed and deformed optimized non-contact cell may be found in Figures 3.11 and 3.12,
respectively.

Figure 3.11: Sample of one optimization convergence
plot for a non-contact objective function

Figure 3.12: Undeformed (right) and
deformed (left) optimized non-contact
cellular structures

Now that the optimized contact-aided and non-contact solutions have been found, it is
useful to see where these results would fall on the plot shown in Figure 3.8. This plot is shown
again in Figure 3.13, with the optimized solutions added to the data. As seen in the plot, the noncontact cell has a global strain greater than any of the cells plotted in Figure 3.8, which verifies
the accuracy of the non-contact solution. The contact-aided cell is a little bit more difficult to
compare. As seen in Figure 3.13, there are several cells with contact aided global strains larger
than the optimized solution. However, the objective function for the contact-aided cell required
both a high contact-aided global strain and a large increase in global strain from the non-contact
global strain to the contact-aided global strain. The optimized contact-aided cell had an increase
in global strain of about 1.5%, which is greater than the increase seen in any other data point.
This point, combined with the high contact-aided global strain, verifies the accuracy of the
contact-aided optimized solution.
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Figure 3.13: The optimized non-contact and contact-aided cells are plotted along with the data
from Figure 3.8 The non-contact design has a much greater global strain than any of the
other designs. Additionally, the increase in global strain obtained from stress relief in the contactaided cell is 1.5%, which is much greater than the increase shown in any of the other cells.

3.4 Comparison to Non-curved Cells
After understanding the trends in the curved C3M structures and finding the best possible
unit cells, it is beneficial to compare these curved designs to cells with straight walls. Table 3.1
shows a comparison of a variety of cell geometries. For each geometry, the straight-walled and
curved, non-contact and contact-aided global strains are presented. The two designs shown to
the far left and outlined in the dark blue box are the optimized non-contact and contact-aided unit
cells. The case that says “geometry not possible” for the straight-walled cell represents a case
where the crossover constraint was violated. In these unit cells, adding the fillet actually allows
for a greater number of feasible geometries. As seen in the column where h/l is 0.8 and θ is 20°,
the walls of the straight-walled cell are nearly touching the contact mechanism, however, when
the fillets are added to create the curved cell, the walls do not come close to touching the contact
mechanism. Because this, the crossover constraints are different for the curved and straightwalled C3M structures, and the curved cells have a greater number of feasible geometries. The
cases where the straight-walled cells do not have contact mechanisms represent cases where
stress relief was not possible. This could occur if γmax < γmin, which is what occurred in the case
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where h/l is 0.6 and θ is 10°. Additionally, there are some cases where the iterative procedure is
performed and no stress relief is found, which was true in the case where h/l is 1.4 and θ is 20°.
Each column in the table shows the non-contact and contact-aided global strains for
curved and straight-walled C3M structures, maintaining a constant value of h/l, θ, and t/P, where
t/P is equal to 0.013 in every column. For every case, the global strains of the curved cells are
almost double that of the non-curved cells. It is important to note that the benefit gained by
adding curved walls to a straight-walled cell significantly exceeds the benefit obtained by adding
contact to a cell. This means that although adding contact can result in higher global strains, the
best modification that can be made to the cell is to add large fillets to the walls.
Table 3.1: Curved versus non-curved cell global strain comparison. As shown in the table, the curved
C3M structures are always capable of higher global strains than the straight-walled C3M structures (t/P = 0.013)

3.5 Summary
This chapter has presented the analytical results obtained using ANSYS. First, the effect
of contact mechanism shape was analyzed for both curved and straight-walled cells. It was
found that contact mechanism shape does not affect the global strains in the curved C3M
structures, but greatly affects those in the straight-walled structures. A contact mechanism width
of 30% of h was selected as the best feasible width, and was used in the design of all C3M
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structures. Next, the global strains for various curved unit cell geometries were calculated and
compared in order to find the best unit cell shape. It was found that the best unit cell will have
the lowest possible value for t/P and will be tall and slender. It also will most likely not benefit
from a contact mechanism. Two optimization problems were formulated and solved in order to
find the best non-contact and contact-aided unit cells. The solutions were found to have 19.7%
global strain for the contact-aided case and 32.4% global strain for the non-contact case.
Consistent with the predicted trends, the best possible cell would not benefit from contact-aided
stress relief. Finally, the global strains for the curved and straight-walled C3M were calculated
and compared and it was found that the curved cells are always capable of higher global strains
than the straight-walled cells.
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Chapter 4: Fabrication of Meso Scale Structures

After finding the optimized C3M designs, the designs must be fabricated and tested in
order to validate the predicted results. Four different designs are fabricated using the LM-RIF
manufacturing process. First, the exact part dimensions are determined, and they are modeled
using Solidworks 3D CAD program.

Next the mask layout is created and the parts are

manufactured. Finally, an array analysis is performed to determine the effect of array size on
global strain.

4.1 LM-RIF Constraints
The lost mold rapid infiltration forming (LM-RIF) process was discussed in Chapter 1.
As explained in Chapter 1, the LM-RIF process is a four-step process that is capable of
fabricating C3M structures from both metallic (mesoscale 316L Stainless Steel) and ceramic
(3mol% yttria stabilized zirconia) materials. More details on the process may be found in
[29,58,60,61,62].
Fabricating the C3M structures using the LM-RIF process reveals that there are various
constraints that need to be taken into account when designing the structures. These constraints
affect the minimum in-plane wall thickness, tmin, minimum out of plane wall thickness, wmin,
minimum contact gap, γmin and the maximum aspect ratio, ARmax.
The first design constraint limits the minimum values for in-plane and out-of-plane wall
thickness, t and w. This constraint is dictated by two things, manufacturability of the mold and
parts, and particle size. First, the mold must be at least 10 microns thick because it is very
difficult to manufacture molds that are very thin using the LM-RIF process. It would also be
infeasible to manufacture specimens with an in-plane wall thickness that is less than 10 microns
because they would be very fragile and difficult to handle. Because of this, a minimum in-plane
and out-of-plane wall thickness of at least 10 microns will be assumed as the smallest
manufacturable thickness, regardless of material. Second, the maximum particle size of the
starting powder is also important to consider. In order for the design to be feasible, we have
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assumed that there must be at least 10 particles of powder across any dimension in the part. The
particle sizes of the metallic and ceramic powders are 10 microns and 114 nm, respectively [29].
This means that in order to have at least 10 particles across the smallest allowable in-plane and
out-of-plane wall thicknesses are 100 microns for mesoscale 316L SS and 1.14 microns for
mesoscale zirconia. This value of 1.14 microns for mesoscale zirconia is less than the wall
thickness constraint of 10 microns. Therefore, the smallest allowable in-plane and out-of-plane
wall thickness will be equal to 10 microns for mesoscale zirconia and 100 microns for mesoscale
316L SS.
The next design constraint involves the smallest feature size that can be obtained in the
mold, which is a function of the mold thickness, or out-of-plane thickness of the part. As a
guideline, we have assumed that the smallest feature resolution is about equal to 1/10 of the outof-plane thickness. In the design of C3M specimen, the smallest feature size is generally the
contact gap. The minimum contact gap is therefore set to 1/10 of the out-of-plane thickness, w.
The C3M specimen will be fabricated with an out-of-plane thickness of 500 microns, therefore
50 microns will be assumed as the minimum contact gap for both metallic and ceramic materials.
The final manufacturing constraint involves the aspect ratio of the C3M structures.
Aspect ratio, AR, has to do with the slenderness of the walls in the structure, and is a function of
both wall length and thickness. The percentage of successful parts, or part yield, decreases with
an increase in aspect ratio, as shown in [58]. Because of this, there is a limitation on the
maximum aspect ratio for both metallic and ceramic materials. Assuming a straight beam with
in-plane thickness t, out-of-plane thickness w and length L, the aspect ratio of the beam would be
calculated from Equation 4.1.

(4.1)

In the C3M structures with straight walls, it can be assumed that the longest wall in the structure
will have the highest aspect ratio, and will therefore represent the maximum aspect ratio of that
C3M structure. The aspect ratio of straight-walled C3M structures can therefore be calculated by
Equation 4.2.
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(4.2)

Determining the aspect ratio of the curved C3M structures is not as straightforward as the
calculation for the C3M structures with straight walls. It is difficult to determine the longest wall
length due to the fact that all of the walls are curved. Because of this, Equation 4.2 will also be
used as a conservative estimate for the aspect ratios in the curved cells. The maximum aspect
ratios that can be manufactured using the LM-RIF process are assumed to be 40 for mesoscale
316L SS and 20 for mesoscale zirconia [29].
A summary of the constraints for the structures manufactured from mesoscale stainless
steel and zirconia are shown in Table 4.1. All of the C3M structures will be manufactured with
an out-of-plane thickness of 500 µm, therefore the constraint shown for wmin is automatically
satisfied. Additionally, the values for γmin are calculated assuming this w value of 500 µm. All
of these constraints will be enforced when creating the finalized designs to manufacture.

Table 4.1: Manufacturing constraints for metallic and ceramic materials.

Mesoscale 316L
Stainless steel
Mesoscale
Zirconia

tmin

wmin

γmin

ARmax

100 µm

100 µm

50 µm

40

10 µm

10 µm

50 µm

20

4.2 Designs for Fabrication
Keeping in mind the fabrication constraints listed in Table 4.1, four C3M designs are
selected to manufacture. These four designs include the optimized contact-aided and noncontact solutions presented in Chapter 3 as well as the fifth set of designs in Table 3.1 where h/l
is 1 and θ is 20°. For the fifth set of designs in Table 3.1, both the straight-walled and curved
contact-aided C3M designs will be manufactured. These four designs are shown in Figure 4.1
and will be referred to as the optimized contact-aided design (A), the optimized non-contact
design (B), the curved comparison design (C) and the straight-walled comparison design (D).
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The reason for selecting these four designs for fabrication is to get a range of
experimental values to compare to the predicted data. The optimized non-contact and contactaided designs are fabricated in order to experimentally test the best possible curved C 3M cells.
The comparison cells are fabricated in order to experimentally compare the straight-walled C3M
structure with the curved C3M structure. Due to the fact that the improvement gained by adding
curved walls to the C3M structures has been a key part of this work, it is beneficial to verify this
improvement experimentally.

Figure 4.1 The four designs to be fabricated using the LM-RIF process including the
optimized contact-aided design (A), the optimized non-contact design (B), the curved
comparison design (C) and the straight-walled comparison design (D)

4.2.1 Design Dimensions

After selecting the four designs to be manufactured, the exact dimensions of each design
must be determined. As a reminder, the variables defining the curved C3M unit cell are shown in
Figure 4.2. Table 4.2 shows each of the designs and their key dimensions and other defining
parameters. Because each of the cells have been defined by non-dimensionalized parameters
until this point, a value for l must be selected in order to calculate the other variables. In order to
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ensure that all four of the designs are manufactured on the same scale, l is selected so that each
of the cells have roughly the same value of P which, from Equation 2.4, is equal to L + H.
Keeping this goal in mind, l is selected in each case so that the designs have a P value of about
14 mm.

