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CHAPTER 1. INTRODUCTION

1.1 Overview

The purpose of this research is to establish a novel approach tesiym of
compliant shape-morphing structures using constraint-based design snatttbdirtual
reality (VR). Compliant mechanisms, as opposed to rigid link meaaniachieve
motion guidance via the compliance and deformation of the mechanmeribers.
They are currently being explored as structural components to predape changes in
products such as aircraft wing and antenna reflectors. The goalésign a single-piece
flexible structure capable of morphing a given curve or profile intarget curve or

profile while utilizing the minimum number of actuators..

The successful design of compliant mechanisms requires an undergtand
solid mechanics (deformation, stress, strain, etc.) and mechkimematics (properties
of motion). As a result, only a fairly narrow, experienced grafipengineers are
successful in designing these mechanisms. The two primahodseprevalent in the
design community at this time are the pseudo-rigid body method (PRBM) and topblogic
synthesis. Unfortunately each of these methods has its owntiom#a The research
presented here takes a different approach by examining thef tise constraint-based

design method (CBDM) to solve shape-morphing problems.

The concept of CBDM has generally been confined to the Precisigim&ering
community and is based on the fundamental premise that all mofienggid body are
determined by the position and orientation of the constraints (constypalbgy) which

are placed upon the body. Constraint-based compliant mechanism tesogy is a



powerful and rational design process where a desired motion patst idefscribed, then
decomposed into combinations of lines, arcs, and rotations which can beedchie
through combining a series of compliant mechanism components and sub-cotapone
Any mechanism motion path may then be defined by the proper catidn of
constraints. In order to apply the CBDM concepts to the design ahgsianaf shape-
morphing compliant structures we propose a tiered design method tiest oe

kinematics, finite element analysis, and optimization.

The proposed approach consists of two major steps: kinematic ngpdeid
flexible body deformation synthesis. First, the initial and tasgl@pe are defined. By
segmenting the flexible element that comprises the actiyeshaface at multiple points
in both the initial and the target configurations and treatingréiselting individual
segments as rigid bodies that undergo a planar or general spatialaefispiheve are able
to apply traditional kinematic theory to rapidly generate sets engiat solutions. Once
a feasible design space is identified, the final design is determined viaAaaugimented
optimization sequence. Coupled with an immersive VR interface andce-feedback
input device this approach provides the ability to quickly specifyemaduate multiple

potential design problems in order to arrive at the desired solution.

1.2 Scope

The concept of CBDM has generally been confined to the Precisigiméering
community and learned via apprenticeship. This method has been developstto de

compliant mechanisms, which form the foundation of many precisiomumesnts,



compliant manipulators and consumer products. Although this method has been
published in the literature [1, 2] these publications and their applicéti compliant
mechanism design are not well known outside the Precision Engigenmmunity. In
addition, proficiency in using constraint-based methods for designing @pli
mechanisms requires (1) commitment to a steep learning ¢nevee the reason for
apprenticeship) and (2) “hands-on” experience to understand the stffrassteristics

of alternate designs.

In the research presented here, a generalized constraint-b@asssptcdesign
process and the supporting optimization engineering decision makingeqaised for
concept selection have been created. These components have beatethigigh VR so
as to provide an experience which reduces the need for appfieasied learning. This is
particularly important in fields of application in which it isfaitilt to obtain hands-on
experience/intuition. For instance, micro-scale and nano-scalgliantnmechanisms are
often difficult to design due to the difficulty in (1) obtaining &ef’ for how these

devices operate and (2) visualizing how these devices function.

A decade of research into using VR as an engineering design tomdated in
an understanding of the characteristics of VR that can be usetptovie engineering
design. Stereo viewing, position tracking and haptic force feediaskde a computer
interface that allows participants to move and interact withialigbjects as if they were
real three-dimensional objects. The interface is particularly uséieh designing objects
that require three-dimensional specification of the design objeatitleree-dimensional

evaluation of the shape or motion of the resultant design. In the weskred here, an



immersive VR environment has been created to provide the 3D working sgaced to
view, assemble components and interact with CBDM concepts. Thdaoaters
augmented with the constraint-based theory and simulation tools s#idcuis the

preceding paragraph.

