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ABSTRACT

Expanding Lamina Emergent Mechanism (LEM) Capabilities:
Spherical LEMs, LEM Joints, and LEM Applications

Samuel E. Wilding
Department of Mechanical Engineering, BYU
Master of Science

Lamina Emergent Mechanisms (LEMs) are a class of compliant mechanisms that can be
manufactured from sheet goods and possess motion out of the plane of fabrication. LEMs can be
designed to perform sophisticated motions. This thesis expands LEM understanding and increases
the ability to utilize them in applications by introducing the fundamentals of spherical LEMs,
creating joints suitable for LEMs, and providing an example of a LEM application.

In this thesis, the fundamentals of spherical LEMs are developed. This includes classifica-
tion of all possible spherical 4R LEMs and a discussion of the motion characteristics of the various
mechanisms. The motion characteristics associated with spherical 4R LEMs are then used to pre-
dict the motion of spherical 6R LEMs and arrays of spherical LEMs. Multiple spherical LEM
prototypes are shown and discussed.

A common difficulty of working with compliant mechanisms, especially LEMs, is creating
suitable joints. There is often a trade off between flexibility in the desired direction of deflec-
tion, and stiffness in directions of undesired deflection. For this thesis, LEM joints that possess
higher off-axis stiffness, especially in tension and compression, than previous designs were devel-
oped: the I-LET, the T-LET, and the IT-LET. Joint geometries were optimized and then modeled
in commercial finite element analysis (FEA) software capable of nonlinear analysis. These models
were used to predict the bending of tensile/compressive stiffnesses of the joints. As a benchmark,
lamina emergent torsional (LET) joints were modeled and optimized for maximum tension and
compression loading while maintaining the same bending stiffness as the joint being compared.
Mechanisms that utilized the new joints were created and are briefly discussed. The use of these
joints allows for minimized parasitic motion under tension and compression loads and expands the
capability of LEM joints.

The Lens Lift™ was developed to demonstrate an application of LEMs. The Lens Lift™ is
a LEM device that allows for easier and more sterile use of disposable contact lenses. It possesses
a monolithic structure and can be fabricated using simple manufacturing processes. As the contact
lens user opens the blister pack used to store the lens, the lens is lifted out of the pack and presented
to the user. The user can then lift the lens with one touch and place it in the eye. A provisional
patent has been filed for the device and the device currently being evaluated by a major contact
lens manufacturer for further development.

Keywords: LEMs, compliant mechanisms, spherical mechanisms, LEM joints
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CHAPTER 1. INTRODUCTION

1.1 Thesis Outline

Lamina emergent mechanisms (LEMs) offer the advantages of simple topology and com-
pactness. A LEM is a compliant mechanical device that is fabricated from a planar material with
motion out of the plane of fabrication [2]. LEMs can perform sophisticated motions despite the
simplicity of their topology. However, LEM application is currently limited because of a lack of
basic understanding of their fundamental behavior, the limited number of joints available for LEM
motion and a lack of examples that illustrate their design. This thesis addresses these issues by de-
veloping the fundamentals of spherical LEMs, creating new LEM joints, and providing an example
of LEM design.

Several applications of LEMs have been developed including disposable mechanisms, mech-
anism arrays, scaled mechanisms, and deployable mechanisms [3]. Many of these mechanisms are
limited to planar motion. Chapter 2 of this thesis describes and establishes the fundamentals of
spherical LEMs to further expand the capabilities of LEMs and develop LEMs capable of spatial
motion. Spherical mechanisms are the simplest mechanisms capable of spatial motion [4]. By
nature, spherical mechanisms are compact [5] and become additionally compact as LEMs. Basic
spherical LEMs, such as spherical 4R linkages, will be developed as well as more advanced link-
ages and arrays [3], such as spherical 6R linkages and arrays formed by serially linking multiple
4R linkages. Multi-layer [6] spherical LEMs will also be discussed.

Another limit to the capabilities of LEMs is the availability of joint types. The lamina
emergent torsional (LET) [7] joint has been widely used but additional options are needed. Chapter
3 describes the development of three new LEM joints. The Inverted LET (I-LET), the Tension LET
(T-LET), and the Inverted Tension LET (IT-LET) were developed to bear tensile, compressive, and
a combination of tensile and compressive loads, respectively, with minimal parasitic motion. The

LET joint is used as a benchmark to compare stiffnesses in tension and compression. Using closed



form equations, the geometry of the new joints was optimized for minimum bending stiffness.
For valuable comparison, LET joint geometry was optimized for maximum tensile/compressive
stiffness, while maintaining the same bending stiffness as the joint used in the comparison. Finite
element analysis (FEA) was used to determine the stiffnesses of each of the joints. These joint
provide additional options for designers of LEMs and address the issue of parasitic motion under
tension and compression loads.

Chapter 4 describes the design of the Lens Lift™as a case study for LEM application. The
Lens Lift™ is a LEM device designed to be used with disposable contact lens blister packs. As
the blister pack is opened, the device is actuated and the lens is lifted out of the blister pack and
presented to the user, for more convenient and sanitary access. Since disposable contact lenses are
a mass produced commodity, a LEM device like the Lens Lift™ is well suited for incorporation
into the current manufacturing processes. Chapter 5 reviews the work and suggests potential areas
of future research related to this thesis.

In summary, the objectives of this thesis are to first, describe the fundamentals of spherical
LEMs, including arrays of spherical mechanisms, thus developing LEMs capable of spatial mo-
tion. Second, to introduce LEM joints that allow for reduced parasitic motion under tensile and
compressive loading conditions. The third objective is to describe the development of the Lens

Lift™.

1.1.1 Spherical LEMs

Much of the research in LEMs and their application has been limited to planar mechanisms,
with a few examples given of spherical LEMS [2, 3, 8]. Spherical mechanisms differ from planar
mechanisms in that instead of every point on a link being constrained to a move in a plane, with
all motion parallel; every point on a link is constrained to move on the surface of a sphere, with all
sphere centers being concentric. Also, the axis of each link of the mechanism passes through the
sphere center. This is illustrated by the skeleton diagram in Figure 1.1. At any time throughout the
motion of the mechanism, the joints axes always pass through the center of the sphere. Although
often shown as such, the links of a spherical mechanism do not have to be curved. The links can be
any desired shape as long as the joint axes pass through the sphere center. This leads to mechanisms

that feature complex and non-intuitive motion. Spherical mechanisms can also be serially linked
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together to form more advanced mechanisms [9]. Spherical LEMs linked in this way can be used
to form LEM arrays.

It has been proposed that there are only 33 different spherical 4-bar mechanism types [1].
Further restrictions exist for spherical LEMS. The criteria established by Cervantes et al. [1] sug-
gest that only 17 of the 33 types of spherical mechanisms can be LEMs. An example of a Spherical
4-bar LEM is shown in Figure 1.2. The mechanism lays flat in its initial position but exhibits com-
plex out-of-plane motion when actuated. The criteria established by [1] will aid in the development
the fundamentals and capabilities of spherical LEMs. Motion, size and shape restrictions, as well
as what types of spherical mechanisms best fulfill certain tasks are all factors that will help define

the fundamentals of spherical LEMs.

Figure 1.1: Skeleton diagram of a spherical 4R mechanism

Other areas of interest include 6-bar mechanisms and arrays. Numerous paper prototypes of
these mechanisms have been created. To draw parallels to planar mechanisms, spherical versions
of the Stephenson and Watt 6-bar chains were created, with their corresponding inversions (2
inversions for the Stephenson chain, and 1 inversion for the Watt Chain). Examples are shown
in Figure 1.3. Mechanisms like these will be further developed and linked to the fundamentals

mentioned above.



(a) Planar Position (b) Actuated Position

Figure 1.2: Spherical 4R LEM in its planar and actuated positions

(a) Stephenson 6-bar chain (b) Watt 6-bar chain

Figure 1.3: Spherical LEM equivalents of a Stephenson 6-bar chain (left) and a Watt 6-bar chain
(right)

1.1.2 LEM Joints

Finding suitable joints for use with compliant mechanisms can often be a challenge. The
LET joint has been widely used in LEM applications [7]. Schematics of the LET joint are shown
in Figure 1.4. This joint allows for high angular rotations about the y axis and possesses a simple
topology. The challenge with working with the LET joint is its susceptibility to parasitic motion,
especially when subjected to in subjected to in-plane compressive (see 1.4(a)) and tensile (see
1.4(b)) loads. Many applications would benefit from joints that are less susceptible to parasitic

motion.
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(a) LET joint loaded in compression (b) LET joint loaded in tension

Figure 1.4: Examples of parasitic motion in the LET joint

Winder et al. presented a way to simplify the creation of complex joints with LEMs and
showed many prototypes of complex joints [10]. The research done by Jacobsen et al. and Winder
et al. begins to expand the availability of LEM joints. A common concern with LEM joints is
parasitic motion, especially when subjected to tensile or compressive loads. Joints designed to
minimize parasitic motion will greatly benefit the field of LEMs. Currently, LEMs use living
hinges, flexible beams, creases (in paper), and as previously mentioned, LET joints [2,3,7, 8, 10].
Other possibilities include creases in materials besides paper, compliant joints that allow complete
revolution, and joints based on material properties and geometry, like the LET joint. A goal of this

area of research is to provide additional joint options to designers based on design constraints.