Figure 4.2: Variables defining the C3M curved unit cell geometry

After determining the dimensions, it is necessary to verify that each of the C3M designs
satisfies the manufacturing constraints. As seen in Table 4.2, each of the designs have an inplane wall thickness that is greater than the constraint for tmin for both mesoscale stainless steel
and zirconia. Additionally, due to the fact that the minimum contact gap was assumed to be 50
microns for all analyses, every design has a contact gap of 50 microns or larger. The final
manufacturing constraint is on the aspect ratio of the designs, which are also shown in Table 4.2.
As seen in the table, each of the designs satisfies the mesoscale 316L SS constraint for maximum
aspect ratio. The optimized designs, however, have aspect ratios of 30.4 and 33.3, both of which
are less than the maximum allowable aspect ratio for mesoscale 316L SS but larger than the
maximum allowable aspect ratio for mesoscale zirconia. For now, the optimized designs will
only be fabricated using the mesoscale stainless steel material. It may be beneficial, however, to
try to fabricate these designs from mesoscale zirconia as well in order to determine how accurate
the approximation for aspect ratio is in the curved designs is.
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Table 4.2: Dimensions for each of the manufactured C3M designs

In addition to the constraints, it should also be noted that each of the contact mechanism
designs was manufactured with a contact mechanism in-plane wall thickness, tCM, of 1.5*t. This
is shown in Figure 4.1, where it can be seen that the walls of the contact mechanism are thicker
than the rest of the cell walls. This was applied for two reasons. In the straight-walled cell the
maximum local strain may occur in the contact mechanism. Increasing the wall thickness of the
contact mechanism, therefore, could improve the cell by reducing the local strain so that it will
be capable of greater global strains. Second, due to the fact that the contact mechanism in the
curved cell is in compression, it is possible that the contact mechanism could buckle. Increasing
the contact mechanism wall thickness will ensure that buckling will not occur.

4.2.2 Fillet Analysis

As stated in Chapter 2, all of the ANSYS simulations performed thus far in this work
have been executed using beam elements. When manufacturing these four designs, however, we
must consider that there will be stress concentrations in the designs that are not accounted for
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when using beam elements. Because of this, planar elements (PLANE 183) are used in this
section to determine the best fillet sizes to add at sharp corners in the manufactured designs in
order to eliminate these stress concentrations. These fillets, shown in Figure 4.3, are the middle
fillets (A), base fillets (B) and contact mechanism fillets (C) for the curved cells, and the inside
fillets (A), outside fillets (B) and the contact mechanism fillets (C) for the straight-walled cell.
In ANSYS, the planar elements are sized with an edge length of approximately 50
microns (1% of l). Additionally, the mesh is refined to elements with an edge length of about 6
microns (0.1% of l) at the locations where it is known that the maximum local strain will occur.
This technique is used instead of refining the entire mesh in order to save computation time.
Once again, contact was modeled using CONTA172 for the contact surface Sc and TARGE169
for the target surface St. The cells are constrained in the same way that they were constrained in
Figure 2.4 where, the bottom edge of the cell is fixed in the Y-direction, and the left most nodes
are fixed in the X-direction. The nodes on the top edge of the cell are constrained to have the
same Y-displacement, and the right most nodes are subjected to an input displacement,

.

For each design there are one or more sets of fillets that will be added to eliminate stress
concentrations. These fillet locations are shown in Figure 4.3. The minimum possible fillet size
is dictated by feature resolution and is therefore likely to be 1/10 of w, which is 50 microns,
however a smaller fillet size may actually be possible. Because of this fact, the smallest fillet
size is assumed to be 10 microns. Contrary to selecting the minimum contact gap, the part will
not be compromised if the designed fillet is smaller than what is manufacturable. If the contact
gap is designed too small, it will be nonexistent and the contact mechanism will be fused, which
results in an undesirable part. In the case of a fillet, if it turns out that the fillet is designed too
small, then the manufactured fillet will simply turn out slightly larger than the design. Therefore,
it is better to assume that the smallest possible fillet size is slightly smaller than what is definitely
feasible. Throughout this study, 10 microns is also used as the increment size, which will give
significant accuracy to the fillet dimensions.
Starting with the optimized contact-aided C3M structure, three separate sets of fillets are
added in order to eliminate stress concentrations. These fillets, shown in Figure 4.3, are the
middle fillets (red - A), which eliminate the sharp corner at the middle of the cell, the base fillets
(blue - B), which are added where the contact mechanism intersects the curved walls, and the
contact mechanism fillets (green - C), which are added between corners of the contact
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mechanism. In order to find the best combination of fillets, a variety of fillet combinations are
modeled in ANSYS until the best combination is found. Due to the fact that the cell is not in
contact the majority of the time that it is being stretched, the best combination of the middle
fillets (A) and base fillets (B) was first found. The middle fillets were varied from a 10 micron
to 50 micron radius in increments of 10 microns, and the base fillets were varied from 100
microns to 300 microns in increments of 10 microns. Every combination of these values was
simulated in ANSYS, and the combination that resulted in the lowest maximum local strain was
found. For the optimized contact-aided cell, the lowest maximum local strain values were found
to be associated with the smallest possible middle fillet (A), which was 10 microns, and a base
fillet (B) of 180 microns. Next, the contact mechanism fillet (C) was varied from 10 microns to
220 microns in increments of 10 microns, and this fillet size was not found to significantly affect
the maximum local strain. Additionally, there was no relationship between contact mechanism
fillet size and maximum local strain. Varying the contact mechanism fillets only resulted in a
3.7% difference between the maximum and minimum, maximum local strains, therefore 200
microns was selected as a convenient contact mechanism fillet size. The complete data set for
this analysis and the rest of the fillet analyses is presented in Appendix A.
The three fillets that were varied for the curved comparison cell are the same as those for
the optimized contact-aided cell. The same type of analysis was performed for this cell as the
optimized contact-aided cell, however, the middle fillets were varied from 10 microns to 50
microns in increments of 10 microns, and the base fillets were varied from 100 microns to 420
microns in increments of 10 microns. The best fillet sizes were found to be 10 microns for the
middle fillet (A) and 400 microns for the base fillet (B). Next, the contact mechanism fillet (C)
was varied from 10 microns to 200 microns in increments of 10 microns, and this fillet size was
again not found to significantly affect the maximum local strain. Once again, 200 microns was
selected for the contact mechanism fillet, due to the fact that its size was not found to
significantly affect maximum local strain. In this case, the difference between the highest and
lowest maximum local strains when the contact mechanism fillet was varied was 1.7%. All of
the same trends were observed in this case as in the optimized contact-aided case.
Only one fillet was added to the optimized non-contact cell. This fillet is the middle
fillet, shown in red and labeled A, at the middle of the cell. This fillet was varied from 10
microns to 100 microns in 10 micron increments, and simulations were run in ANSYS. The
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fillet size that corresponded to the smallest maximum local strain was found to be the smallest
possible fillet size, 10 microns. This fillet size was added to the non-contact cell.

Figure 4.3: Added fillet locations for each manufactured design: optimized contact-aided (left), optimized
non-contact (left middle), curved comparison (right middle) and straight-walled comparison (right). Each
group of matching colored/labeled fillets represents a set of fillets in that design. These fillets are the middle
fillets (A), base fillets (B) and contact mechanism fillets (C) for the three curved cells, and the inside fillets
(A), outside fillets (B) and the contact mechanism fillets (C) for the straight-walled cell.

Finally, the best fillets in the straight-walled comparison cell were found. The fillets
shown in this cell are the inside fillets (red - A), on the inside of every corner in the cell walls,
the outside fillets (green - C), on the outside of every corner in the cell walls, and the contact
mechanism fillets (blue - B), in the contact mechanism. First the inside fillets were varied from
50 microns to 250 microns in 10 micron increments, and each fillet size was modeled and
simulated using ANSYS. The fillet size that corresponded to the smallest local maximum strain
was 210 microns. Next the values for the outside fillets were found by selecting fillet sizes that
would result in maintaining continuous in-plane wall thickness around the corners. The outside
fillet sizes were found to be 300 microns in the four corners and 1 mm in the middle. It was not
necessary to optimize the sizes of these fillets, due to the fact that an optimization procedure
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would result in these fillets being small, causing the corners of the cell to have very thin in-plane
wall thickness. This is because very thin wall thicknesses result in high displacements and small
local strains.

Due to the fact that using beam elements results in constant in-plane wall

thickness, these fillet sizes were selected manually in order to maintain this trend. Finally, the
contact mechanism fillets (C) were varied from 10 microns to 300 microns in increments of 10
microns, and there was not found to be a significant relationship between contact mechanism
fillet size and global strain. In this case, the difference between the highest and lowest maximum
local strains when the contact mechanism fillet was varied was 5.4%. Because of this, 100
microns was selected as a convenient contact mechanism fillet size. Due to the shape of the
contact mechanism in the straight-walled cells, a larger contact mechanism fillet size would
actually get in the way of contact occurring. This can be seen in Figure 4.3, where a large blue
fillet would eliminate the flat portion of the contact mechanism, which is where the contact
occurs. Because of this, a smaller value was selected than that chosen for the curved cells.
Table 4.3 summarizes the best fillet sizes for each of the four designs. It should be noted
that although the “best” fillet sizes were chosen, there are many ways that this study could have
been carried out, each of which may have resulted in slightly different answers. Although the
goal of this study was to find the best combination of fillet sizes in each design, in general
varying the fillet sizes did not result in significant changes in the local maximum strains unless
the fillets were drastically changed. For this reason, the most important thing about the study is
that fillets were added to eliminate stress concentrations, and not necessarily that the “best” fillet
sizes were found. That being said, the full data sets of the analyses presented in this section are
shown in Appendix A.

Table 4.3: Fillet sizes for each of the four designs
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4.3 Mask Design

After determining the designs to be manufactured, the specific design dimensions, and
the best fillet sizes to eliminate stress concentrations, the four designs were modeled using CAD
software. The designs were modeled in various array sizes and with various contact gaps. These
designs were then arranged as a mask layout. This mask is then used to fabricate the molds for
the C3M parts using the LM-RIF microfabrication process.