1.3 Impact and motivation

Development of robust methods for designing shape-morphing structuttes is
focus of several current research projects, both in the acadmmiicthe military
communities. Geometric shapes of the individual system components, sagttraft
wings and antenna reflectors, directly affect the performancéhefcorresponding
mechanical systems [3]. Of particular interest is the atittm of compliant mechanisms
to achieve the desired adaptive shape change charactefxiopliant mechanisms, as
opposed to the traditional rigid link mechanisms, achieve motion guidaacéhe
compliance and deformation of the mechanism’s members. The goal sdo desingle-
piece flexible structure capable of morphing a given curve or eriofib a target curve or

profile while utilizing the minimum number of actuators (ideally, just one) [4].

The combination of CBDM methods and VR provide a working/learningdesi
space that supports the design of compliant mechanisms. This desigone@vit
provides designers with (1) a new perspective on how to performesymtand analysis
of compliant mechanisms, (2) a generalized, well-disseminate@jyndéseory of
mechanism design, (3) a means to rapidly master design for emecgltompliant

mechanisms in fields which are difficult to build competence viad&an experience,



and (4) a fully immersive, collaborative, interactive design envimmThis has the
potential to bring the field of compliant mechanism design to a br@adbBence which
will be capable of better understanding how/why compliant meaianigork, how to
synthesize them, how to characterize them with generalrdesggrics and how to best

fabricate/integrate them into practical applications.



CHAPTER 2. BACKGROUND

2.1 Virtual Reality

VR refers to computer-generated three-dimensional (3-D) enveotsnwhich
can be interactively experienced and manipulated by the particif@ntStuart [6]
defines a virtual environment system as a human-computer intedpable of providing
“interactive immersive multi-sensory 3-D synthetic environménts such systems the
user's motions are tracked with position sensors and used to updatesulé and
auditory displays in real-time. This creates the illusion forpdwicipants of being inside
of the environment [6]. In addition to providing the ability to explodesign problem in
three-dimensional space, VR environments often allow users to mdaithadaobjects in

the environment in an intuitive way using a variety of instrumented gloves armtswa

2.1.1 VR design environments

The scientific and engineering communities have embraced VRasable tool
because it offers a unique way to investigate data. BenefitheoVR systems are
especially evident in the area of engineering product developmbatewhese systems
are used throughout the whole range of the product development cgatemodeling
and evaluation of the first prototypes, to providing training opporturidreend-product

users ([7], [8], [9]) .



The potential of using VR technology as an interface to designechanical
systems has been extensively investigated at lowa State &ltyiveépplication areas
include assembly methods prototyping, factory simulation, shape opionizand finite

element analysis as well as mechanism design [10, 11].

2.1.2 Applications of VR in mechanism design

There are multiple benefits to using VR even in the design of caomahnon-
compliant mechanisms. The design of planar mechanisms is litoitieeb-dimensional
space, so the traditional human-computer interfaces (HCI) of daanamkeyboard and a
mouse are well suited for the task of the design problem paradedteition. However,
operation of spatial mechanisms is associated with generas@be, and usage of a
traditional HCI, even well designed, imposes artificial constsaomt the ability of the
mechanism designers to correctly and efficiently specify dbesign problem and
investigate the spatial mechanism synthesis results.

VR provides a truly three-dimensional alternative to the traditicoanputer
interface. Replacing the mouse and the monitor with a positmked stereo visual
display and a position tracked input device, VR allows the users t@anhteith the
design problem by moving around and performing actions in 3-D spacepoidmgial of
using VR technology in the design of spatial mechanisms vssditognized in 1995 by
Vance and Osborn [12], when the SphereVR program was created fosisreahy
synthesis of spherical 4R linkages. It required users to maocelinate frames on

graphical representation of a sphere in the VR environment. ThaoNd&aphson



iterative approach was used to solve the non-linear equations, vesicled from Suh
and Radcliff’s displacement matrix mechanism synthesis method.