CHAPTER 2. SPHERICAL LEMS'

The purpose of this chapter is to introduce spherical lamina emergent mechanisms and to
describe the fundamentals that govern them. Lamina emergent mechanisms (LEMs) are compliant
mechanical devices that are fabricated from planar materials with motion out of the fabrication
plane [2]. As compliant mechanisms [11], LEMs achieve their motion by the deflection of flexible
members. LEMs feature simple topology, but are capable of performing sophisticated tasks. The
planar nature of LEMs allows them to be highly compact and suitable for fabrication by simple
manufacturing processes. Most of the developments and applications of LEMs have been dedicated
to planar mechanisms. In this chapter the capabilities and some of the possible applications of
spherical LEMs are discussed.

For spherical mechanisms, any moving point is constrained to the surface of a sphere and
the spherical surfaces are concentric [5]. Spherical mechanisms are the simplest mechanisms ca-
pable of spatial motion [4]. By their nature, spherical mechanisms are compact [5].

There is an opportunity to create mechanisms capable of spatial motion that are exception-
ally compact by combining the spatial efficiency of spherical mechanisms and the planar nature
of lamina emergent mechanisms. This combination is referenced to as “spherical lamina emergent
mechanisms” and they show promise for applications where sophisticated motion is required in a
small volume. This chapter identifies and classifies possible spherical LEMs. The classification
includes all possible spherical 4R LEMs. By decomposition, more advanced mechanisms can be
classified. The classification aids in predicting mechanism motion and in determining which mech-
anisms might be appropriate for particular applications. The classification builds on the classifica-
tion scheme developed by Cervantes-Sanchez et al. [1] for rigid-link spherical mechanisms. This
classification represents all possible spherical 4R linkages. It also lists all possible mechanisms,

based on limits of link motion. It is based solely on link lengths and thus is readily applicable to

The contents of this chapter have been accepted for publication in Mechanism and Machine Theory as “Spherical
Lamina Emergent Mechanisms”



classification of spherical LEMs. Classification schemes group mechanisms based on there general
characteristics. These characteristics can be used as a first step of synthesis purposes [12] and pro-
vide an overview of the design space for the mechanisms they concern. Many have been developed
for planar [12—15], spherical [1, 5, 15, 16] and spatial mechanisms [17]. Tanik and Parlaktas [18]

describe a compliant RSSR mechanism capable of out-of-plane motion.

-

Figure 2.1: Skeleton diagram of a spherical 4R mechanism

2.1 Background

Cervantes-Sanchez et al. [1] defined a classification scheme for spherical 4R linkages. They
conclude that there are 33 unique types of spherical 4R linkages. The classification is based on the
range of motion of the links based on link lengths. Graphical representations of link mobility have
also been developed by the same authors [19]. The mechanism types are distinguished by using
designators of the form (a, b, c,d) where a, b, c, and d can take integer values from one to four and
represent the limits of the angles 6, 3, ¥, and ¢ (see Figure 2.1 for angle definitions)?. The values

of a,b,c, and d are determined using Equations (2.1) through (2.8) [1] and Table 2.1. Link lengths



are used to determine the compliance or violation of Equations (2.1) through (2.8). Then using

Table 2.1, the designators (a,b,c,d) can be determined.

Equations in determining a € {1,2,3,4}

cos(oy — 03)

v

COS((X] — 062)

cos(z+0y4) < cos(ap+ o)

Equations in determining b € {1,2,3,4}

cos(a; — ay)

v

cos(az — ap)

cos(og+0y) < cos(ap+ o3)

Equations in determining ¢ € {1,2,3,4}

cos(o — o)

v

cos(ay — 03)

cos(ap+a;) < cos(o+ oy)

Equations in determining d € {1,2,3,4}

cos(oz — o)

v

cos(ot — 0y)

cos(p+03) < cos(ou+0y)

2.1)

(2.2)

(2.3)
(2.4)

(2.5)
(2.6)

2.7)
(2.8)

To further clarify Table 2.1, a designator value of “1” indicates the corresponding angle

has no theoretical upper or lower limit. A “2” indicates the angle has an upper limit. A “3”

indicates the angle has a lower limit, and a “4” indicates the angle has an upper and lower limit.

The consequences of these limits are described in Table 2.1. The maximum and minimum values

of each link angle are defined as

ZNote: Cervantes-Sanchez et al. [1] use different link subscripts, with ¢ as the input link. In this chapter ¢ is the

ground link.



Table 2.1: Spherical mechanism designation definitions [1]

Equation 2.1  Equation 2.2 Value  Definition
True True a=1 6 hasno upper or lower limit. The input link can fully rotate relative to the ground link.
True False a=72 6 has an upper limit. The input link rocks between %64y, passing through 8 = 0°.
False True a=3 0 hasalower limit. The input link rocks between +6,,;,, passing through 6 = 180°.
False False a=4 0 has an upper and lower limit. The input link rocks between 6, and 6,45 Or — 6y, and — B
Equation 2.3  Equation 2.4  Value  Definition
True True b= B has no upper or lower limit. The coupler can fully rotate relative to the input link.
True False b=2  f has an upper limit. The coupler link rocks between = f3,,x, passing through § = 0°.
False True b=3  J has alower limit. The coupler link rocks between =+f3,,,, passing through § = 180°.
False False b=4  J has an upper and lower limit. The coupler link rocks between 6,,;, and 6,55 Or —6ppiyy and — By
Equation 2.5  Equation 2.6  Value  Definition
True True c=1  7yhasno upper or lower limit. The coupler can fully rotate relative to the output link.
True False ¢=2  7yhas an upper limit. The coupler link rocks between £7,,,., passing through y = 0°.
False True c¢=3  7yhasalower limit. The coupler link rocks between +%,,, passing through y = 180°.
False False c¢=4  7yhas an upper and lower limit. The coupler link rocks between Ynin, and Yuax O —Ymin and —Yax.
Equation 2.7  Equation 2.8  Value  Definition
True True d=1 ¢ has no upper or lower limit. The output link can fully rotate relative to the ground link.
True False d=72 ¢ has an upper limit. The input link rocks between =£@,,,, passing through ¢ = 0°.
False True d=3 ¢ has alower limit. The input link rocks between £¢,,,, passing through ¢ = 180°.
False False d=4 ¢ has an upper and lower limit. The input link rocks between @in and @y OF —@pin, and — Py
cos(o3 + 0y) —cos(o) cos(a)
cos(Omax) = _ , (2.9)
sin( o) sin( o)
COS( 04 — 03) — CcOS( O ) cos( O
cos(Opmin) = ( , ) ) (02) cos(an) (2.10)
sin(ap) sin( ot )
cos(oty + o) —cos( o) cos(03)
cos(Bmax) = , - (2.11)
sin( o) sin(o3)
cos(ot — 0y) —cos( o) cos(03)
cos(Bmin) = _ , (2.12)
sin(o) sin( o)
cos(0p + o) —cos(o3) cos(0y)
cos(Ymax) = - - (2.13)
sin(a3) sin(0y)
cos(o — o) —cos( o) cos(0y)
cos(Ymin) = , . (2.14)
sin( o) sin( o)
cos(o + 03) —cos( o) cos(a)
cos(Pmax) = . . (2.15)
sin(ay) sin( o )
cos(o3 — o) —cos( o) cos(o)
cos(Pmin) = , ) (2.16)
sin( o) sin( o)
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2.2 Spherical LEMs

Spherical LEMs combine the compactness and simple topology of LEMs with the compact
nature and three dimensional motions of spherical mechanisms. Spherical LEMs have similar
features to those described by Lusk et al. [20] for microscale spherical mechanisms, in that the
mechanism is manufactured in a planar position, the mechanism base (the sheet the mechanism
was cut from) can cause interference, and there are geometric limitations on the orientation of the
joint axes. Some examples of spherical LEMs are shown in [2, 8, 10]. Many of the prototypes
created for this work use creases as joints, but other joints like the lamina emergent torsional
(LET) [7] joint, and the joints discussed in Chapter 3 can also be used.

An example of a spherical 4R LEM is shown in Figure 2.2. This LEM was constructed of
sheet steel. The joints have been plastically deformed, so that the mechanisms stays in a displaced
position. The joints of this mechanism are LET joints which allow movement of the mechanism by
torsion of long, thin segments [7]. This mechanism illustrates the planar nature of LEMs as well

as the complex motion possible with spherical mechanisms.

Figure 2.2: Spherical 4R LEM

For a spherical 4R mechanism to have a planar state (also referred to as the ability for
a mechanism to fold [15]), one of the following equations must be true (see Figure 2.1 for link

designations):
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o+ = o+ o3 2.17)
oto = 3t+oy (2.13)

o+03 = 0p+0y (2.19)

A mechanism whose link lengths satisfy Equation (2.17), (2.18) or (2.19) will be said to
belong to spherical LEM Class Ia, Ib, or II, respectively. The spherical LEM classes organize the
possible spherical 4R LEMs based on their layout in the planar position(s). As will be shown,
many spherical mechanisms and arrays of spherical mechanisms can be reduced to a series of 4R
linkages, so the criteria established here can be applied to mechanisms beyond the 4R linkage.

Figure 2.3 shows an example of a spherical 4R LEM that would belong to each class. The
lines with long dashes represent revolute joints, or compliant joints with equivalent motion. The
coordinate system is the same as that shown in Figure 2.1. It should be noted that if the output
link and input link are switched, a Class Ia mechanism becomes a Class Ib mechanism, and vice
versa. The input link must be specified to determine if the mechanism belongs to Class Ia or Ib.
Class II is independent of the other two classes in that switching the input and output of a Class II
mechanism becomes a different mechanism type, but remains Class II. This is due to fact that Class
IT mechanisms lay in a “crossed” configuration in one of their planar states (if their are multiple),
meaning that the input and output links lay in opposite directions and will actuate in opposite
directions, whereas for Class Ia and Class Ib, the input and output links lay in the same direction

and actuate in the same direction.