4.3.1 Designs and Array Sizes

The four designs that were selected were each modeled in various array sizes. The
optimized designs were each modeled in array sizes of 1x1, 1x2, 1x4, 2x3 and 2x6, where the
first number is the number of rows and the second number is the number of columns. The
comparison cells were each modeled in array sizes of 1x1, 2x1, 2x2, and 3x3. An example of a
single cell and a larger array for each design is shown in Figure 4.4. The single cell for each case
is shown at a larger scale than the array in order to show detail. The larger arrays are shown
modeled with tabs on each side of the array. Although the single cells are not shown with tabs,
the final models do have the tabs on them as well. These tabs will be used to connect the C3M
structures to the test fixture in the experimental procedure. Pins will be placed into the holes on
them in order to apply the input displacement.
In addition to various array sizes, each of the contact-aided designs was also modeled
with two different contact gap sizes. Due to the fact that the manufacturing process is still being
perfected, the manufactured parts may not have exactly the same dimensions as the designed
parts. Because of this, the contact gaps are sometimes too small and as a result are fused
together in the manufactured parts. In order to avoid this possibility, two sets of designs are
modeled with contact gaps equal to the ideal contact gap, which are the values listed in Table
4.2, and the ideal contact gap plus 50 microns. The designs with the larger contact gaps are
labeled by adding small protrusions onto the tabs as seen in the far left cells of figure 4.6D.
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Figure 4.4: Each of the four designs shown as a single cell and in a larger array. Curved
comparison cell (top left), straight-walled comparison cell (bottom left), optimized
contact-aided cell (top right), and optimized non-contact cell (bottom right)

4.3.2 Mask Layout

After modeling each of the designs, array sizes and contact gap sizes, the cells are
arranged on a mask, as seen in Figure 4.5. All of the designs must fit within a circle with a
diameter of 145 mm. Although it is not shown, inscribed in this circle is a 100 mm by 100 mm
square. This square can be divided into four 50 mm by 50 mm squares. Inside of each of these
squares is a 46 mm by 46 mm square. Taking a look at the mask, these four squares are
somewhat visible because of the way the parts are arranged to fit inside of them. These squares
are where the most desirable and most fragile parts should lie, due to the fact that they are least
likely to be damaged during the manufacturing process. The largest arrays are the most fragile,
and therefore these designs are placed inside of these squares.
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Figure 4.5: Mask Layout

As seen in Figure 4.5, numerous designs are laid out on the mask, fitting as many arrays
as possible while maintaining a minimum distance between each design. This minimum distance
is assumed to be 400 microns. Due to the fact that they take up a significant amount of space,
there are only several large arrays. All of the extra space is filled in by single cells and other
smaller arrays. It makes sense to have the largest number of single cell arrays due to the fact that
they have the least chance of becoming damaged in the manufacturing process. The more walls
and components a part has, the better chance it has of becoming damaged, and thus it is less
desirable for testing.
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4.4 Fabrication

Once the mask has been designed, it can be sent out to be fabricated.

This

photolithographic mask is used to begin the LM-RIF process. Once the mask is created, it is
used to fabricate the molds, which are then use to fabricate the four designs. To date, the curved
C3M structures have only been fabricated using the mesoscale 316L stainless steel material,
however straight-walled C3M structures have been fabricated using a composite mesoscale
stainless steel and zirconia material [10]. Several key stages in fabricating the mesoscale 316L
SS C3M structures are shown in Figure 4.6 including a picture of the fabricated mask, the empty
SU8 mold, the mold filled with slurry and the finished parts.

Figure 4.6: Fabrication of C3M structures: the mask (A), the empty
mold (B), the filled mold (C) and the finished parts (D)

Examples of fabricated C3M parts are shown in Figures 4.7 and 4.8. Figure 4.7 shows a
successfully fabricated part for each design. As anticipated, the fabrication process does not
result in parts that look exactly like the designed parts. The parts tend to be bent, warped, or
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have inconsistent wall thicknesses. Currently, this process is being perfected. In addition to
geometric variations, there are some color differences in the parts from batch to batch. As seen
in the figure, the straight-walled design is significantly lighter in color than the other designs.
This could suggest that the parts may have different material properties from batch to batch. The
optimized contact-aided design and the two comparison designs have been successfully
fabricated many times, however only one optimized non-contact cell has been successfully
fabricated, where a successful design is one where none of the walls are broken. This could
suggest that the taller, slender parts may in fact be more difficult to manufacture.

Figure 4.7: Examples of fabricated metallic C3M structures for each design. Optimized
contact-aided design (top left), optimized non-contact design (top right), curved
comparison cell (bottom left) and straight-walled comparison cell (bottom right)

Figure 4.8 shows a single comparison cell array and a zoomed in photograph of the
contact gap. As seen in the close-up, the contact gap does exist, i.e., it is not fused. Despite
designing parts with larger contact gaps, many of the manufactured contact-aided cells have
contact mechanisms that are fused, which happens as a result of the fabricated contact gap being
so small that the contact surfaces are touching. In these cases, contact occurs the entire time that
the cell is being stretched. This is not a very desirable characteristic, due to the fact that the cells
are designed to come into contact at a specified time. In the future, it would be beneficial to
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manufacture designs with contact gaps as much as 100 microns bigger than the ideal contact gap.
In these cases, the worst possibility would be that contact never occurs. This however, is still a
testable cell due to the fact that it will just behave as a non-contact cell. Future goals include
fabricating these parts from mesoscale zirconia in addition to the mesoscale stainless steel.

Figure 4.8: Sample C3M array and close-up of contact gap

4.5 Array Analysis

Due to the fact that the cells are being manufactured in multiple array sizes, it is
necessary to determine how array size affects global strain. Ideally, the global strains will be
unaffected by array size, because the unit cells are modeled in a way that represents the
constraints imposed if the cell were part of an infinite sheet.

4.5.1 Curved C3M Structures

First, the effect of array size on global strain is examined for the curved C3M structures using
FEA with beam elements. Of these curved structures, the curved comparison cell will first be
analyzed. The cell is modeled as a single cell and as a 3x3 array, with the dimensions listed in
Table 4.2. As seen in Figure 4.9, nine unit cells are combined to form the large array with three
rows and three columns. Both the single cell and the large array were modeled in ANSYS, using
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the same constraints across the bottom, left and top edges shown in Figure 2.4, and applying an
input displacement on the right edge in the positive X direction. For the large array, these
constraints are placed on the top, left and bottom edges of the array as a whole, and not on each
individual cell. From the simulation, it was found that both the single cell and the 3x3 array
were capable of 6.66% contact-aided global strain. Figure 4.9 shows the local strain contour plot
generated using ANSYS for each case. As seen in the figure, the maximum local strain occurs in
the same spot in the array as it does in the single cell.

Table 4.4 shows the non-contact and

contact-aided global strains for a 1x1, 2x2 and 3x3 cellular array. For each case, the non-contact
and contact-aided global strains remain the same. This trend is expected to hold true for any size
array, including an infinite sheet.

Figure 4.9: Maximum local strain contour plots for the curved comparison cell in a
single and 3x3 array. The maximum local strain occurs in the same location
for each case, and the global strain remains unaffected by array size.
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Table 4.4: The effect of array size on global strain in the curved C3M structures. The noncontact and contact-aided global strains are not affected by array size in these structures.

The optimized contact-aided and non-contact designs were also modeled in the same way
as the curved comparison cell. Although these designs were manufactured at different array
sizes in order to have reasonable array dimensions, they were modeled as a 1x1, 2x2 and 3x3
array for this study. As seen in Table 4.4, the non-contact and contact-aided global strains are
consistent for every array size in both cases. Contour plots showing the modeled single cell and
3x3 array are also provided and may be found in Appendix B. Taking a look at Table 4.4 again,
it can be noticed that the global strains listed in Table 4.4 do not exactly match those listed in
Chapter 2. The comparison cell was manufactured with thicker walls than those shown in Table
3.1, which is why the global strains are slightly lower, and the optimized designs were
manufactured using rounded values for the dimensions, which explains the slight difference in
global strains for these cases. The consistency seen in global strains in Table 4.4 for various
array sizes is expected to hold true for all other curved C3M structures as well.
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4.5.2 Straight-walled C3M Structures

Next, the effect of array size on maximum global strain is found for the straight-walled
cell. The cell is modeled as a single cell and as a 3x3 array using beam elements, with the
dimensions listed in Table 4.2. Once again, the single cell and the large array were modeled in
ANSYS, using the same constraints across the bottom, left and top edges presented in
Figure 2.4, and applying an input displacement on the right edge in the positive X direction.
From the simulation, it was found that the single cell was capable of a contact-aided global strain
of 4.53%, while the 3x3 array was found to have a global strain of 3.57%. As seen in the local
strain contour plot shown in Figure 4.10, the maximum local strain occurs in different locations
for each case. For the single cell it occurs in the contact mechanism, as expected, however in the
3x3 array the maximum local strain occurs in the horizontal walls. In any array with more than
one row, this change in the contour plot is expected to be seen. In a single cell, the top
horizontal wall experiences one downward force at the location where the contact mechanism
intersects the wall, and the bottom wall experiences two upward forces at the two locations
where the contact mechanism intersects the wall. Each of these forces is caused because the
contact mechanism is in tension. Now, assuming an array with two rows and one column, the
horizontal wall shared by the two unit cells will experience one downward force in the middle
and two upward forces to the left and right of the downward force. This causes this horizontal
member to be subjected to larger local strains than it would in a single cell. Because of this fact,
the straight-walled comparison cell dimensions that were selected for fabrication will only be
ideal for arrays with one row.
For future analysis, it will be beneficial to understand what types of dimensions would be
ideal for fabricating larger arrays of straight-walled cells. In order to do this, the walls in the
straight-walled cell were modeled using different wall thicknesses. Figure 4.11 shows the
straight-walled unit cell with the three different types of walls represented by three different
colors. The red walls are the horizontal walls, which will be a thickness of th, while the green
walls are the contact mechanism walls, represented by a thickness of tCM. Both th and tCM are
varied as a function of the thickness of the blue walls, t.
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Figure 4.10: Maximum local strain contour plots for the straight-walled comparison cell in a single and 3x3 array.
The maximum local strain occurs in the contact mechanism for the single cell, and in the horizontal walls for the 3x3
array. Because of this, the single cell is capable of higher global strains than the 3x3 array.