Investigation of VR as a medium for spherical mechanism syntbesisued in
1996 with the creation of VEMECS (Virtual Reality for MEChaniSynthesis) [13].
VEMECS relied on Sphinx algorithms for its mechanism analysis symthesis
functionality and essentially became a VR interface to the $giriogram. Following
evaluation of the effectiveness of a VR interface compared to the tradii@ahethods
[14], in 1999 Furlong et al. developed Isis, as the next generation cghegchanism
design tool [15]. Isis introduced the ‘design in context’ approach tdekign problem
definition, where digital models of the design part and of the wavik@nment could be
imported into the application and manipulated by the users inste&@ @bhventional

abstract coordinate frames (Figure 2.1). A real world desgnwas investigated and

the resulting mechanism built by the designers.

Figure 2.1. Isis and VRSpatial [15]

In 2001 the spectrum of VR-based mechanism design applications pasder

to include analysis and synthesis of spatial 4C mechanisms, vatlecreation of the



VRNETS program by Kihonge and Vance [16]. Computation routines frohkbDESB, a
PC-based program for design of spatial 4C mechanisms foalspgid-body guidance
tasks [17], were used to provide the mechanism synthesis funcyyarfaiRNETS. The
program allowed users to investigate the design parametersiadaed with spatial 4C
mechanisms, such as the input design positions and the congruence iplan&sD
environment. Additionally, it provided the option of networking several musi® of the
application in order to facilitate a collaborative design procé3peration and
functionality of VRNETS has been explored by several mechanisignaées. They
discovered that while the program proved to be an effective todleirsynthesis and
analysis of spatial 4C mechanisms, improvements and modificatiotie tprogram’s
structure and functionality were needed in order to take fullradga of the VR design
environment. The suggested changes were focused on improving the adacent
expanding the design problem specification functionality, providindgpdnigiegree of
flexibility while working with the application, and improving solution kazion
methods. In 2002, the development of the VRSpatial application [18] reliettheon
experience gained from operation of the VRNETS program, while dfets users an
assortment of new and improved features. The range of VR systgrable of running
the mechanism design program has been extended to include praatiaaiithe modern
VR hardware and software configurations. Methods of specifyingirtiial design
problem have been improved and multiple options were made availalterdstigating
the generated solution space, providing for more effective desigineFmore, the level
of interactivity within the application has been increased throughrthiementation of a

speech recognition interface.
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2.2 Synthesis of compliant mechanisms

Compliant mechanism design is performed via one of the three maibtiched

in Table 2.1:

Table 2.1. Compliant mechanism design methods

Pseudo-rigid body
(lumped compliance)

Continuum topology
(distributed compliance)

CBDM
(modular kinematic)

-Combination of rigid ang
compliant elements

-Compliant joints conneg
rigid elements to forn
kinematic chains

1 -Combination of element
with distributed compliance

t-Continuum-topology
) generation based (o

rwhich
tsonstraint/freedom

envelope and inputs-outpu

-Motion driven by constrain
stopology of mechanism

-Concepts
combining modular flexure
provide

generated k

desire(

—

Dy

} ==

The Pseudo-rigid Body Model [19] and Topological Synthesis method [3] have

been widely used in the kinematics and mechanism communities datkdgdas early

as the 1980s. The foundations of the constraint-based method were layd\dakwell

[20] in the 1880s during his quest to design compliant instruments andc elast

mechanisms to support his physics research experiments.

Thedmieas been

developed and continues to be advanced to meet modern challenges viehresear

several MIT Precision Engineering Labs. The method is atteabecause it is based

upon motion visualization and is therefore well-suited to conceptualagpenent [2].

Well-known shape and optimization methods may be used to refine corafegpt the

initial concept generation p

hase.
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2.2.1 Pseudo-Rigid Body Model

The pseudo-rigid body approach models the deflection of flexible nrembing
rigid-body components that have equivalent force-deflection chasdicte(Figure 2.2).
[19, 21]. The rigid analog of the compliant structure is then andlyseng traditional
mechanism design methods and the principle of virtual work to ascég&inematic
and elastomechanic properties. The primary aim of PRBM is tdeimather than
synthesize and so it is not ideally suited to generate margrattf concepts. Pseudo-
rigid body modeling (PRBM) is utilized as an alternative fgomus large-deflection
analysis methods in order to provide a more efficient method itee aat and improve

these initial designs.