2.2.1 Mechanism Possibilities for Each Class

To determine which mechanism types reported in [1] could be Class Ia spherical LEMs,
Equation (2.17) was used in conjunction with Equations (2.1) through (2.8). An example of a
Class Ia mechanism is shown in Figure 2.3(a). Combining Equations (2.17) and (2.1), we see that
0 has no lower limit, thus a # 3 or 4. By combining Equations (2.17) and (2.4), it is found that 3
has no upper limit, thus b # 2 or 4. By similar methods, using Equations (2.5) and (2.8), ¥ has no

lower limit, ¢ # 3 or 4, ¢ has no lower limit, and d # 2 or 4.
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(a) Class la (b) Class Ib

(c) Class II

Figure 2.3: Examples of mechanisms from the three classes

An example of a Class Ib mechanism is shown in Figure 2.3(b). Using the same method as
was used for Class Ia, Equation (2.18) was combined with Equations (2.2), (2.3), (2.6) and (2.7).
Thus, there is no upper limit on 6 or ¥ and no upper limit on 3 or ¢. Thus for a Class Ib, a # 2 or
4,b#3o0rd,c#2or4,andd # 3 or 4.

An example of a Class II mechanism is shown in Figure 2.3(c). Equation (2.19) was com-
bined with Equations (2.1), (2.3), (2.5) and (2.7). Thus, there is no lower limit on 6, 3, 7, or ¢.
ForClassIl,a#3or4,b#3or4,c#3or4,andd # 3 or 4.
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Using these inequalities, mechanisms were eliminated from the complete list of 33 spher-
ical 4R LEMs created by [1]. A summary of each of the possible spherical 4R LEMs with their
respective classes is shown in Table 2.2. The type numbers used in the table to not correspond to

the mechanism numbers in [1].

Table 2.2: Spherical LEM classes and their corresponding 4R linkage types

Spherical LEM class ~ Type Numbers  Designation

1 2,3,1,1)
2 2,1,1,3)
3 (1,3,2, 1)
4 (1,1,2,3)
Class Ia 5 2,1,1,1)
6 (1,1,2, 1)
7 (1,3,1, 1)
8 (1,1,1,3)
9 (1,1,1,1)
1 3,2,1,1)
2 3,1,1,2)
3 (1,2,3,1)
4 (1,1,3,2)
Class Ib 5 (1,2,1,1)
6 (1,1,1,2)
7 3,1,1,1)
8 (1,1,3,1)
9 (1,1,1, 1)
1 2,2,1,1)
2 2,1,1,2)
3 (1,2,2,1)
4 (1,1,2,2)
Class II 5 2,1,1,1)
6 (1,1,2, 1)
7 (1,2,1,1)
8 (1,1,1,2)
9 1,1,1,1)

2.2.2 Class Summary

Many of the mechanisms shown in Table 2.2 indicate a fully rotating link (a,b,c,ord = 1).
Note that this indication refers to ideal mechanism mobility and is based solely on link lengths,
with no regard to joint capability or interference. Motion may be limited by the compliant joints
or by link interference.

As shown in Table 2.2, there are 9 types of mechanism in each class, resulting in 27 mech-
anisms types. However, some mechanism types belong to multiple classes. This is caused by

equalities in link lengths, resulting in multiple class conditions (Equations 2.17 through 2.19) be-
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ing satisfied. Since the classification developed by [1]) is based strictly on limits of link motion,
mechanism types that appear in multiple classes are only counted as one. mechanism types that
appear in multiple classes will have the same limits on link motion, but different planar positions.
This results in 21 types (of the 33 mechanisms from [1]) that can be spherical LEMs. Link angle
equalities that cause mechanism types to appear in multiple classes are listed in Table 2.3. In these
cases, the orientation of the links must be known to determine the mechanism class since the link
lengths satisfy more than one planar position condition. Additionally, eliminating isomorphisms
(see [11]) results in only 15 unique spherical 4R LEM types. These are shown in Table 2.4. It is
interesting to note that when a mechanism’s link lengths satisfy the conditions to be a Class Ia or
a Class Ib mechanism (¢¢; = o3 and ap = o), the mechanism has two planar positions; one when
6 = 0° and one when 0 = 180° (see Figure 2.4). In this work, when the link lengths satisfy this
condition the mechanism will be assumed to belong to Class Ia, meaning that the input link is cho-
sen such that 6 = 0° in the mechanisms first planar position. Some Class II mechanisms are also

capable of two planar positions; for example, when o; = 90°, orp = 45°, i3 = 90° and a4 = 135°.

Table 2.3: Similarity of the mechanisms

Similar Mechanisms  Link Length Conditions
Class Ia Type 9
Class Ib Type 9
Class Ia Type 5
Class II Type 5
Class Ia Type 6
Class II Type 6
Class Ib Type 5
Class II Type 7
Class Ib Type 6
Class II Type 8
Class II Type 9 o =0 =03=04

o =03 and o = 04

o) =0 and o3 = 0y

a; =0 and 03 = 0y

o) = 0y and 0 = 03

a; =0y and o = 03

Each 15 mechanisms in Table 2.4 was prototyped using creased joints in planar materials.
By changing which link was the input and accounting for all possible planar positions, these 15
prototypes represent all 27 mechanisms shown in Table 2.2. This is an effective way of quickly
visualizing the motion, but has the limitation of possible interference between links. With LEMs,
the range of joint motion and interference of links are often more limiting factors on motion than
the mechanism type [10]. Knowing the mechanism type provides an understanding of possible

linkage motion which will be advantageous in mechanism synthesis. From this starting point, the
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Table 2.4: The 15 unique spherical 4R LEMs

Number  Isomorphic Mechanisms
1 Class Ia Type 1
Class Ib Type 4
5 Class Ia Type 2
Class Ib Type 2
3 Class Ia Type 3
Class Ib Type 3
4 Class Ia Type 4
Class Ib Type 1
5 Class Ia Type 5
Class Ib Type 6
6 Class Ia Type 6
Class Ib Type 5
7 Class Ia Type 7
Class Ib Type 8
3 Class Ia Type 8
Class Ib Type 7
9 Class Ia Type 9
Class Ib Type 9
10 Class IT Type 1
Class II Type 4
11 Class II Type 2
12 Class II Type 3
13 Class II Type 5
Class II Type 8
14 Class II Type 6
Class II Type 7
15 Class II Type 9

link shapes and joints can be designed appropriately. An example of a prototype is shown in Figure

2.4. The link lengths of this mechanism are op = 45°, a3 = 90°, oy = 45°, and a; = 90° which

makes this mechanism a Class Ia, Type 9 (see Table 2.2). This mechanism is capable of two planar

positions.

(a) In Planar Position (b) In an Actuated Position

Figure 2.4: Spherical 4R LEM
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2.2.3 Six-Bar Spherical LEMs

Spherical LEM equivalents of the Stephenson and Watt 6R chains are shown in Figures 2.5
and 2.6. The mechanism shown in these figures demonstrate the use arbitrary link shapes. How-
ever, even more so than with spherical 4R linkages, link collisions are common. The Stephenson
chain is made of a spherical 4R and 5R chain, for which the analysis is more complicated than for
the Watt chain, which can be modeled as two spherical 4R linkages (see [21] and [22] for more
information on the analysis of the Stephenson chain). The Stephenson 6R can be simplified by a
partial shrinkage of the ternary link (not the ground link) [23]. This results in two serially con-
nected 4R linkages that share the same sphere center. Examples of these types of mechanisms are

shown in Section 2.2.4 of this work.

(a) In Planar Position (b) In Actuated Position

Figure 2.5: Spherical 6R LEMs - Stephenson Chain

2.2.4 Arrays of Spherical LEMs

A LEM array is a patterned arrangement of LEMs [3]. This section derives patterned
arrangements of spherical 4R linkages. Figure 2.7 is an array of two 4R LEMs. The serially
connected spherical 4R linkage discussed by Makhsudyan et al. [9] is the basis of many of the
following arrays. The output link of one 4R linkage is the input link to the other linkage. Notice
the two 4R linkages do not share the same sphere center. However, the sphere centers do share

a common axis. Continuing the same pattern of serially connected 4R chains, the array shown in
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(a) In Planar Position (b) In Actuated Position

Figure 2.6: Spherical 6R LEMs - Watt Chain

Figure 2.8 contains four spherical 4R linkages, and four separate sphere centers. These arrays are
built from identical 4R linkages. The resulting nine link mechanism is still a 1 DOF linkage. Actu-
ating one 4R linkage actuates the entire array. This pattern could be extended to as many spherical
mechanisms as is necessary. Notice that in Figure 2.8, the links of the spherical mechanism be-
come disguised to demonstrate the ability to move desired shapes. The link lengths of each of the
4R linkages in the arrays shown in Figures 2.7 and 2.8 are o) = a3 = 90°, ap = oy = 45°. With
these link lengths, the 4R linkages are Class Ia, Type 9 mechanisms. Because Class Ia, Type 9 4R

linkages are capable of two planar positions, the arrays are also capable of 2 planar positions.

(a) In Planar Position (b) In Actuated Position (c) In Second Planar Position

Figure 2.7: Two serially connected 4R LEMs

The array of spherical mechanisms shown in Figure 2.9 is similar to that shown in Figure
2.8 in that it is four serially connected 4R linkages, but the link lengths are different in this case.