Figure 4.11: The straight-walled cell defining the various wall thicknesses. The red walls are the horizontal
walls, represented by a thickness of th, and the green walls are the contact mechanism walls, represented by a
thickness of tCM. The variables th and tCM will be represented as a function of the thickness of the blue walls, t.
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Three different combinations of t, th, and tCM are modeled using ANSYS in 1x1, 2x2 and
3x3 arrays. The data from each of these cases is shown in Table 4.5. In the table, the dark blue
walls represent walls that are modeled with a thickness of 1.5*t. The first case corresponds to
the case shown in Figure 4.10, where tCM is equal to 1.5*t and th is equal to t. The second case
has all walls equal to t, and the third case has both tCM and th equal to 1.5*t. As seen in Table 4.5,
the non-contact global strains are only minimally affected by varying the array size in each case.
Each of the cases, however, does show a large decrease in global strain when the array size
changes from a single cell to a larger array. The best contact-aided global strain for each array
size is shown in the dark grey box. As seen in the table, the first case has the highest single cell
global strain, however the third case shows the highest global strains for arrays larger than a
single cell. This makes sense, due to the fact that the local strains in the horizontal walls were
reduced in the third case by increasing the horizontal wall thickness. From the table, it is clear
that in the future it is not sufficient to only model a single straight-walled cell and assume the
Table 4.5: The contact-aided global strains are greatly affected by array size and in-plane wall thickness of
the contact mechanism and horizontal walls. For single cell arrays, it is best to have the contact mechanism
walls equal to a thickness of 1.5*t, while larger arrays benefit from having the contact mechanism walls
and horizontal walls equal to a thickness of 1.5*t. (The dark blue walls represent walls of thickness 1.5*t)
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results will be consistent for all array sizes. It is also important to notice that in each case the
contact-aided global strains are fairly consistent when comparing the 2x2 and 3x3 arrays. This
suggests that this consistency will remain for all larger arrays. Therefore, when deciding the best
dimensions for arrays with more than one row, it will suffice to use a 2x2 or 2x1 array to perform
the analysis. From the table, it is clear that optimization of the various wall thickness could
result in improved performance of large arrays of straight-walled cells. Future optimization of
cell dimensions and contact mechanism size and location in straight-walled cells should be
completed twice; once using a single cell, and a second time using a 2x1 or 2x2 array. The local
strain contour plots for the second and third cases in Table 4.5 are provided in Appendix B.

4.6 Summary
This chapter focused on the fabrication of four different C3M designs, including the two
optimized designs, as well as two designs that were fabricated to compare cells with and without
curved walls. First, the exact design dimensions were selected, in order to ensure that the parts
did not violate any of the manufacturing constraints imposed by the LM-RIF process. After
determining these dimensions, the parts were modeled using planar elements in ANSYS and
fillets were added to the parts to eliminate stress concentrations at sharp corners. Next, the parts
were modeled in various array sizes using CAD software and arranged to form the mask layout
to start the fabrication process. The parts were then manufactured from mesoscale 316L SS,
using the LM-RIF process. Finally, an array analysis was performed in order to determine the
effect of array size on global strain. Both the non-contact and contact-aided global strains of the
curved cells were found to be unaffected by array size, however the contact-aided global strain of
the straight-walled cell was found to be significantly affected by array size. Now that the parts
have been fabricated, they will be tested using a custom test rig in order to compare the
experimental data to the predicted data. The experimental procedure as well as the data gathered
will be presented in Chapter 5.
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Chapter 5: Experimental Results

This chapter presents the testing methods and experimental results. The custom designed
test rig is presented as well as the procedure used for testing the specimens. Several high
precision springs are tested using the test rig in order to validate the testing procedure. Finally,
the fabricated C3M specimens are experimentally tested and the data is compared to that
predicted using ANSYS.

5.1 Test Rig
In order to experimentally test the C3M structures, a custom test rig is used, which is
shown in Figure 5.1. The test rig is designed to be a small scale instron-type tester that is
specifically made to test the C3M structures. The test rig is actuated by a micrometer (Fowler
electronic IP54 Micrometer Series 54-915), which drives the stretching of the C3M structures. A
force gage (IMADA DPS-1) is set up to record the force that corresponds to the input
displacement. The force gage can measure forces up to 4.9 Newtons with a resolution of 0.001
Newtons. Both the force and displacement readings are output to a computer and the data is
gathered in a csv file. The computer records data every 0.1 seconds.
Taking a closer look at the test rig, as the micrometer thimble is rotated, the micrometer
shaft moves in the X-direction. As the shaft moves, it also rotates with the movement of the
thimble. In order for the micrometer to actuate the system, the linear motion of the micrometer
shaft has to drive the moveable platform, shown in the figure. This platform is mounted on two
guide rails, constraining it to move only in the X-direction. As shown in the side view of Figure
5.2, an aluminum plate is used to connect the moveable platform and the micrometer, in order to
couple the motion and allow the micrometer to drive the platform. A simple way to attach the
aluminum plate to the micrometer shaft would be to sandwich the plate between two shaft collars
mounted onto the shaft. One problem with this technique, however, is that due to the rotational
motion of the micrometer, the shaft collars would rotate against the stationary aluminum plate,
resulting in a significant amount of friction. In order to eliminate this problem, two thrust
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bearings were included on either side of the aluminum plate, creating a very low friction surface
between the rotating shaft collars and the stationary aluminum plate, as shown in the bottom
view of Figure 5.2. The use of the thrust bearings allows the moveable platform to actuate back
and forth with the micrometer shaft, while reducing friction between components that is caused
by rotation.

Figure 5.1: The force versus displacement test rig designed to test the C3M specimen

The C3M specimen is supported using custom designed brackets, shown in Figure 5.3.
Two aluminum U-shaped brackets hold ¼” nylon shafts in place, which can be seen in the top
view. The right U-shaped bracket is fixed in place during deformation. The left bracket is
attached to the force gage as seen in Figure 5.1, which is mounted on the moveable platform.
The two white C-shaped specimen holders, shown in the side view of Figure 5.3, are mounted on
the nylon shafts using plastic sleeve bearings. Sleeve bearings are very low friction bearings that
allow for both linear and rotational motion. This allows the specimen holder to slide back and
forth on the shafts with very little friction as the C3M specimen is deformed in order to account
for the displacement of the cell in the Y-direction, specifically in large arrays. If a larger array is
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to be tested, multiple C-shaped specimens can be added to the nylon shafts. The shape of the
specimen holders is designed so that the C3M specimen lies in the same plane as the axis of the
nylon shafts. This allows the stretching force to be applied in line with the center of the nylon
shafts, eliminating a moment on the specimen holder, and preventing them from rotating up or
down as stretching occurs. Each specimen holder has a small vertical hole in it that a 1/32”
diameter stainless steel pin can fit into. As seen in the side view of Figure 5.3, the pins are
supported by the specimen holder both above and below the C3M structure, ensuring that they
remain perpendicular to the specimen at all times. As explained in Chapter 4, the C3M structures
also have small holes in their tabs, into which the pins fit. The C3M specimen is placed inside
the C-shaped specimen holder such that the holes line up and the pins are inserted into the holes
to keep the specimen in place. The specimen holders are supported in the vertical direction by
ball bearings to allow for very low friction movement in the X-Y plane. A horizontal plate is
located underneath the grippers to support the ball bearings.

Figure 5.2: Close-up view of the design coupling the micrometer shaft to the actuating platform.
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Figure 5.3: Close-up view of the specimen holder design

5.2 Test Rig Stiffness
As the C3M specimens are tested, the deformation recorded by the micrometer will be a
combination of deformation in the C3M specimen and deformation in the test rig itself. In order
to calculate the deformation that occurs in the C3M specimen only, the stiffness of the fixture
must be calculated and the micrometer data can then be adjusted accordingly.
A very stiff aluminum specimen (16mm x 9mm x 1.6mm) is tested that will not deform
appreciably under the applied loads. As a result, the displacement recorded by the micrometer
will be a function of the test rig deformation only. The specimen is mounted on the test rig in the
same way that the C3M specimen would be mounted. While data is being recorded by the
computer, the micrometer thimble is slowly rotated at a rate of approximately 0.003 mm/s until
the force gage reads about 4.5 N, and then the device is unloaded until the force gage reads zero
once again. The data is plotted, with displacement on the x axis and force on the y axis and lines
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are fit to the data. A sample plot from one of these tests is shown in Figure 5.4. The slope of the
best fit lines are equal to the loading and unloading fixture stiffnesses of that test run, as shown
by Equation 5.1,

(5.1)

where ktest_rig is the test rig stiffness, F is the load recorded by the force gage, and xmic is the
displacement of the test rig, recorded by the micrometer. This procedure is repeated 33 times
and the stiffness of the fixture is found to be 26.00 ± 1.034 N/mm in loading and 28.450 ± 0.90
N/mm in unloading.

Figure 5.4: A sample test rig stiffness plot. As seen in the plot, the loading data is less stiff than the unloading data.

Knowing the stiffness of the test rig for loading and unloading, the displacement that
occurs in a C3M specimen can be calculated. As stated previously, the displacement recorded by
the micrometer when testing a C3M specimen will be a combination of displacement in the test
rig and displacement in the specimen. Now that the stiffness of the test rig is known, we know
what the displacement of the test rig will be at any load, from Equation 5.1. Knowing this, the
actual displacement in the C3M specimen can be calculated using Equation 5.2,

(5.2)
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where xC3M is the displacement in the test specimen, xmic is the displacement recorded by the
micrometer, ktest_rig is the test rig stiffness, and F is the force in the system. Using this relation,
the actual displacement of the C3M specimen at any data point can be calculated.

5.3 Validation of the Experimental Procedure
It is important to verify that the experimental procedure is accurate and will provide
reliable results. In order to do this, the experiments are validated in two ways, which are
presented in this section. The first validation is through the use of digital images to verify the
displacement measurements taken by the micrometer. Second, several high precision springs
with known stiffness’s are tested using the experimental procedure and the experimental results
are compared to the manufacturer’s specifications.

5.3.1 Validation Using Digital Images

In order to validate the experimental results obtained using the test rig, digital images of
the C3M specimen were taken during each experiment using a Nikon D90 digital camera and a
micro lens. A micro lens is a camera lens that allows the camera to photograph objects at a very
small distance. As the C3M specimen are stretched, nine digital images are taken during the
loading and unloading procedure. The images are taken at increments approximately equal to
one fifth of the target load. These photographs are then analyzed using tpsDig software. Using
the software, specific landmarks on the specimen are identified and the distance between these
points is measured in pixels. Next, this distance between the two points is converted from pixels
to millimeters, and the displacements are calculated for each corresponding force value. During
the testing procedure, the camera was connected to the computer using a usb connector and the
pictures were taken using the computer. Using this technique, we can avoid touching the camera
to take the pictures, which could result in movement of the camera.

The displacements

calculated using the digitial images can be plotted along with their corresponding loads, and the
data can then be compared to the data obtained using the test rig. Due to the fact that this
procedure allows us to measure the displacement of the C3M specimen itself, there is no need to
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account for the stiffness of the test rig in this data. By obtaining displacement data in this
independent way, we can compare the adjusted test rig data to the digitized data and be more
confident in our experimental results.