Torsional spring

/ Rigid link

(@ (b)

Figure 2.2. Flexible element (a) and the pseudo-rigid body analog (b)
2.2.2 Topological Synthesis

Topological synthesis is a concept synthesis method that is basedamputer
algorithms that begin with a starting shape for a complianthamesm and then

determine how to add/subtract material in order to create cendbpt satisfy
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performance specifications [22, 23]. This approach is highly tefeedor the rapid
synthesis of unique, non—precision compliant mechanism concepts in applications such as
robotics, MEMS and aeronautics/airfoils. Unfortunately, topologyh®gi$ cannot be

easily used to solve most precision flexure design problems.

The synthesis of shape morphing compliant mechanism is different threm
typical single output design problems. This is due to the multggiieut points along the
morphing boundary. Lu and Kota have developed a genetic algori@m)-hased
synthesis approach, incorporating a binary ground structure parzate, to
systematically design shape morphing compliant mechanismsHi2dife 2.3 represents

a typical procedure using this approach.

Typical Synthesis Procedure (a) Homogenization (b) Ground Structure
Step 1: Problem Specification Fal Fal
- Define design domain 7 7
- " 1 i Ground i i

- Apply boundary conditions B Denmdnan Deskorrdosmon

External load = External load =

I I

Step 2: Design Domain Parameterization
- Discretize design domain T %
- Define design variables % J' )
Step 3: Topology Optimnization
- Define objective function 7~

- Choose and implement optimization
method

Step 4: Final Design Interpretation

- Filter out elements with values under
certain threshold

- Interpret final topology

N 8
I N‘\-Ev | \\V\—E

Figure 2.3. Typical topological synthesis procedure (by permission of ASME) [24]

This approach, however, does not always result in a valid solutionvéoy e

problem. Because of the topology optimization, the result is highpgradient on the
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initial mesh configuration and the method sometimes produces disconsé&cietdres

(Figure 2.4).

External loads

| e v v ¥

<
Pl

Fixed points ﬂ T
Input actuation

Initial design domai Floating structure

\ b4

= ’ !

Ungrounded desic Disconnected inp!

Figure 2.4. Typical disconnected structure results [25]

In subsequent work topological synthesis has been augmentedlagith path
representation, which is used to overcome the issues encounterethadiary ground
structure parameterization [3]. At the foundation of the load pattoapiprays a design
domain parameterization method that utilizes the load path ofc@w&uThe topological
connection of the method generates three types of paths: from ;mputtguts, from
input to fixed points, and from fixed points to output points. However, tiaégnable
topology connectivity is limited by direct connection between the poitset of grid
points are used as the intermediate ‘connection ports’ to allow @ulittonnections

between paths and to increase the variety of available topologies [3].

Utilizing the intermediate grid points the GA is capable tacieffitly detect the

invalid designs and exclude them from the solution space with desigable data



14

structure, using the path information. The load path approacts aféeeral advantages
over previous methods, such as (a) eliminating the need of ahgndiand structure, (b)

ensuring structural connectivity, and (c) yielding solutions tlategate desired shape
change efficiently. However, the designers have little cbwotrer the resulting solutions,

often ending up with overly-complex topologies (Figure 2.5)

L pin joint

m— initial
- taryet
=s deformed

450 F

400

50k initial P fixed point
curve

3001 ¥
20F :

*
am|  target *

”

il curve \-\';._- *

100
gl deformed .% 10mm

curve T
-200 -100 0 100 200 300

unit. mm

Figure 2.5. TS-generated compliant lumbar support [25]
2.2.3 Constraint-Based Design Method

The fundamental premise of the constraint-based method is tmabtidins of a
rigid body are determined by the position and orientation of the egmsk&lements
which are placed upon the body. An ideal constraint is definedresrdoer that has zero
compliance in one direction and compliance in two directions. Anghar@ésm motion
path can be defined by the proper combination of constraints and non-cissta
unconstrained 3D rigid object has 6 degrees of freedom (DOF). Prppkration of
non-redundant constraint elements eliminates a DOF in a one-t@asmerf. Figure 2.6

depicts a circular object constrained by two constraint memimeosie configuration, the
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allowable motion of the circular object is pure translation. The athvfiguration results

in single axis rotation.