Taking the longer side of the box as the input link, the link lengths of each mechanism are o = 90°,
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03 =45 oy = 1359, and o = 90°. These linkages are Class Ib, Type 7 mechanisms (see Table
2.2). For this type of mechanism, the input link is limited by +6,,;,, as defined by Equation (2.10).
For this array, 6,,;, = 90°. In the planar state, 6 = 180° and the input link can move to £90°. In
its fully actuated position, 8 = 90° for each 4R linkage in the array. Because the output links of
each 4R linkage are the input links of another, those links are also limited to +6,,;,. Notice that in
contrast to the array in Figure 2.8, the ”walls” (input and output links) of this array all reach 90° at

the same time and are limited in motion at that point.

(a) In Planar Position (b) In Actuated Position (c) In Second Planar Position

Figure 2.8: Four serially connected 4R LEMs

(a) In Planar Position (b) Partially Actuated Position (¢) In Actuated Position

Figure 2.9: Four serially connected 4R LEMs

The array in Figure 2.10 also features four serially connected spherical 4R linkages. Let
the input links be the faces that fold towards the middle in the planar position. The link lengths for
each spherical 4R linkage are ap =90, az =45, oy =45, and o; = 90°. With these link lengths,

the 4R linkages are Class Ia, Type 5 mechanisms. The input link is limited by +-6,,,, as defined by
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(a) In Planar Position (b) Partially Actuated Position (¢) In Actuated Position

Figure 2.10: Four serially connected 4R LEMs

Equation (2.9). For the 4R linkages in this array, 6,,;,;, = 90°, and 8 = 0 in the planar position. In
the fully actuated position 8 = 90° for each 4R linkage. As with the previous example, the input
and output links all reach 90 at the same time and are limited in motion at that point. Although all
three of the arrays discussed thus far have many similar characteristics, it has been shown that by
decomposing the array into its spherical 4R linkages, the classification scheme developed by [1]
and applied to spherical LEMs in this work can be used to predict the motion of the array as well
as the limits of movement.

A different form of a spherical LEM array is a multi-layer LEM, or MLEM [6]. An example
is shown in Figure 2.11. This mechanism is two serially connected 4R mechanisms on bottom, and
two on top, sharing the same sphere center. It is interesting to note that even small inputs to the
bottom mechanism quickly cause the motion of the top mechanism to reach its limit. The link
lengths of the two mechanisms are identical, although the top mechanism is rotated 90 relative to
the bottom mechanism. The link lengths are the same for all 4R linkages in this array; a; = o3 =
90° and 0 = o4 =45° , making each of the 4R linkages a Class Ia, Type 9 mechanism, capable of
two planar positions. Connected as they are, the array is not capable of two planar positions due to
interference between the top and bottom arrays.

Another form of a spherical LEM array is shown in Figure 2.12. This mechanism is four
serially connected 4R linkages, all sharing the same sphere center. This array could also be mod-
eled as two serially connected Stephenson 6R chains with partial shrinkage of their ternary links as
previously discussed. The linkages “’spiral” around the sphere center. This layout is similar to that

used by Lusk et al. [24] on their Micro Helico-Kinematic Platform that involves an array of three
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(a) In Planar Position (b) In Actuated Position

Figure 2.11: Multi-layer LEM

spherical crank sliders that share the same sphere center. Although the mechanism shown in Figure
2.12 appears complex, it can be decomposed into simple 4R linkages. For each 4R linkage in this
prototype, &y = o3 = 90? and oy = o4 = 45°. Each 4R linkage is a Class Ia, Type 9 mechanism,

capable of two planar positions.

(a) In Planar Position (b) In an Actuated Position (¢) In Second Planar Position

Figure 2.12: Four serially connected spherical 4R LEMs sharing the same sphere center

2.3 Conclusions

A classification for spherical 4R LEMs was developed and the different types of possible
spherical 4R LEMs were reported. Each of these mechanism types has unique motion character-
istics which can be used as a starting point for mechanism synthesis. Examples of spherical 6R

LEMs were demonstrated. Arrays of spherical 4R LEMs were prototyped and based on the types
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of spherical 4R linkages in the array, the motion of the array can be predicted. Other types of
arrays were also demonstrated. These included MLEMs and multiple spherical 4R linkages that
share the same sphere center. It has been shown that this classification can be extended to spherical
mechanisms beyond the 4R by decomposing the linkage into its respective 4R chains. Based on
the classification of the 4R chains, the motion of the entire linkage can be predicted.

The extreme compactness of spherical LEMs makes them candidates for application with
require complex motion using a small volume (e.g. space applications and deployable systems)

and may be used as fundamental components in future surface morphing applications.
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CHAPTER 3. LEM JOINTS!

Lamina emergent mechanisms (LEMs) are compliant mechanisms that can be fabricated
from planar sheets [2]. Upon actuation, LEMs “emerge” out of the fabrication plane. A preliminary
study of LEM joints was performed by Winder et al. which discusses a method of using serial chain
approximations to create LEM joints with the desired characteristics [10]. Multiple applications
of LEMs have been proposed [3] ranging from disposable mechanisms to deployable mechanisms.
Other emerging areas of application for the proposed joints, and for LEMs as a whole, include
adaptive morphing structures and engineering applications of origami principles. An example of a

LEM is shown in Figure 3.1.

Figure 3.1: LEM 4R linkage

LEMs offer the advantages of a topology compatible with planar layers, inherent compact-
ness, and compatibility with simple manufacturing processes in addition to the advantages cur-
rently possessed by compliant mechanisms. Also, many LEMs posses a monolithic structure. The

advantages of a monolithic structure, as well as advantages of compliant mechanisms are discussed

'The contents of this chapter have been submitted for publication in Mechanism and Machine Theory as “Intro-
duction of Planar Compliant Joints Designed for Compression and Tension Loading Conditions in Lamina Emergent
Mechanisms”
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in [25]. Thorough documentation on the advantages and disadvantages of compliant mechanisms
can be found in [11].

Lamina emergent torsional (LET) joints [7] have been finding use in LEMs; however, they
do not lend themselves well to applications where the joints experience significant tension or com-
pression loads because they allow considerable parasitic motion under those conditions. An ex-
ample of designing for parasitic motion in LET joints is shown in [26], where the authors use a
minimum potential energy optimization to determine the position of a fully compliant mechanism,
taking into account the parasitic motion of the joint.

This chapter introduces three joints that are compatible with lamina emergent mechanisms
(LEMs). LET joints are used as a benchmark comparison for the joints. For each joint, a LET joint
was modeled to have the same bending stiffness and maximum axial (tensile and/or compressive)
stiffness. The compressive and/or tensile stiffnesses of the joints were then compared. The new
joints exhibit increased off-axis stiffness (reduced parasitic motion) compared to the LET joint

when subjected to compressive and/or tensile loads.

3.1 Background

Designing LEMs can be challenging because all mechanism components are confined to
the plane of fabrication. Joint design can be particularly challenging. Jacobson et al. [7] developed
the lamina emergent torsional (LET) joint; a LEM compatible joint that allows for large rotations
in situations where off-axis stiffness is not critical. Off-axis stiffness is defined as the stiffness in
any direction other than the desired motion of the joint [27], and greater off-axis stiffness results in
reduced parasitic motion. Ferrell et al. [28] describe LEM joints with specific application to metals.
Other work in compliant joints, while not restricted to LEMs, addresses many of the challenges
of compliant joints. For example, Trease et al. discuss large-displacement compliant joints [27].
Yao et al. kinematically describe the folding of cartons where creases act as joints [29]. Zhao
et al. discuss a monolithic flexural pivot [30]. Pei et al. discuss the design of cartwheel flexural
hinges [31]. Dai and Jones discuss the modeling of metamorphic structures that begin as flat sheets

and through folding become a structure [32].
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3.1.1 Isolation and Inversion

Compression of compliant joints is often a concern and many compliant joints are not able
to adequately support compressive loads. Guérinot et al. [33] describe two methods, isolation and
inversion, for increasing the amount of compressive load a compliant joint can carry. Isolation is
accomplished by diverting the compressive load from the flexible segment(s) to a rigid element(s)
of the joint. An example is a passive rest that comes into contact when the joint is put in compres-
sion. Isolation is often a challenge with LEMs. Because the joint is restricted to a plane, areas that
come into contact are small, making the passive rests unstable. More rests can be added, but they
will be coplanar for a single layer LEM. Inversion is more applicable to LEMs. Inversion involves
reconfiguring the joint so that the members prone to buckling are put in tension when the joint is

compressed.

3.1.2 The Lamina Emergent Torsional (LET) Joint

The LET joint, shown in Figure 3.2(a), will be used as a benchmark for comparison of
the new joints. The LET joint described here is assumed to be symmetric about the x and y axes.
The subscripts of the k labels in Figure 3.2(a) indicate the primary deflection mode of the labeled
member when the joint is deflected about the y axis: b represents bending and ¢ represents torsion.
A linear spring model is shown in 3.2(b). This model will be used to determine a closed-form
model of the stiffness in bending about the y axis. The dimension labels used for the stiffness
derivation and throughout this work for the LET joint are shown in Figure 3.3.

As developed in [7], the bending stiffness of the LET joint can be derived as

2ksikp

kegq.bend = K+ 2k (3.1)
where \
o = o (3.2)
and )
ki :wﬂﬁg B—o.zlwiﬂ (1 _ 12thl):| (3.3)
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(a) The LET joint (b) Spring model of the LET joint

Figure 3.2: Lamina Emergent Torsional (LET) joint and its associated spring model

In Equations (3.1) through (3.3), # represents the thickness of the material, E represents the
modulus of elasticity, and G represents the modulus of rigidity. Equation 3.3 is used to describe a
rectangular beam in torsion [34]. For all the analyses in this work, the material was assumed to be
polypropylene; with E = 1.4 GPa,v = 0.42, and G = 0.493 GPa.