5.3.2 Validation Using Springs

Now that we have two independent ways of calculating the displacements of the C3M
specimen, it is necessary to validate the testing procedure further. A very useful way to validate
the procedure is to experimentally test something of which the stiffness is known, and compare
the experimental data to the known stiffness. Using this technique, we can get a better idea of
the accuracy of the data gathered using the test rig and the digital images. Three small high
precision Gardner springs of low, medium and high stiffness, shown in Figure 5.5, were
purchased that would fit onto the testing rig. These springs have a stiffness of 0.517 N/mm
(GE0180-022-0880-S), 0.960 N/mm (GE0180-022-0620-S), and 1.60 N/mm (GE0180-0220500-S) according to the manufacturer’s specifications, and are shown from left to right in
Figure 5.5. The springs are mounted on the test rig in the same way that a C3M specimen would
be mounted.

Figure 5.5: Three different high precision springs mounted on the test
rig: 0.517 N/mm (Left), 0.960 N/mm (Middle) and 1.60 N/mm (right)

To test the springs, the computer is set up to record data. The micrometer thimble is
slowly rotated at a rate of approximately 0.003 mm/s until the force gage reads about 4.5 N or
the micrometer has been fully actuated, and then the device is unloaded until the force gage reads
zero once again. Digital images are taken during this loading and unloading procedure and the
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displacements are calculated from the digital images using tpsDig. Next, the test rig data is
calculated by applying the stiffness correction to the raw test rig data. Both sets of data are
plotted, with displacement on the x axis and force on the y axis, and lines are fit to the data. The
slope of the best fit lines will then be equal to the stiffness of the spring. One test run will have
four corresponding stiffnesses; the loading and unloading stiffness from the test rig data, and the
loading and unloading stiffness from the digitized data. A sample of one plot showing the
digitized and test rig loading data for the first test run of the 0.517 N/mm spring is shown in
Figure 5.6. As seen in the figure, the test rig data and the digitized data match up well, although
the digitized data results in a slightly higher stiffness. This trend is consistent for every test run
for each spring.

Figure 5.6: One sample plot showing the digitized and test rig data for loading.
This data corresponds to the first test of the 0.517 N/mm spring. Although the data
matches up well, the test rig data is less stiff than the digitized data.

Three test runs are performed for each spring and the stiffness data for each of these
springs are shown in Tables 5.1, 5.2 and 5.3. In each table, the reported spring constant of the
spring is listed at the top left, which was taken from the manufacturer’s data sheet of the spring.
According to the data sheet, each spring constant can have up to 5% error. Taking this 5% error
into account, the range of values that ktest, the tested spring constant, can fall into is shown at the
top right of each table. The four stiffness values are shown for each of the 3 test runs, and the
averages of these values are presented.

Finally, the loading and unloading stiffnesses are
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averaged due to the fact that the spring stiffness should be the same in loading and unloading.
The final average stiffness’s for each spring calculated using the test rig data and the digitized
data are shown at the bottom of every table.

Table 5.1: Spring constant data for 0.517 N/mm spring. The digitized data
falls in the acceptable range for ktest, however the test rig data falls slightly below.

Table 5.2: Spring constant data for 0.960 N/mm spring. The digitized data
falls in the acceptable range for ktest, however the test rig data falls slightly below.

Table 5.3: Spring constant data for 1.60 N/mm spring. The digitized data
falls in the acceptable range for ktest, however the test rig data falls slightly below.
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For each spring, the test rig data falls slightly below the acceptable range of values for
ktest, but the digitized data falls inside the range. From this, we can definatively say that the
digitized data will be more accurate than the test rig data. This is true for multiple reasons. First
of all, there are many factors that affect the stiffness of the test rig. Although the test rig stiffness
was approximated to correct the experimental data, various factors will slightly alter the
stiffness. For example, if the C-shaped specimen holders do not sit perfectly parallel with one
another, they will rotate slightly during loading. The more askew they are to start out with, the
more they will rotate, and the less stiff the test rig will be. Additionally, the test rig will always
measure the displacement in the X-direction. Sometimes, the specimen do not sit perfectly
straight and therefore the displacement of the specimen is not exactly equal to the displacement
in the X-direction. In the case of the C3M specimen, many parts are fabricated that are not
perfectly symmetric or are warped, and the displacement in the X-direction is not a perfect
estimate of the displacement in the specimen itself. These reasons make the digitized data a
more accuarate estimate of the displacement of the specimen itself. Using tpsDig, the actual
displacement in the spring can be measured, rather than the horizontal displacement of the test
rig.
By performing this experiment validation using high precision springs, it is clear that the
digitized data provides a better estimate of displacement than the test rig data. Although the test
rig data is not perfect, it still provides an good estimate, and will still be analyzed along with the
digitized data. As the experimental data gathered from testing the C3M specimen in analyzed,
however, the digitized data will be accepted as the more accurate data set.

5.4. Testing the C3M Specimens
Now that the experimental procedure has been validated, the C3M specimens can be
tested. The specimens are mounted on the test rig as shown in Figure 5.1. In order to compare
the experimental data with that predicted using ANSYS, plots of the specimen stiffness are used.
Multiple stiffness plots will be generated using ANSYS assuming a variety of moduli of
elasticity. This stiffness data gathered from the experiment will then be compared to these
stiffness plots, in order to see what predicted data set the experimental data matches up best with.
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Using this procedure, the Modulus of Elasticity of the test specimen can be approximated. In
addition to stiffness, it is also important to be able to approximate global strain in the specimens.
In order to do this, multiple test runs are performed on each C3M specimen, gradually increasing
the target force for each run. For example, the test specimen may be loaded to a force of 0.1 N
and then unloaded on the first test run, loaded and unloaded to 0.2 N on the second test run, and
so on. This procedure is continued until plastic deformation is observed in the specimen. In
order to determine when plastic deformation occurs, digital images of the unloaded specimen are
taken after each test run. Using tpsDig, landmarks are selected to approximate the width of the
specimen. Plastic deformation is assumed to occur when the unloaded pictures before and after
the test run do not have the same width.

Additionally, plastic deformation could also be

estimated by taking a look at the test rig data. The first test run where the loading and unloading
test rig data do not coincide can be defined as plastic deformation. This, however, is generally
more difficult to notice. Additionally, due to the fact that the digitized data was found to be
more accurate, it is more reliable to use the digital images to determine when plastic deformation
occurs. Once the onset of plastic deformation is found, the data that was gathered on the test run
prior to plastic deformation is the data that is analyzed. The test rig data and digitized data that
correspond to this test run is plotted on a displacement versus force plot, and the stiffness is
compared to predicted data generated using finite element analysis.
Unfortunately, no presentable testing data was gathered for the optimized non-contact
design or the straight-walled design. In these designs, the parts plastically deformed at very
small loads, resulting in a very small amount of data. As stated in Chapter 4, only one successful
optimized non-contact cell was fabricated, however this part was made using a very thin mold
and was therefore too fragile to test. Several straight-walled cells were successfully fabricated,
however no good testing data was gathered. All of the fabricated straight-walled structures had
fused contact mechanisms, and in the straight-walled cell, a fused contact mechanism
significantly affects the global strain due to the fact that the maximum local strain may occur in
the contact mechanism. Because of this, the straight-walled cells would plastically deform very
easily, making it hard to get presentable data. The data presented in this section will be data
gathered from the optimized contact-aided cell and the curved comparison cell.
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5.4.1 Optimized Contact-aided Specimens
A 1x3 optimized contact-aided cellular array, shown in Figure 5.7, is tested using the
custom test rig. During the loading and unloading procedure, the target load is increased by 0.05
N each test run, starting at 0.05 N. As seen in Figure 5.7, the width of the specimen is
represented by the varaible d. In order to determine when plastic deformation occurs, this
distance is measured after each test run, as shown in Table 5.4. First, the undeformed distance,
d, prior to testing is measured 8 times in order to determine the average value along with an
error. Due to the fact that using tpsDig requires user specified landmarks, there is some error in
the location of these landmarks, and therefore there is some error in the measurements. After
performing this procedure the untested value for d was found to be 8.179 ± 0.021 mm. Any
value for d which falls into this range of values is therefore considered to be not plastically
deformed. As seen in Table 5.4, the d values after each test run that fall in the acceptable range
are highlighted in grey. From this figure, it is seen that the cellular array plastically deformed
during the 8th test run, which was loaded to 0.4 N. This means that the 7th test run will be
analyzed.

Table 5.4: The undeformed values for d after each test
run in the optimized contact-aided cell. A row that is
highlighted in grey means that the value for d falls in the
acceptable range and plastic deformation has not
occurred.

Figure 5.7: The optimized contact-aided specimen
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In order to verify that the 7th test run did not experience plastic deformation, it is useful to
plot the loading and unloading test rig and digitized data. In a test where plastic deformation is
not present, the loading and unloading plots should be the same. This data is presented in Figure
5.8. As seen in the figure, the blue circles and red squares represented the test rig loading and
unloading data, respectively, and the green circles and dark blue squares represent the digitized
loading and unloading data, respectively. As seen in the figure, all of this data matches up very
well, meaning that no plastic deformation took place up until this point.

Figure 5.8: Loading and unloading of the test specimen. The data shows that the loading and
unloading plots match up well, ensuring that plastic deformation has not occurred.

The experimental and predicted loading data for the 7th test run is shown in Figure 5.9.
The blue circle data points represents the data recorded by the test rig. The green diamond data
points represent the digitized data. The various colored lines on the plot show the data predicted
using FEA assuming various moduli of elasticity.

Using this technique, we can see what

Modulus of Elasticity the data best matches up with, and determine if our initial estimate of 200
GPa is accurate. The increase in stiffness seen in each of these predicted data lines is the point
where contact is predicted to occur in the cellular structure, resulting in a change in stiffness.
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As seen in the figure, the test rig data and the digitized data match up very well. A
change in the stiffness is observed around 0.25 N in the test rig data, which could potentially
represent a change in stiffness of the specimen. This change, however, does not occur in the
digitized data so it is likely that the stiffness change is a result of error in or a change in stiffness
in the test rig. Both the test rig data and the digitized data do not show a noticeable increase in
stiffness like the predicted data does. This means that the contact surfaces never meet during
testing; this was verified by observing the images taken during the testing.

Figure 5.9: Force displacement loading data for 1x3 array optimized contact-aided C3M specimen. The data
corresponds to a Modulus of Elasticity of about 260 to 280 GPa, and was capable of a global strain value of 9.15%.

During the initial FEA, the modulus of elasicity was assumed to be 200 GPa, however the
experimental data matches up well with a modulus of elasticity of around 260 to 280 GPa. This
difference is attributed to variations in the mechanical properties due to fabrication. From the
data, the test specimen was able to be deformed about 0.9 mm before plastic deformation, which
corresponds to a global strain value of about 9.15%. This is about half of the predicted value of
18.9%.