Assuming the bending segments of the joint are considered to be completely rigid in tension
and compression (along the x axis), i.e. kj; = oo, and assuming small deflections, the compressive
(keg,comp) and tensile (keg,ens) stiffnesses of the joint can be modeled as

(3.4)

keq;omp = keq,tens = T3

This model is valid for small deflections and assumes the bending segments of the joint
can be modeled as rigid. This model is particularly useful when combined with an optimization
algorithm, as discussed later. When this simplified model is inadequate, nonlinear finite element
analysis will be used.

The LET joint is capable of large angular deflections and is geometrically simple, making

it easy to implement in LEMs. The disadvantages of the LET joint include low off-axis stiffness
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Figure 3.3: Dimension labels for the LET joint

and a potential for parasitic motion under tension and compression loading. Note that it is assumed
that the tension and compression loading is completely in the xy plane. This is illustrated in Figure

3.4. In this chapter the LET joint is used as a benchmark for the other joints.

3.1.3 Method

The following steps will be used in the development and evaluation of the new joints:
1. Develop a closed-form model of joint bending stiffness

2. Use the closed-form model to optimize joint geometry for minimum bending stiffness, as-

suming material properties and material thickness are constant

3. Create an FEA model of the joint being studied using the optimized dimensions to obtain
a more accurate bending stiffness value and to determine the compressive and/or tensile

stiffness(es) value(s)

4. Optimize the benchmark LET joint geometry to match the bending stiffness to that obtained

in the previous step and maximize compressive and/or tensile stiffness(es)
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X
(a) LET joint loaded in compression

(b) LET joint loaded in tension

Figure 3.4: Examples of parasitic motion in the LET joint

5. Create an FEA model of the LET joint using optimized dimensions to obtain a more accurate

bending and compressive and/or tensile stiffness(es) value(s)
6. Compare stiffness results from FEA models

These steps were used for each of the three joints introduced in this chapter. The LET joint
is used as a benchmark of comparison to demonstrate the new joints’ advantages and disadvan-

tages.

3.2 The Inverted LET (I-LET) Joint

The Inverted LET (I-LET) joint was designed using the principle of inversion [33] and is
capable of bearing compressive loads with reduced parasitic motion compared with the LET joint.

Its name comes from the fact that the long bending members (labeled k;, in Figure 3.5(a)) are put
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in tension when the joint is loaded in compression (along the —x axis). This joint, with its corre-

sponding spring model, is shown in Figure 3.5. Most of the movement of this joint comes from

the bending of long, flexible segments, although some torsion is present in the torsion members

aligned with the y axis. The bending members are oriented so that when the joint is loaded in

compression, they are loaded in tension.

3.2.1 Closed-Form Model

A closed-form model of the joint’s bending stiffness was developed. Referring to the model

shown in Figure 3.5(b) and the dimensions indicated in Figure 3.6, the bending stiffness (keg pena)

of the joint was derived assuming small deflections and pure moment loading:

2kp1kpokpakpakiikioks3

keq bend =
LR Kesumbkpa + 2kp1kpokpske kiakes
where
ksum = kp1kpokp3kioksz + kpikpokpzkiokss + kp1kpokpzkicks3
+ kp1kp3kii kiokes + kp1kpakps ki ko + kprkpaki kiokes
and
EWb1t3
[
"1 o,
EWb2t3
kyy = —o02l
27 o1,
Ewb3t3
[
b o1,
k _EW[,4Z‘3
P 0,

G [1 ¢ 4\
ki=wnt— |=—021— [ 1 — ——
A3 wﬂ( 12w;‘1>

G 1 t 4\
kp =wpt>— | = —021— [ 1—
R P wtz( 12w;*2>_

G 1 t N\
ks =wpt— | = —021— (1 — ——
3= Wi I3 13 wt3( 12w;‘3>_
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(a) The I-LET joint (b) Linear spring model

Figure 3.5: Inverted LET (I-LET) joint and its associated linear spring model

Figure 3.6: Dimension labels for the I-LET joint

The closed-form stiffness model shown in Equation (3.5) was used to optimize the I-LET
joint geometry, where key peng Was minimized. The optimization constraints were based on manu-
facturing constraints and geometry that was constrained to a 50 mm long by 46 mm wide area. 46

mm was chosen as the width so that when the tension straps (which are discussed later) are added,
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the joint is constrained to a 50 mm by 50 mm area. A GRG algorithm was used for the optimiza-
tion since the closed-form equations are well behaved and the algorithm quickly converged. The
optimized dimensions are listed in Table 3.1. This geometry was used to model the joint using a
finite element analysis (FEA) program capable of nonlinear analysis (ANSYS® [35]). Since the
joint is symmetric, only half of it was modeled to save computation time. The joint was fixed at
one end and the free end was constrained to go through a specified rotation of 30° (0.524 rad) for
bending and through an axial deflection of 0.2 mm in the —x direction for in-plane compression.

The deflected FEA bending model is shown in Figure 3.7.

Table 3.1: Dimensions of the I-LET joint optimized for minimum bending stiffness

Dimension | Value (mm) || Dimension | Value (mm)

Ip1 8 I 12

Whi 1 W1 1

Iy 43 I 14

W2 1 Wi 4

Ip3 47 I3 7

Wp3 5 W3 2

Ipa 36 t 1

Wpa 30

3.2.2 FEA Model

Using the dimensions obtained from the optimization, an FEA model of the I-LET joint
was created. To compare the compressive stiffness of the I-LET joint to the LET joint benchmark,
a LET joint was optimized for maximum stiffness in compression, while maintaining the same
bending stiffness as the optimized I-LET joint. The total width of the optimized LET joint was
57.71 mm. The other optimized dimensions are listed in Table 3.2. See Figure 3.3 for associated
dimension labels. These dimensions were used in an FEA model of the LET joint using the same
boundary conditions as those for the I-LET joint. All the FEA models for this work were created
using shell (ANSYS SHELL93) elements. The I-LET model contained 8943 elements, and the

benchmark LET joint model contained 2534 elements.
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Figure 3.7: FEA model of the I-LET joint showing the deflected position in bending, indicating
rotation about the y axis

Using the FEA models, the reaction moments (in the case of bending) and forces (in the
case of compression) were used to find the stiffnesses of the joints. Table 3.3 summarizes the
results. The ideal value for the ratio of the k.4 peng values is 1. With a similar bending stiffness
to that of the LET joint, the I-LET is 13 times more stiff in compression. It should be noted that
the closed-form model of the LET joint’s compressive stiffness predicted a value 14.5% greater
than that of the FEA model. This is caused by the fixed-guided boundary conditions used in the

closed-form model, and result in an over-prediction of the LET joints compressive (and tensile)

Table 3.2: Dimensions of a LET joint optimized for a bending stiffness
equivalent to the I-LET joint and maximum compressive stiffness

Dimension | Value (mm)
Ll
Wpi 1
Ly 25.858
Wy 1
t
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stiffness. For all the LET joint geometries in this work, the closed-form model over-predicted the

tensile and compressive stiffness.

Table 3.3: Comparison of joint stiffnesses: I-LET and LET joints

I-LET Joint | LET Joint | Ratio
keg bend (N-mm/rad) 2.567 2.593 0.99
keg.comp (N/m) 921.2 70.73 13.02

, —_
Center of Rotation T
Az
[ |
[ S
Az

Figure 3.8: Side view of deflected I-LET

The I-LET joint can effectively bear compressive loads. Its disadvantages include the large
area the joint takes up compared to the LET joint. Also, the joint is not suitable for high shear
loading, where one end of the joint is loaded in the positive y direction, and the other end in the
negative y direction. Another concern with the I-LET joint is the movement of the center of rotation
throughout the motion of the joint. A side view of the deflected joint is shown in Figure 3.8. The

position of the center of rotation is designated as (x., z.). Throughout the motion of the joint,
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Figure 3.9: Determining the center of rotation of the I-LET joint

Z¢c = 0. x, can be found using the following equation:

Az
c=li+Ax+— 3.14
X it +tan@ ( )

where /; represents the total length of the joint. The x position of the center of rotation is plotted
against angle of rotation in Figure 3.9(a). The center of rotation moves 0.418 mm in the —x
direction through the 30° motion of the joint, or 0.84% of the total length of the joint. The average
position of the center of rotation, X gyerage 15 18.51 mm from the fixed end of the joint, if the
FEA models coordinate system is used. The average position of the center of rotation through a

deflection of 30° is shown in Figure 3.9(b).

3.2.3 Alternative Configuration

If additional compressive stiffness is desired, at the expense of bending flexibility, the I-
LET can be configured as shown in Figure 3.10. The equations developed previously for the I-LET
joint still apply, but k5 and k; are no longer part of the equations. Using the same dimensions as
those used previously, the bending stiffness of this configuration is 3.733 N - mm/rad, 1.45 times
larger than the bending stiffness of the baseline configuration. The compression stiffness is 7531
N/m, or 8.17 times greater than that of the baseline configuration. Although this joint is more stiff

in bending, it possesses a simpler topology, is much more rigid in compression, and the movement
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Figure 3.10: Alternative configuration of the I-LET joint

of the center of rotation is slightly less than that of the baseline configuration; the center of rotation

moves a total of 0.326 mm in the —x direction, or 0.65% of the joint length.

3.3 The Tension LET (T-LET) Joint

The I-LET joint is well suited for compressive loads, but is not well suited for tensile
loading. The Tension LET (T-LET) joint, shown in Figure 3.11 with its accompanying linear
spring model, is designed to bear in-plane tensile loads (in the positive x direction) with very little
deflection. It can be viewed as a LET joint modified with long tension “straps” that deflect easily
in bending, but are rigid under tension loads. Using the same methodology as before, the T-LET
joint was optimized for minimum bending stiffness. Also as before, the joint was constrained to

50 mm by 50 mm area.

3.3.1 Closed-Form Model

Closed-form equations were developed to be used for the geometry optimization. The

dimensions labels are shown in Figure 3.12. The bending stiffness, kqq pend» 18

2kpikiiker
Akpiks + ke (2/(1,1 + ktl)

keq,bend = + 2k (3.15)

where,
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(a) The T-LET joint (b) Linear spring model

Figure 3.11: Tension LET (T-LET) joint and its associated linear spring model

Ewblt3
kn = 3.16
bl 120, (3.16)
G[1 t *
ky = wyt'—|=—021—(1— 3.17
‘! il Ly [3 Wil ( 12th>} G-17)
and
Ew lt3
kg = < 3.18
cl 12lcl ( )
k., = 3.19
te 120, (3.19)
(3.20)
The tensile stiffness key sens, can be determined as
kcl aktl a
k, = —>—>— 12k 3.21
eq.tens Zktl,a +kcl,a + te.a ( )

where
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keta = = (3.22)
cl
Etw?

kg, = —51 (3.23)
ltl
tE

kiea = = (3.24)
te

Figure 3.12: Dimension labels for the T-LET joint

3.3.2 FEA Model

The dimensions obtained from the optimization are listed in Table 3.4. As with the I-LET
joint, a LET joint was optimized for axial tensile stiffness, while maintaining the same bending
stiffness as the T-LET joint. The dimensions of the optimized LET joint are listed in Table 3.5.
Two FEA models were created for the T-LET joint: one for bending and one for tension. In Figure

3.13, it can be seen that the FEA model is made up of two separate entities (the main body of
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the joint, and the tension strap), with only boundary conditions coupling the two entities. The
bending model used additional beam elements to properly couple the free ends of the two entities.
These beam elements were made sufficiently rigid so that they did not significantly contribute to
the deflection of the joint. The FEA model used for tension did not require the additional elements.
The model used for bending contained 5353 elements. The model used for tension contained 5250
elements. The benchmark LET joint contained 946 elements. As with the I-LET joint, the FEA
model of the T-LET joint was fixed at one end and displaced 30° about the y axis on the other to

determine the bending stiffness, and 0.2 mm in the x to determine the tensile stiffness.

Table 3.4: Dimensions of the T-LET joint optimized for minimum bending stiffness

Dimension | Value (mm) || Dimension | Value (mm)
Ly 4 Lo 22
Wpi 1 Wel 46
Ly 20 lie 50
Wy 1 Wre 1
t 1

Table 3.5: Dimensions of a LET joint optimized for a bending stiffness
equivalent to the T-LET joint and maximum tensile stiffness

Dimension | Value (mm)
Wpi 1
Ly 7.046
Wyl 1
t 1

An image of the FEA bending model of the T-LET joint in its deflected position is shown
in Figure 3.13. The results of the FEA modeling are summarized in Table 3.6. It can be seen in
Figure 3.13 that the torsion members of the joint are not being deflected by pure torsion, which
results in a nonlinear moment/deflection curve, which is shown in Figure 3.14. A trend line is also
shown in this plot, with an R? value of 0.9967, indicating that the curve is nearly linear. The value

reported for the finite element K¢y peng in Table 3.6 is the slope of the trend line.
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Figure 3.13: FEA model of the T-LET joint showing the deflected position in bending, indicating
rotation about the y axis
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Figure 3.14: Moment/deflection curve for the T-LET joint

As shown in Table 3.6, the T-LET joint is 21 times more stiff than the optimized LET joint
when subjected to an in-plane tensile load. The T-LET joint takes up more area than the LET joint,
and has a slightly more complex topology, although it is still simple. It does not effectively carry
compressive loads due to buckling of the tension straps. Since the joint is symmetric about the y

axis, determining the center of rotation of the joint can be easily determined by visual inspection
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so a figure indicating the center of rotation will not be provided. The center of rotation does move
slightly throughout the bending motion of the joint. This is shown in Figure 3.15. The center of
rotation moves a total of 0.57 mm for a 30° rotation of the joint. This represents 1.1% of the total

length of the joint.

x Position of Center of
Rotation (mm)

0 5 10 15 20 25 30
Angle (degrees)

Figure 3.15: x position of the center of rotation of the T-LET joint

Table 3.6: Comparison of joint stiffnesses: T-LET and LET joints

T-LET Joint | LET Joint | Ratio
keg pend (N-mm/rad) 8.428 8.896 0.95
keg tens(IN/m) 55750 2653 21.01

3.4 The Inverted Tension LET (IT-LET) Joint

The Inverted Tension LET (IT-LET) joint is a combination of the I-LET and T-LET joints,
and is capable of effectively bearing compressive and tensile loads with minimal deflection. Closed-
form equations of the IT-LET were not developed, due to the complexity of the interactions of the

different joint components. A schematic of the joint is shown in Figure 3.16.
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Figure 3.16: Schematic of the Inverted-Tension LET (IT-LET) joint

34.1 FEA Model

Using the dimension of the optimized I-LET and T-LET joints, an FEA model of the joint
was created. The dimensions are summarized in Table 3.7. As discussed in Section 3.2.1, the total
width of the joint is 50 mm. The labels are the same as those used for the I-LET joint, and as with
the T-LET, /;, and w;, represent the length and width, respectively, of the tensions straps. As with
the other joints, a LET joint was optimized for maximum axial stiffness, while maintaining the

same bending stiffness as the optimized IT-LET. The dimensions are summarized in Table 3.8.

Table 3.7: Dimensions of the IT-LET joint optimized for minimum bending stiffness

Dimension | Value (mm) || Dimension | Value (mm)
I 8 I 12
Wp1 1 Wil 1
Ipo 43 I 14
Wp2 1 W2 4
Ip3 47 I3 7
Wp3 5 Wi3 2
Ipg 36 lie 7
Wp4 30 Wrte 2
t 1
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Table 3.8: Dimensions of the LET joint optimized for a bending stiffness equivalent
to the IT-LET joint and maximum compressive and tensile stiffnesses

Dimension | Value (mm)
Iy 4.291
Wpi 1
Ly 5
Wy 1.131
t 1

0
0.0612 -0.2032
-0.1804
0.1224 0180
0.1836 -0.1576
I 0.2449 -0.1347
0.3061 I -0.1119
0.3673 -0.0890
0.4285 -0.0662
1 0.4897 -0.0433
0.5509
-0.0205
0.0023

(a) FEA model of the IT-LET joint showing the deflected (b) FEA model of the IT-LET joint showing the deflected
position in bending, indicating rotation about the y axis  position in compression, indicating translation along the x
axis

Figure 3.17: Deflected positions of IT-LET joint FEA models

Figure 3.17 shows the deflected FEA models of the IT-LET in bending and compression.
Tension is not shown since the visualization offers little additional information. Notice that in
compression, the tension straps buckle and do little to bear the compressive load. As with the
T-LET joint, two FEA models were required for the IT-LET joint: one for bending, and the other
for tension and compression. The model used for bending included additional beam elements to
ensure that the free end of the model was properly coupled; it contained 9804 elements. The model
used for tension and compression contained 9743 elements. The benchmark LET joint contained
869 elements. The results of the FEA are summarized in Table 3.9. As with the T-LET joint, the
IT-LET joint has a nonlinear moment deflection curve, which is shown in Figure 3.18. A trend

line is also shown which has an R? value of 0.9712. The slope of this line is the reported FEA

42



bending stiffness value in Table 3.9. The IT-LET joint is 6.99 times stiffer in compression then the

benchmark LET joint and 7.13 times stiffer in tension.
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Figure 3.18: Moment/deflection curve for the IT-LET joint
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(a) x position of the center of rotation of the IT-LET (b) Average position of the center of rota-
joint tion of the IT-LET joint for a 30° rotation

Figure 3.19: Determining the center of rotation of the IT-LET joint

This joint has the same disadvantages as the previous joint, in that it takes up more area
than the LET joint. The movement of the center of rotation is another concern. As discussed with
the T-LET, adding tension straps to the I-LET joint modifies the motion path of the end of the

joint. The position of the center of rotation is found the same way as was used for the I-LET and

43



Table 3.9: Comparison of joint stiffnesses: IT-LET and LET joints

IT-LET Joint | LET Joint | Ratio

keg pend (N -mm/rad) 13260 14395 0.92
keq,cmnp (N/m) 54960 7865 6.99
keq.rens(N /m) 56690 7945 7.13

the results are plotted in Figure 3.19(a). Through the 30° motion of the joint, the center of rotation
moves 7.2 mm, or 14.4% of the length of the joint. It is recommended that additional work be done
to attempt to minimize the movement of the center of rotation for this joint. The average position
of the center of rotation of this joint is located 21.03 mm from the fixed end of the joint in the FEA

model’s coordinate system (indicated in Figure 3.19(b)).

3.5 Applications

To demonstrate the joints as a part of various LEM mechanisms, a LEM four-bar was
made using the IT-LET joint as shown in Figure 3.20. A multi-layer [6] spherical mechanism was
made using the I-LET joint as shown in Figure 3.21. These two applications showed the joint’s
compatibility with these LEM mechanisms. If a mechanism like the crank-slider shown in [26],
which is actuated with a compressive force, used the I-LET joint, the analysis could be simplified
since the joints could minimize the parasitic motion in the mechanism. Other LEM applications
that require tension and compression loads for actuation would benefit from the implementation of

the I-LET, the T-LET, and the IT-LET joints. Many such applications are shown in [6].