This discrepancy may be a result of a change in material yield strength during

fabrication or error in the original approximation of strength.
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A second 1x3 optimized contact-aided C3M specimen was also tested, from the same
batch of parts as this one. The loading data for both specimens is presented in Figure 5.10,
where the data for the first specimen is the same as the data shown in Figure 5.9. In Figure 5.10,
the data for the first specimen is represented by the blue circles (test rig data) and the green
diamonds (digitized data), and the data for the second specimen is represented by the orange
circles (test rig data) and the red diamonds (digitized data). While the two sets of data match up
very well to eachother, there are some slight differences between the two sets. The data for the
second specimen is slightly less stiff than the first specimen. Also, the second specimen was
capable of 7.92% global strain, which was less than global strain in the first specimen. Due to
the fact that each of these arrays were fabricated in the same batch, we expect them to have
similar material properties. The slight variations seen in elastic modulus and global strain may
be a result of slightly different part geometries or inconsistancies in the material. For example,
the undeformed values for d are slightly different in each of the arrays, where it is 8.179 mm for
the first case and 8.093 mm in the second case. Despite the slight differences in the material
properties of each of the two tested arrays, overall the data matches up fairly well.

Figure 5.10: Loading data for two different 1x3 contact-aided specimens. The first specimen is capable of 9.15%
global strain and the second specimen is capable of 7.92% global strain.
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5.4.2 Curved Comparison Specimens
Two different types of curved comparison C3M specimen were tested. Due to the fact
that it is difficult to manufacture the designed contact gap exactly using the LM-RIF process,
most of the contact gaps are either too small or too large. Therefore, in order to get an idea of
how the curved comparison cells behave, two different types of specimen were tested. The first
is a specimen in which the contact gap is so small that it is actually fused. In this case, the data
presented is for a contact-aided cell that is permanently in contact. The second is a specimen in
which the contact gap is large, and contact just barely occurs before plastic deformation occurs.

5.4.2.1 Fused Contact Mechanism

First, a curved comparison specimen with a fused contact mechanism was tested. This
specimen is a single cell as shown in Figure 5.11. During the loading and unloading procedure,
the target load is increased by 0.1 N each test run, starting at 0.1 N. As shown in Figure 5.11, the
width of the specimen is represented by the varaible d. Once again, this distance is measured
after each test run, as shown in Table 5.5, and the values are compared to d measured prior to
testing. After performing this procedure the untested value for d was found to be 6.298 ± 0.016
mm. As seen in Table 5.5, the d values after each test run that fall in the acceptable range are
highlighted in grey, and represent test runs after which the specimen was not plastically
deformed. From this figure, it can be seen that after test run 6, the value for d is actually smaller
than the range. This value is assumed to be an outlier, due to the fact that all of the test runs
around it do fall into the acceptable range. Ignoring this outlier, the cellular array plastically
deformed during the 17th test run, which was loaded to 1.82 N. This means that the 16th test run
will be analyzed.
In order to verify that the 16th test run did not experience plastic deformation, the loading
and unloading test rig data and digitized data are plotted, and are presented in Figure 5.12. As
seen in the figure, the blue circles and red squares represented the test rig loading and unloading
data respectively, and the green circles and dark blue squares represent the digitized loading and
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unloading data respectively. As seen in the figure, the data matches up fairly well, meaning that
no plastic deformation took place up until this point.

Table 5.5: The undeformed values for d after
each test run in the contact-aided curved cell with
a fused contact gap. A row that is highlighted in
grey means that the value for d falls in the
acceptable range and plastic deformation has not
occurred.

Figure 5.11: The curved contact-aided specimen. In this
specimen, the contact gap is so small that it is actually
fused together.

The experimental and predicted loading data for the 16th test run is shown in Figure 5.13.
The blue circle data points represents the data recorded by the test rig and the green diamond
data points represent the digitized data. These experimental data sets are compared to the data
predicted using FEA assuming various moduli of elasticity. As seen in the figure, there is no
increase in stiffness in the predicted data as was seen in Figure 5.9, due to the fact that the
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contact gap was assumed to be fused when the predicted data was caluclated. This means that
the data presented in this section is for specimen that is always in contact.

Figure 5.12: Loading and unloading of the test specimen. The data shows that the loading and
unloading plots match up fairly well, meaning that plastic deformation has not occurred.

As seen in the figure, the test rig data and the digitized data match up fairly well,
especially until about 1.4 N. The variations in the test rig and digitized data from about 1.4 N to
1.8 N are assumed to be a result of error in the test rig data. It is likely that there was a change in
stiffness of the test rig, which would result in this discrepancy. Both the test rig data and the
digitized data maintain fairly constant stiffness throughout the experiement, with the exception
of the data over 1.4 N. This is accurate, due to the fact that we do not expect a change in
stiffness because contact has permantently taken place.
The experimental data for this experiement matches up well with predictions using an
elastic modulus of around 120 to 140 GPa, which is much smaller than the initially assumed
modulus of 200 GPa. This difference is attributed to changes in the mechanical properties that
occur during fabrication. This part was fabricated in a different batch of parts, therefore it is not
unreasonable to assume that the two batches could have different material properties.

From the

data, the test specimen was able to be deformed about 0.1 mm before plastic deformation, which
corresponds to a global strain value of about 1.9%. This is a little more than half of the predicted
value of 3.4%. This predicted value is much lower than the values predicted in Chapter 4 due to
the fact that the contact-mechanism is always in contact. This example shows the importance of
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having the correct contact gap size. This difference between the experimental and predicted
global strains may be a result of a change in material yield strength during fabrication or error in
the original approximation of strength.

Figure 5.13: Force displacement loading data for a single curved contact-aided C3M specimen. The data
corresponds to a Modulus of Elasticity of about 120 to 140 GPa, and was capable of a global strain value of 1.9%.

A second curved contact-aided C3M specimen with a fused contact mechanism was also
tested, which was fabricated from a different batch of parts than the first. The loading data for
both of these specimens is presented in Figure 5.14, where the data for the first specimen is the
same as the data shown in Figure 5.13. In Figure 5.14, the data for the first specimen is
represented by the blue circles (test rig data) and the green diamonds (digitized data), and the
data for the second specimen is represented by the orange circles (test rig data) and the red
diamonds (digitized data). Although the two sets of data do not match up very well, the slopes of
each data set are fairly similar. Additionaly, the second specimen was capable of 0.94% global
strain, which was about half of the global strain in the first specimen. Due to the fact that these
two cells were fabricated in different batches, we expect that they may have different material
properties. The variations seen in the two data sets may be a result of slightly different part
geometries, inconsistancies in the material, or variations in the material properties. Despite the
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differences in the experimental data of each of the two tested cells, overall the data matches up
fairly well.

Figure 5.14: Loading data for two different single curved contact-aided specimens. The first specimen is capable of
1.9% global strain and the second specimen is capable of 0.94% global strain.

5.4.2.2 Large Contact Gap

Next, a curved comparison specimen with a large contact gap was tested. This specimen
is a single cell as shown in Figure 5.15. During the loading and unloading procedure, the target
load is increased by 0.1 N each test run, starting at 0.2N. For this case, in order to speed up the
testing procedure, the first few test runs are increased by 0.2 N. As shown in Figure 5.15, the
width of the specimen is represented by the variable d. Once again, this distance d, is measured
after each test run, as shown in Table 5.6, and the values are compared to d prior to testing,
which was found to be 4.686 ± 0.008 mm. As seen in the figure, the values for d after each test
run where plastic deformation did not occur are highlighted in grey. From this figure, it can be
seen that the cellular array plastically deformed during the 8th test run, which was loaded to 1.21
N. This means that the 7th test run will be analyzed.
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Table 5.6: The undeformed values for d after each
test run in the contact-aided curved cell with a large
contact gap. A row that is highlighted in grey
means that the value for d falls in the acceptable
range and plastic deformation has not occurred.

Figure 5.15: The curved contact-aided specimen, with a
large contact gap.

In order to verify that the 7th test run did not experience plastic deformation, the loading
and unloading test rig and digitized data are plotted, and are presented in Figure 5.16. The blue
circles and red squares represented the test rig loading and unloading data respectively, and the
green circles and dark blue squares represent the digitized loading and unloading data
respectively. As seen in the figure, the data matches up fairly well, meaning that no plastic
deformation took place up until this point.
The experimental and predicted loading data for the 7th test run is shown in Figure 5.17.
The blue circle data points represents the data recorded by the test rig and the green diamond
data points represent the digitized data. These experimental data sets are compared to the data
predicted using FEA assuming various moduli of elasticity. As seen in the figure, there is an
increase in stiffness in the FEA predictions, which is the point where contact is predicted to
occur in the cellular structure, resulting in a change in stiffness.
As seen in the figure, the test rig data and the digitized data match up fairly well,
especially below a load of 0.6 N. A very slight increase in the stiffness is observed around 0.9 N
in both the test rig data and digitized data, which could potentially represent contact occuring.
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Taking a look at the digital images, it appears that contact is just barely occuring at the image
that corresponds to 1.13 N, which would verify that contact is just starting to occur near the end
of loading. For the most part, however, this plot represents a contact-aided cell that has not yet
come into contact. Further displacement of the cell would result in a clear point where contact
occurs.

Figure 5.16: Loading and unloading of the test specimen. The data shows that the loading and
unloading plots match up fairly well, meaning that plastic deformation has not occurred.

The experimental data from this test run matches up well with predictions using a
modulus of elasticity of around 200 to 220 GPa, which is very close to the initially assumed
elastic modulus of 200 GPa. Once again, this part was fabricated from a different batch of parts
than other parts described thus far, which could explain why the modulus of elasticity is
different. From the data, the test specimen was able to be deformed about 0.2 mm before plastic
deformation, which corresponds to a global strain value of about 3.5%. This is about half of the
predicted value of 6.4%. This discrepancy may be a result of a change in material yield strength
during fabrication or error in the original approximation of strength.
Due to the fact that no clear change in stiffness was shown in any of the experimental
data due to contact gap sizes, a plot clearly showing an increase in stiffness in shown in Figure
5.18. This figure represents the 10th test run performed on this curved comparison contact-aided
C3M specimen. From Table 5.6, we know that the specimen has already plastically deformed
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Figure 5.17: Force displacement loading data for a single curved contact-aided C3M specimen. The data
corresponds to a Modulus of Elasticity of about 200 to 220 GPa, and was capable of a global strain value of 3.5%.