3.6 Conclusions

Three LEM joints were introduced: the I-LET, the T-LET, and the IT-LET. The joints
demonstrate an ability to reduce parasitic motion in LEMs when subjected to in-plane tension
and/or compression loads. The applicable loading conditions for each joint, as well as important
joint characteristics are summarized in Table 3.10, including the movement of the center of rota-
tion, non-linearity of the moment-deflection curve, and the area required by the joint. Along with

the LET joint, these joints offer a wide variety of capabilities for LEM joints.
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(a) 4R linkage in planar position (b) 4R linkage in actuated position

Figure 3.20: 4R linkage with IT-LET joints

(a) Multi-layer spherical LEM in planar (b) Multi-layer spherical LEM in actu-

position ated position

Figure 3.21: Multi-layer spherical LEM with I-LET joints

While the joints tend to take up more area than LET joints with equivalent bending stiff-
nesses, they demonstrate higher stiffness in compressive and/or tensile loading loading conditions.

LEMs that require tension or compression loads for actuation is existing are of LEM applications

Table 3.10: Summary of relative joint performance

Relative Off-axis Stiffness Performance Considerations
Non-linear Moment-
Compression Tension Deflection Curve Area
LET Benchmark Benchmark No Benchmark
I-LET Better Worse No Worse
T-LET Same Better Yes Worse
IT-LET Better Better Yes Worse
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that would benefit from the use of these joints. Many of the multi-layer LEMs developed in [6] use
this form of actuation. Additionally, this group of joints broadens the options available to engineers

developing lamina emergent mechanism applications.
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CHAPTER 4. LEM APPLICATIONS: THE LENS LIFT™ !

The Lens Lift™ is a lamina emergent mechanism (LEM) that improves sterility and ease
of use of contact lenses. Upon opening a contact lens container (such as a blister pack), the Lens
Lift™ mechanism is actuated and it presents the contact lens to the user in an orientation that
requires only one touch-point on the eye-lid (the side that does not come into contact with the eye)
side of the lens to insert into the eye. A prototype Lens Lift™ was designed and constructed to be
compatible with current blister pack design without making radical changes to the manufacturing
process. The concepts also apply to other lens containers.

According to IBISWorld, nearly 50% of opthalmic industry is associated with contact
lenses. This market is expected to grow over the next five years [36]. As the market grows,
educating users about the proper use and care of contact lenses becomes increasingly important.
Keeping contact lenses clean is one of the most important measures users can take to protect their
eyesight [37]. The Lens Lift™ minimizes the risk of germ entry into the eye by presenting the
user with the contact lens in an orientation that only requires one touch-point (on the lid side of the

lens) to insert into the eye.

4.1 Background

The Lens Lift™ is a novel lamina emergent mechanism. Lamina emergent mechanisms
(LEMs) are a subset of compliant mechanisms [11] made from planar materials (lamina) with
motion that emerges out of the fabrication plane [2]. As compliant mechanisms, they use the de-
flection of flexible members to achieve the desired motion. LEMs can provide feasible, repeatable
solutions to advance the design and manufacturing of products. The advantages of LEMs are re-
ducing the number of parts, reducing cost, reducing weight, improving recyclability, increasing

precision, and eliminating assembly [2]. These mechanisms can provide opportunities for more

I'The contents of this chapter have been filed as a part of a provisional patent application with the U.S. Patent and
Trademark Office
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cost effective, compact, easy to assemble, modular products. Since LEMs are manufactured out
of sheet (lamina) material, they are highly compact and lend themselves to simple manufacturing
processes. Other possible applications of LEMs are shown in [3].

A demonstrative Lens Lift™ was designed for disposable contact lens blister packs. An
example of a blister pack is shown in Figure 4.1. The blister pack holds the saline solution which
keeps the contact lens moist. It is heat sealed for sterility. The Lens Lift™ is designed to be
compatible with the sealing process and allow for the lens to remain in solution until opened.

Although this prototype is described in detail here, the concepts also apply to other lens container

types.

Figure 4.1: An example of a contact lens blister pack

4.2 Design Considerations

The main criteria for selecting a concept for the Lens Lift™ were compatibility with the
blister pack (including interference with mechanism motion, space constraints, and manufactur-
ing), human variability (such that the Lens Lift™ is compatible with a range of finger sizes) and
actuation (the source of energy to lift the lens, either through energy storage, user activation, or
other method).

The most critical human factor was index finger thickness approximately 10 mm from the

tip of the finger, since this is generally the area of the finger the lens is placed on as the lens is
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put in the eye. According to [37], proper insertion of the contact lens involves placing it near
the tip of the index finger, and then placing the lens in the eye. Consequently, the Lens Lift™
should lift the lens high enough for a finger to be inserted underneath it, i.e, the clearance between
the bottom of the blister pack and the lens (designated 4. in Figure 4.2) must be larger than the
user’s finger thickness. An average finger thickness of approximately 14 mm was assumed for this
design. Another important clearance parameter is the distance from the front of the blister pack
bowl to the location of the lens (designated d. in Figure 4.2), because the finger must pass through

this to gain access to the underside of the lens.

Foil Lid/ - —'-1'-"'\

Blister Pack Bowl

Figure 4.2: Schematic of the Lens Lift™ illustrating key clearances

Multiple concepts were explored in the design of the Lens Lift™. Some of the prototypes
of these concepts are shown in Figure 4.3. Each concept improved upon the previous one in its
compatibility with the actuation method and the blister pack geometry. The design of the portion
of the mechanism that holds the lens, termed the cradle, was also evaluated with each concept
to ensure the lens was properly supported. The concept described in detail in this work is the
result of detailed analysis, multiple design iterations, and focus groups. The earliest designs were
not monolithic and required multiple layers. For simplified manufacturing and assembly, it was
desired to create the mechanism from a single, monolithic layer. LEMs with multiple layers are

further discussed in [6].
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Figure 4.3: Various prototypes that were created in the development of the Lens Lift™

4.3 Synthesis

The desired Lens Lift™ motion path is translation without rotation, without interference
with the container geometry, and enough clearance with the blister pack to allow a finger to be
inserted under the lens. These constraints led to a concept involving a parallel-guiding mechanism,
because it allows the coupler link to remain parallel to the ground link throughout the entire motion
of the mechanism.

The motion of opening the blister pack lid was chosen as the most preferred actuation
method for the mechanism, which required the parallel guiding mechanism to be linked to the lid
with the following criteria: the lens needed to be inside the blister pack bowl when the lid was
closed, thus submerged in the saline solution; when the lid was completely open, the lens needed
to be lifted to a height that allowed easy access to the lens. This is illustrated in Figure 4.4.

A challenge of working with LEMs is a limited availability of joint types [7]. The joints
are limited by thickness of the material used. Also, when working with compliant mechanisms, a
commonly cited advantage is the energy stored in the flexible members when they are deflected.
In this case energy storage was undesirable. Since the mechanism is a LEM, its neutral position
is completely flat (in line with the plane of fabrication), meaning that any stored energy would be
“pushing” the mechanism back to its planar position. It was desired to have the blister pack stay

open once it had been opened, so that the mechanism did not have to be held in place by the user
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Blister Pack Bowl

(a) Desired mechanism position when blister pack is closed

Foil Lid

Blister Pack Bowl

(b) Desired mechanism position when blister pack is open

Figure 4.4: Desired closed and opened positions of the mechanism

while the lens was accessed. For minimal energy storage, living hinges [11] were chosen as the
compliant joint type.

A kinematic model of the mechanism is shown in Figure 4.5. It is made up of a driving
linkage, where r,;, is formed by the lid of the blister pack, and a parallel guiding mechanism. The
link r;3 connects the parallel guiding mechanism to the lid. These links form the driver dyad for

the Lens Lift™,
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With 6, as the input, 6,3 and 68, are defined by

0 = Ya—Pu
92 = ﬂ—)td—ﬁd

where

2 2 1/2
80 = (ray+ri—2rairarcosa)"
2 522
B, = Cosflrd1+6d_rd2
2rd16d
2 S22
w = Cos—lrd3+8d_rd
2rd35d
2, 522
Ay = Cosflr2+6d_rd3
21’26d

The y position of the cradle, y. is related to the input angle 6,; by the following equation

Ye = r2sin(m — g — Pa)

4.1)
4.2)

4.3)

4.4)

4.5)

(4.6)

4.7)

Figure 4.5: Kinematic model of the Lens Lift™ Mechanism
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4.3.1 Force Relationships

The applied forces and stiffnesses associated with compliant joints are shown in Figure 4.6.
The stiffnesses k4 and ks appear on the same joint, but refer to two different stiffnesses. k4 is asso-
ciated with the movement of link ;3 relative to link r3. k5 is associated with the movement of link
rp relative to r3. These are the stiffnesses associated with the compliant joints of the mechanism.

F; represents the weight that can be lifted for a given input force. ¢ is a constant between
0 and 1 that determines how F; is distributed to the links r, and r4. F; is the input force at some
arbitrary orientation defined by

Fi=F i+Fyj (4.8)

where F; , and F;, are the components of F; in the x and y directions, respectively.