Figure 5.18: Test run 10 of the contact-aided curved specimen. The specimen has already
plastically deformed at this point, therefore it is not useful to compare the data to the predicted
data; however a clear change in stiffness is shown here due to the fact that contact occurs.
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at this point, however, it is still useful to examine this data to show that we do in fact see a
change in stiffness in the experimental data when contact occurs. The test rig and the digitized
data do not match up exactly due to error in the test rig stiffness, however they do show similar
trends. As seen in the Figure 5.18, the test rig data show an increase in stiffness around 0.9 N
and the digitized data shows an increase in stiffness somewhere between 0.8 and 1.2 N. It is
unneccessary to compare this experiemental data to the predicted data, due to the fact that the
material properties will already have been altered due to plastic deformation.

5.4.3 Sources of Error

There are many sources of error that may result in descrepencies in the experiemental
data. As stated throughout this chapter, it is very likely that the elastic modulus and material
strength are somewhat different for each batch of fabricated parts. The LM-RIF process is very
compicated, and slight modifications to the testing procedure could result in significantly
different parts.

As shown in Chapter 4, various batches sometimes come out completely

different colors, which would support the fact that the material properties may be different.
Other errors in the data may be a result of imperfections in the fabricated parts. The geometries
vary significantly from part to part, and none of the fabricated parts look exactly like the parts
designed using CAD software. The parts may be warped, or nonsymmetric, and the in-plane and
out-of-plane wall thicknesses vary slightly in each part, making it difficult to define them by one
specific value of t and w. Additionally, due to the addition of fillets, it is nearly impossible to
determine what the actual fabricated values of h and l are, so the designed values were always
assumed when generating the predicted data.
In addition to errors from the parts, the test rig data also includes signifcant error. As
shown in section 5.3, the digitized data is much more accurate than the data gathered using the
test rig. This is partially a result of varying stiffness in the test rig from test to test. Additionally,
the test rig can only measure the displacement in the X-direction, and outputs this displacement
without any concern for how the specimen is laying on the holders. Throughout each of these
tests, the digitized data was assumed as the more accurate data set, and the test rig data was kept
as supplementary data. By doing this, the majority of the error associated with the test rig does
not affect the final results.
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5.5 Summary
This chapter has presented the experimental results obtained through testing the C3M
specimens. First, the test rig and the experimental procedure were presented. The stiffness of
the test rig was calculated by testing a stiff aluminum specimen, and was used throughout the
chapter to correct the displacement values output by the micrometer. The micrometer data was
verified using displacement data gathered from digital images, and high precision springs were
tested in order to verify the test rig and digitized data. Testing the springs showed that the
digitized data provides more accurate results, and the test rig data will always have a smaller
stiffness than the digitized data. Finally, the C3M specimens were experimentally tested using
the test rig, and the experimental data was compared to data predicted using FEA.

The

specimens were found to have a range of elastic modulii, which is likely due to the fact that the
material properties change for each batch of parts fabricated using the LM-RIF process.
Additionally, each specimen was found to be capable of a global strain equal to about half of the
global strain predicted using FEA, which may indicate that the accepted value for maximum
allowable strain that was assumed initially is too high.
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Chapter 6: Conclusions, Recommendations, and Future Work

This thesis has presented C3M specimens with curved walls. The goal of this work was
to develop a cellular structure that is both high-strength and high-strain. In order to do this,
curved walls and contact-aided stress relief were added to a cellular structure. The preceding
chapters of this thesis have presented a review of the related existing work, and the design and
analysis, fabrication and mechanical testing of the curved C3M structure. This chapter will
summarize the thesis, discuss the major conclusions drawn from the work, and present the
contributions made and possible future work.

6.1 Summary and Conclusions

First, the modeling of the C3M structures with curved walls was presented. Several
potential curved unit cell designs were presented, and the curved auxetic cell was selected as the
best candidate. The variables defining the geometry of the curved auxetic cell and the finite
element modeling process and boundary conditions were presented.
In order to understand the contact-aided structures, the non-contact curved cellular
structures were first analyzed. First, a fillet analysis was performed, which showed that a larger
fillet size corresponds to higher global strain. From this study, it was learned that a curved
cellular structure would always be capable of greater global strains than a straight-walled
structure of the same size. Additionally, due to the fact that a larger fillet size is always better,
the largest possible fillet size was always used. By adding the largest possible fillets to the C3M
structures, we could ensure that the highest possible global strain could be reached for each
particular cell. Next, a Poisson’s ratio analysis presented the effective instantaneous Poisson’s
ratio value for various cell geometries.

It was shown that, contrary to traditional auxetic

honeycombs which always display negative Poisson’s ratio, for curved cellular structures the
relationship between xglobal and Poisson’s ratio is not linear and Poisson’s ratio can be positive,
negative, or a combination the two, as it is stretched. The behavior of the cell in the vertical
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direction is very important, due to the fact that this would affect the shape of the contact
mechanism. Knowing that the curved cells can display various Poisson’s ratio values, a study
was performed in order to determine the potential stress relief in curved C3M structures that
exhibit positive or negative Poisson’s ratio. It was found that only cells that exhibit positive
Poisson’s ratio would be capable of stress relief, and therefore only these cells would have a
contact mechanism added to them. After analyzing the non-contact cells it was determined that
all cells would be designed with the largest possible fillet radius, and contact mechanisms would
only be added to cellular structures exhibiting positive Poisson’s ratio.
Next, the contact-aided cellular structures were analyzed. An iterative procedure was
presented which can be used to calculate the non-contact and contact-aided global strain in a
C3M structure. First, this procedure was illustrated graphically, through the use of contact gap
versus strain ratio plots. By plotting various global strain values as a function of contact gap for
a specific C3M structure, the corresponding strain ratio could be seen at each data point. It was
found that in order to calculate the contact-aided global strain it is necessary to find the highest
global strain value that had a point on the curve below a strain ratio of 1. By using these images,
we learned that each global strain curve plotted as a function of contact gap has a clear minimum
value. This knowledge was then applied in the form of a step by step procedure to find the
highest contact-aided global strain and corresponding contact gap, and eventually as a computer
code which was illustrated by a flow chart. Using this code, the non-contact and contact-aided
global strains could be calculated for any curved C3M geometry.
After developing the computer code which could calculate global strains, the code was
used to investigate the effect of contact mechanism geometry on the global strains in curved cells
and cells with straight walls. It was found that contact mechanism geometry did not affect global
strains in the curved cells, but had an impact on global strains in the straight-walled cells. It was
found that contact mechanism geometry is important in the cells with straight walls, and the best
contact mechanism width was found to be 30% of the base width. After finding the best contact
mechanism geometry, various cell geometries were analyzed using the computer code and
plotted in order to determine what type of cells would be capable of the largest global strains.
Through these plots, the effect of varying h/l, θ, t/P and γmin/P on global strain could be seen. It
was found that the cells capable of the highest global strains had low values for t/P and that
contact-aided stress relief will be more common in cases were γmin/P is at its lower bound.
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Additionally, the best cells were found to be tall and slender, meaning they have very small
values for h/l, and for a fixed h/l value the highest global strain was associated with the largest
possible value for θ. It was also found that the best possible cells were not be capable of stress
relief. From these plots, we were able to predict what the best possible cells will tend to look
like.
The predicted results were then verified by solving two optimization problems. Because
we knew the best cell may not require a contact mechanism, two optimization problems were
formulated in order to find the best possible contact-aided cell and the best possible non-contact
cell. Consistent with the predicted trends, the best possible C3M structure was found to be a noncontact cell that was capable of 32.4% global strain. The best contact-aided C3M structure,
which was defined as having both high global strain and a large increase in global strain due to
stress relief, was found to have a non-contact global strain of 18.2% and a contact-aided global
strain of 19.7%.
Next, the non-contact and contact-aided global strain values were compared for curved
and straight-walled cells. It was found that, consistent with the results of the fillet analysis,
global strains of the curved cells are always greater than that of their corresponding straightwalled cells. In fact, the global strains for curved cells nearly double those for straight-walled
cells in every case. Although the global strains are increased in many cases by adding a contact
mechanism, the benefit that is gained by adding curved walls to the structure far exceeds that
gained by adding a contact mechanism. Therefore, the most effective modification that can be
made to the traditional auxetic honeycomb structure is to add large fillets to the design.
After determining the best possible C3M designs, they can be fabricated using the LMRIF process. Four different designs were selected for fabrication, including the two optimized
designs, and two other designs with the same geometry, except that one has straight walls and the
other has curved walls. First, the LM-RIF manufacturing constraints were presented and the
exact design dimensions were selected, ensuring that none of the constraints were violated.
Next, a fillet analysis was performed on each of the four designs in order to determine the best
fillet locations and geometries to eliminate stress concentrations at sharp corners. Three sets of
fillets were added to each of the contact-aided structures, and one set was added to the optimized
non-contact design. Using planar elements in ANSYS, various combinations of fillet sizes were
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modeled and the combination corresponding to the smallest local maximum strain was selected
as the best combination of fillets for that C3M structure.
With the final dimensions selected, the parts were then modeled in various array sizes,
arranged to create the mask layout, and finally manufactured from mesoscale stainless steel using
the LM-RIF process. It was found that there were geometric variations in the fabricated parts,
which could be seen in the form of warping and inconsistent wall thicknesses. Additionally,
some batches of parts were a slightly different color then the others, which could imply that the
parts may have different material properties.
Due to the fact that various array sizes were manufactured, an array analysis was
performed in order to determine the effect of array size on global strain. The performance of the
curved cells were unaffected by array size, however the straight-walled cells were found to be
greatly affected when switching from a single cell design to a larger array. Additionally, it was
found that changing the contact mechanism and horizontal wall widths greatly affected global
strain in the various array sizes. For this reason, the wall thicknesses could potentially be
optimized in order to find the most effective straight-walled cell. This optimization problem
would have to be solved twice; once with a single cell and a once with a larger array.
Throughout these finite element analyses of the C3M specimens, the straight-walled
specimens have been shown to be much more dependent on factors such as contact mechanism
width, array size and wall width. While changing the contact mechanism width or wall width
does not affect the curved cells at all, the straight-walled cells are greatly affected. The fact that
all of these factors are so important to the global strain in a straight-walled cell could be a
disadvantage for multiple reasons. First of all, having to perform multiple analyses for various
array sizes could become tedious.