Figure 4.6: Applied forces and joint stiffness of the Lens Lift™

The kinematic coefficients h43 42, ho 42 and hy 4o will be used in the virtual work analysis

and are defined in Equations (4.9) through (4.9).
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do

hizar = 46,

_ a2 sin(6, — 6;2)
rq3sin(643 — 6;)
dao

hyar = Wdzz

rq28in(6y3 — 6;2)
r sin(9d3 — 92)

Using Equations (4.1) through (4.6), the kinematic coefficients become

_ raasin(m— Ay — By — Oa2)
hazax = ras Sin(Va — Ag — 2By —70) 4.9)
_ ra2sin(Wa — Ba)
h2,d2 B r Sil’l(l,lfd — 7Ld — Zﬁd — 71') (4.10)

Recall that 64 = 6,, thus

hagy = hyao (4.11)

Using the kinematic coefficients defined in Equations (4.9) through (4.10), the virtual work for this

system is

oW = [l”dz(—E'J sin 0, +E’,y sin Gdz) — Fl(l”d1 + rpcos 92(1 — l‘) -l-t(r1 ~+rqC08 94))
—k1ABgp + ko (ABgn — ABy3)ha3 ap — k3AG iy 4o — kaABy3hya3 4o

—ksAOhy g — keAOshy 4o — k1AOshs 4216042 4.12)

Since rp = r4, 64 = 6, and from Equation (4.11), Equation (4.12) simplifies to
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oW = [rdZ(_Fi,x sin 0d2 —f—FiJCOS Gdz) _Fl(”dl + 1 CoSs 92 —|—II’1> —klAGdz

Assuming the input force is always directed tangent to link r4;

Fi,x = F,-sin edz (414)

Fy = F;cosOp 4.15)

where F; is the magnitude of the input force. Also, since the initial position of all the links is in

line with the fabrication plane the undeflected (or initial) angle for each link is zero. Thus

A8y = 6, (4.16)
AOy = 04 4.17)
AG, = 6, (4.18)

Assuming the mechanism is in equilibrium, W = 0. A relationship for the force required
to actuate the mechanism for a given input angle can now be developed. Note that this actuation
force refers to the mechanism actuation only, and not the force required to undo the heat seal of
the blister pack. Using Equations (4.1) through (4.6), and (4.14) through (4.18), the input force for

a given 6, can be found and is shown below

1
F, =
<I’d2(2C082 9d2 — 1)

— (k2Oup + (ko +ka ) (Wa — Ba))haz az + (k3 + ks + ke +k7)(m — Ag — Ba)hoan]  (4.19)

) [Fi(ra1 +racos(m—Ag — Ba) +1r1) + k162

4.4 Prototype

A prototype of the Lens Lift™ was built using the link lengths shown in Table 4.1. Using

Equations (4.1) through (4.6), the motion path of the prototype was determined. The opened and
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closed positions of the prototype are shown in Figure 4.7 and they fulfill the design objectives
discussed in Section 4.3. Note that for simplicity the cradle is not shown in Figure 4.7 but is shown
in Figure 4.8. Using Equation 4.7, in the closed position y. = —6.08mm. Assuming 6, = 110 in
the open position, y. = 8mm. The blister pack depth of the prototype is approximately 7 mm, thus
h. = 15 mm (see Figure 4.2). The prototype also achieves a d. clearance of approximately 15 mm.
These values both exceed the assumed finger thickness, and thus a finger of the assumed thickness
will have convenient access to the lens. The clearance values are largely limited by the blister pack

geometry. Slight modifications to the blister pack could result in greater clearances.

Table 4.1: Prototype link lengths

Dyad Four-bar || Parallel Four-bar

Link | Length || Link | Length
rq1 | 3.5 mm r 4 mm
rgo | 7.5 mm r 8 mm
rqg3 | 6.2 mm r3 4 mm
44 8 mm r4 8 mm

A schematic of the prototype is shown in Figure 4.8. This figure does not include link r;;
since that link is formed by the lid, which is not shown. The lid attachment pads are the areas that
allow the mechanism to be attached to the foil lid of the blister pack. Axis A denotes the point
about which the lid (link ;) rotates. This axis moves throughout the opening of the blister pack
as the foil lid is peeled back. However when it reaches the point shown in the figure, the lens can
be easily accessed, and the lid does not need to be peeled back any further (further moving axis
A). When axis A reaches the point shown in Figure 4.8, it is assumed that it does not move further
and that the only motion of the lid is rotation about A. The cradle was designed to support the lens
throughout the motion of the mechanism and to allow a finger to easily pass through the members
as the lens is picked up. It is also designed to conform to the surface of the blister pack bowl when
the Lens Lift™ is in its closed position, effectively “cupping” lens so that it remains on the cradle
at all times while the blister pack is sealed closed.

The prototype is shown in Figure 4.9. The mechanism was laser cut from a single layer of

PTFE. Figure 4.9(a) shows the mechanism as cut by the laser cutter. The living hinges were created
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Figure 4.7: Closed and open positions of the Lens Lift™ prototype illustrating the motion path

by scoring the PTFE at the joint locations, shown in Figure 4.8. Fatigue life is not a concern in
this design since only one cycle is required. The scored joints were sufficient for verification of
the design. Each joint can be assumed to have the same stiffness (except for stiffness ki, since this
joint is formed by the foil lid, not a living hinge). Let k;;, be the stiffness of each living hinge and
ks be the stiffness of joint formed by the foil lid. The stiffnesses of each of the joints shown in

Figure 4.6 become
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ki = kp
ky = 2k
ks = ki
kye = 2k,
ks = ki
ke = 2k,
k7 = 2k,

Using Equations (4.20) through (4.26), Equation (4.19) can be simplified to

1
F, =
(I’dz (2 cos? 9d2 — 1)

— k1072 +kip (62 — 2(Wa — Ba) has a2 — Okyp (7 — Ag — B3) 12 a0]

) [Fi(ra1 + racos( — Aq — Ba) +1r1)

(4.20)
(4.21)
(4.22)
(4.23)
(4.24)
(4.25)
(4.26)

(4.27)

The prototype demonstrated the functionality of the Lens Lift™ . It showed that it was

compatible with the blister pack. The link lengths and cradle design can readily be modified to

make the mechanism compatible with other blister pack geometries.

4.5 Conclusions

An example of an application of LEMs has been described. The Lens Lift™ is a lamina

emergent mechanism that presents the contact lens to users as the blister pack is opened. The

mechanism is cut from a flat sheet and possesses a monolithic structure. The kinematics of the

mechanism have been described, as well as the relationship of the required input force to the input

angle. A prototype was made to be compatible with available blister packs. It demonstrated its

ability to achieve the desired motion and create the necessary clearances for convenient access to

the lens. This prototype was built to be compatible with a particular blister pack, but the analysis

applies to other designs and blister pack geometries.
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Figure 4.8: Schematic of the Lens Lift™ prototype

(a) As cutout (b) Sideview (c) Isometric view

Figure 4.9: Physical prototype of the Lens Lift™

A provisional patent has been filed with the U.S. Patent and Trademark office. Focus
groups consisting of 5 to 6 individuals have evaluated prototypes and provided feedback on the
Lens Lift™. A major contact lens manufacturer is currently evaluating the concept for possible

inclusion in their products.
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CHAPTERS. CONCLUSIONS AND RECOMMENDATIONS

This thesis has expanded the basic understanding of LEMs and provides research that will
be useful in more fully employing LEMs in applications. Spherical LEMs have been introduced,

new joints have been developed, and a case study of LEMs design is provided.

5.1 Conclusions

To further investigate the capabilities of LEMs and study their fundamentals, spherical
LEMS were studied and application of spherical LEMs were demonstrated. A classification of all
possible spherical 4R LEMs was developed. This classification groups mechanisms based on the
limits of motion of each of the spherical links. It was shown that the characteristics of 4R spher-
ical LEMs could be used to predict motion limits of 6R spherical LEMs and arrays of spherical
LEMs. Prototypes of the discussed mechanisms were created and analyzed. Multiple methods of
configuring an array of spherical LEMs was also demonstrated.

Three LEM joints were introduced; the I-LET, the T-LET, and the IT-LET joint. The I-LET
joint showed increased compressive stiffness over a LET joint with the same bending stiffness.
The same was shown with the T-LET and the IT-LET joints, for tension and tension/compres-
sion loading respectively. The joints generally require more area then the LET joint but can be
used to reduce parasitic motion in LEMs when tension and compression loading conditions are
present. These joints will be especially useful in applications where a slider is used to actuate the
mechanism. In this case the actuation of the mechanisms subjects it to compressive and/or tensile
loads.

The Lens Lift™, a mechanism for use with disposable contact lens blister packs, is an
example of a LEM application. It is monolithic and easily manufactured from sheet goods. This
work presented the kinematic equations associated with the mechanism and also showed many

of the prototypes created during the design process. The design was presented to multiple focus
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groups and further evaluated to meet needs expressed in the focus groups. A provisional patent

was filed on the Lens Lift™,

5.2 Recommendations

This work introduced arrays of spherical LEMs and several new LEM compatible joints.
While the arrays discussed in this work were small, it is recommended that larger arrays be studied.
Large arrays of LEMs may find application in adaptive morphing surfaces or other related fields.
It is also recommended that mechanisms utilizing the joints described in this thesis be developed
and analyzed. As discussed previously, multi-layer LEMs [6] that utilize sliders for mechanism
actuation are applications that could benefit from the use these joints. Doing so will prove the
effectiveness of the joints and further illustrate their advantages and disadvantages. Additionally,
topology optimization could be used to further optimize the joints and develop new joint types. As
the capability of LEMs are expanded, more potential applications will arise and more industries

will be able to benefit from the advantages of LEMs.
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