Second, the sensitivity to geometric variations could

negatively affect the parts due to the fact that the fabrication process is not precise. A slight
difference between the designed part and the fabricated part, which almost always occurs, could
mean a significant difference between the designed and actual global strains. For this reason,
curved cells may also be more beneficial due to the fact that they are less sensitive to these small
changes. On the other hand, however, the fact that the straight-walled cells are so sensitive to
geometric changes may mean that there is significant optimization that could go into the design
which could potentially improve the global strain behavior.
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Finally, the experimental results from mechanical testing of the C3M structures were
presented. The test rig and testing procedure were first introduced, and the stiffness of the test
rig was calculated by mechanically testing a stiff stainless steel plate. Knowing the stiffness of
the test rig, the test rig data was then corrected so that the data represents the displacement in the
C3M specimen only. The experimental procedure was then validated using digital images, and
by testing springs with known spring constants. After testing the springs, it was found that the
data gathered using the digital images is more accurate than that gathered using the test rig.
Three different types of C3M structures were tested, and the experimental stiffness’s were
compared to a set of stiffness plots generated using finite element analysis with various elastic
moduli. The experimental data was found to match up with predicted data with an elastic
modulus between 120 and 280 GPa. This inconsistency comes from variations in the specimen
geometries as well as changes in material properties that are affected by the fabrication process.
Each of the specimens was capable of a global strain equal to about half of the predicted global
strain. This may indicate that the initially assumed value for allowable strain may be too high.
Because of this, it would be beneficial to perform other experimental tests to better approximate
the material properties of nano particulate stainless steel.

6.2 Contributions
This work has contributed to the design of high-strength, high-strain cellular materials in
several ways. A novel cellular structure, which has not yet been considered in the literature, was
developed that incorporated curved walls and contact-aided stress relief to achieve high strains.
Previously in the literature, contact-aided compliant cellular mechanisms and curved compliant
mechanism have each been presented, however combining these two concepts is a novel
approach. Adding fillets to an existing straight-walled auxetic cell resulted in the elimination of
stress concentrations, allowing the cell to be stretched farther than it could with straight walls.
Additionally, incorporating a contact mechanism into the cell resulted in stress relief in the cell
when contact takes place, allowing the cell to be stretched farther than it could without contact.
Therefore, the inclusion of both of these concepts into the final design resulted in a novel and
improved cellular structure that is capable of significantly higher global strains than a straightwalled cellular structure without contact.
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A new methodology was developed for calculating the non-contact and contact-aided
global strain in the novel curved C3M structures, which can also be used with slight
modifications to calculate global strains in the straight-walled cells. This methodology was
implemented in the form of a computer code that links Matlab and ANSYS to perform an
iterative procedure to calculate global strain. The developed computer code was embedded
within two separate optimization routines to find the best non-contact and contact-aided curved
C3M structures, which has not yet been done in the existing work. The best overall cell was
capable of predicted global strains of 32.4%, which is significantly higher than the best C 3M
structure with straight walls presented in the literature.
After determining the best C3M designs, four different designs were developed and
fabricated from stainless steel using the LM-RIF microfabrication process. An existing test rig
that had previously been used in the literature to test C3M structures with straight walls was
modified to increase the stiffness and improve test results. Thrust bearings were added to the test
rig in order to reduce friction on the micrometer shaft. Additionally, the shape of the specimen
holders was modified so that the specimen would be in line in the line of the stretching force.
Three different high precision springs were tested using the test rig data as well as data gathered
from digital images in order to validate the testing procedure. From these experiments, the
digital image data was found to be more reliable than the data gathered using the test rig. Next, a
new process was developed for experimentally testing the C3M structures to accurately
determine stiffness as well as global strain of the specimen. Rather than loading the specimen
once to a very high load, an iterative loading procedure was used which gradually increases the
target load each iteration. Using this process, the point at which plastic deformation occurs can
be found and the global strain of the cell can be estimated. This process of calculating global
strain in C3M has not yet been performed in the literature. Three different types of cells were
successfully tested using this procedure and the data gathered using the test rig and the digital
images was compared to the predicted data using stiffness plots.

6.3 Recommendations for Future Work
There are many ways that this work can be continued or further developed in the future.
It would be beneficial to further analyze the curved C3M structures. In this study, only positive
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values for theta were considered for the cellular structure, therefore it may be beneficial to
broaden the study by including cellular structures with a negative theta value. Additionally, it
may be beneficial to try different contact mechanism locations and geometries. Although a study
in this is thesis showed that the global strains in the curved cells were not affected by contact
mechanism width, changing the contact mechanism geometry completely may provide different
results. It could be interesting to try to create a contact mechanism with multiple contact points
or a rolling contact mechanism. Additionally, it could be useful to look into different contact
mechanism locations, instead of the simple single vertical contact mechanism used in this thesis.
It may be possible to achieve more stress relief if a different configuration were used. Finally,
determining the flexural stiffness of the cells could be useful, in order to determine how effective
this structure will perform as a sandwich structure. This study could provide a better idea of
what a desirable out-of-plane thickness of the cellular structure would be, due to the fact that a
thicker specimen would have a higher stiffness.
Although this thesis mostly covered analyses of curved C3M structures, straight-walled
structures were also analyzed in many cases for comparison purposes. After studying the
straight-walled cells, it was found that the global strains in these cells were very sensitive to
contact mechanism shape, wall thickness and array size. Because of this, there could be some
potential for optimizing these parameters in the straight-walled cell. It is possible that using the
right combination of parameters could result in a straight-walled cell that is capable of much
greater stress relief through contact than the straight-walled cells presented in this paper.
Some particularly important future work involves the experimental testing of the C 3M
specimens. In this thesis, the stiffness of the test rig was greatly improved from the earlier
version; however, from the data it is obvious that it can likely be further improved. In order to
increase the stiffness further, it may be beneficial to modify the specimen holder design. This is
where a significant amount of the stiffness is lost, and every time a new specimen is mounted,
the stiffness may become a bit different. It would be advantageous to have a specimen holder
that is less sensitive to small changes. Additionally, it may even be beneficial to purchase a
commercial force displacement tester. Although the design of the current test rig is effective in
theory, it is handmade which will always result in some error. It is also necessary to determine
better approximations for the elastic modulus and material yield strength of the mesoscale
stainless steel and zirconia. It would be useful to perform tensile tests or use theta test specimen
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to get a confident approximation of the properties. Also, it would be useful to perform these test
on multiple batches of test specimens in order to verify the suspicion that the material properties
may change from batch to batch.
In this thesis, the curved C3M structures were only fabricated from the mesoscale
stainless steel material. As shown by the experimental results, the data did not exactly match up
with the data predicted using finite element analysis due to inconsistencies in the material
properties and geometries. Because of this, it may be beneficial to fabricate the parts from the
mesoscale zirconia in the future.

There are several differences that will occur in the

experimental data that may result in fewer discrepancies between the experimental and predicted
data. First of all, brittle failure will likely be seen in the parts, which could potentially make it
easier to calculate the experimental global strain. Additionally, the particle size of the mesoscale
zirconia is much smaller than that of the mesoscale stainless steel. Because of this, there will
likely be less geometric inconsistencies due to the fact that the edge resolution would be more
precise. In this case, the inconsistencies in the material properties would still likely be present,
however it would be very interesting to see how well the experimental data gathered from the
ceramic specimens would match up with the predicted data.
Finally, it would be advantageous to investigate other potential uses for these curved C3M
structures. Although the original design was intended as a component for a morphing aircraft
skin, cellular structures find many uses and could be beneficial in many other areas as well.
Because the stainless steel and zirconia materials are biocompatible, it may be useful to
investigate biomedical applications for these structures. One potential biomedical application
could involve taking an array of these structures, rolling it into a tube shape and using it as a
stent. Other potential uses for the curved C3M structures could include applications involving
crashworthiness as well as energy harvesting.
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Appendix A: Fillet Analysis Results
This appendix presents the data gathered from the fillet analysis in Chapter 4. Each
graph plots the various fillet sizes versus maximum local strain values. In the plots, the fillet
sizes are represented as a percentage of l for each particular cell, which can be found in Table
4.2. The maximum local strain values are divided by the minimum maximum local strain in that
data set. Because of this, the data point which has the smallest maximum local strain will be
represented by a value of one.

Optimized Contact-Aided Cell

Figure A.1: Maximum local strain for various base fillets and middle fillets in the optimized contact-aided design.
The minimum value was found to occur at a base fillet equal to 3.3% of l and a middle fillet equal to 0.18% of l.
These values correspond to 180 and 10 microns, respectively.
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Figure A.2: Maximum local strain for various contact mechanism fillet sizes in the optimized contact-aided cell. As
shown in the plot, there is no clear relationship between contact mechanism fillet and maximum local strain,
therefore 3.6% of l (200 microns) was selected as a convenient value.

Curved Comparison Cell

Figure A.3: Maximum local strain for various base fillets and middle fillets in the curved comparison design. The
minimum value was found to occur at a base fillet equal to 9.1% of l and a middle fillet equal to 0.23% of l. These
values correspond to 400 and 10 microns, respectively.
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Figure A.4: Maximum local strain for various contact mechanism fillet sizes in the curved comparison cell. As
shown in the plot, the maximum local strains are slightly larger for larger contact mechanism fillets, however there
is still no clearly defined trend in the data. The difference between the largest and smallest maximum local strain is
only 1.7%, therefore 4.5% of l (200 microns) was selected as a convenient value.

Optimized Non-Contact Cell

Figure A.5: Maximum local strain for various contact mechanism fillet sizes in the optimized non-contact cell. As
shown in the plot, a smaller middle fillet corresponds to the smallest maximum local strain. A middle fillet size
equal to 1.7% of l (10 microns) was selected.
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Straight-Walled Comparison Cell

Figure A.6: Maximum local strain for various contact mechanism fillet sizes in the straight-walled comparison cell.
As shown in the plot, a larger inside fillet corresponds to the smallest maximum local strain. An inside fillet size
equal to 4.8% of l (210 microns) was selected.

Figure A.7: Maximum local strain for various contact mechanism fillet sizes in the straight-walled comparison cell.
Due to the fact that there is not a large difference between the smallest and largest maximum local strains, 2.3% of l
(100 microns) was selected as the contact mechanism fillet.
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Appendix B: Array Analysis FEA Results

Figure B.1: Maximum local strain contour plots for the optimized contact-aided
cell in a single and 3x3 array. The maximum local strain occurs in the same location
for each case, and the global strain remains unaffected by array size.
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Figure B.2: Maximum local strain contour plots for the optimized non-contact
cell in a single and 3x3 array. The maximum local strain occurs in the same location
for each case, and the global strain remains unaffected by array size.
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Figure B.3: Maximum local strain contour plots for the straight-walled comparison cell in a single and 3x3 array
where all the walls have a thickness of t. There are large local strains in the contact mechanism for the single cell,
and in the horizontal walls for the 3x3 array, although the maximum for the 3x3 array actually occurs on the oblique
walls. Because of this, the single cell is capable of higher global strains than the 3x3 array.
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Figure B.4: Maximum local strain contour plots for the straight-walled comparison cell in a single and 3x3 array
where tCM and tH each have a thickness of 1.5*t. The maximum local strains occur in the contact mechanism for the
single cell as well as in the 3x3 array. Despite this fact, however, the single cell is still capable of higher global
strains than the 3x3 array.
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