Constraint Constraint
elements elements

L\

3

\ \
Pure rotation Pure translation

MMM

Figure 2.6. 2D constraint cases a) single axis rotation b) pure translati

Maxwell applied the concepts of constraint member to compliant mischs,
Hooke’s Law of elasticity [26], beam flexure theory [27], and Meal's own principle
of reciprocity. Post Maxwell, physicists and precision ergi®ieused his method in
combination with instant centers (2D screws) to visualize and afenéndividual
mechanisms and modular mechanisms. Through the work of Blanding [1]aed2H

the early theory of constraint-based method was codified and published.

The six steps in the design method are as follows:
1. Determine design requirements: motion path, stiffness, load capacity, etc.
2. Perform motion path decomposition: arcs, lines, rotation points, sub-paths.

3. Define constraint topology definition: high and low stiffness directions.
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4. Generate concepts: mechanisms that satisfy constraint topaidgyeaomposed

motion paths.

5. Perform simulation and concept selection: operational range, ssiffnes

characteristics, manufacturability, etc.

6. Perform size and shape optimization: stiffness, load capacity, effjietc.

One of the design difficulties associated with CBDM is the gmity of the
constraint topology. Consider the combinations of constraints in FigaréRe design
objective was to apply constraints to a rigid body to restgcmibtion to one degree of
freedom pure translation. Two design solutions are illustratedh &aation is distinctly
different yet produces the same motion: a single traoskitidegree of freedom. This
problem becomes especially prominent in general topology cases thleeconstraints

are no longer orthogonal.

pure
translation
sheet W,
flexure

reference
body

reference
body

Figure 2.7. Constraint ambiguity [28]
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2.2.4 CBDM tools

One of the recent developments in the constraint-based method ispatecm
based synthesis tool, which enables a designer to quickly sketceptatesigns on a
computer and perform rapid simulation and optimization, named CoMeT [2%n Ibe
used to perform synthesis of 2D and 3D compliant mechanisms viaar2puter screen

(Figure 2.8).

Fle ew references Help

i}

5
Configure Probe node Prabe other o
1 ‘ S
Define a lingar combination of load magnitudes: : s
o load #1 1 Ibf E
O load#2 1 Iof 5r :

ampfactor. < | seo

Max beam width: 2

Compute stresses Plotl ir

|[ Edt | I [ sensituity | optimize || Diagnosis ”

Please click on a node 1o retrieve fts response A
Analyzer Ioaded

Starting Static Analyzer ... please wait

Select a node to view its properties. vl
< >

Figure 2.8. CoMeT interface

CoMeT connects the Graphical-User Interface (GUI) with MATLAB corator
routines. The results of the mechanism analysis, such as display ftdxed mechanism
shape and numerical data which quantify displacement, stréfsesstiand screw axis
location/orientation, are provided to the user [30]. This data is presenteumerical
form (e.g. as in FEA) and in matrix form (provides direct acbmatnotion equations).

The CoMeT analysis procedure is shown in Figure 2.9.
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Define compliant
mechanism
geometry

Define boundary
conditions

[ Deformation ] AnalySIS and [ Stress-strain]

response interaction analyses
[
N N4
Optimized Sensitivity
size/shape analysis
( 2D template )

Figure 2.9. CoMeT design flow [31]

The CoMeT program can be used to synthesize compliant mechahamsove
in 2D and 3D. The design of 2D compliant mechanisms is easily acodated with the
traditional human-computer interfaces (HCI) of a monitor, a keybaraglca mouse, or, in
case of a Tablet PC, with a touch screen and a stylus. CoMe$ ogl linear elastic
deformation analysis that, while less accurate than a rigoarge ldeformation FE

analysis, is sufficient to rapidly narrow down a list of possible design concepts.

CoMeT has been created to aid in the design of motion controllingamisms.
These types of mechanisms are designed to move an externaliolgetesired motion.
This design problem is different than the problem of shape morphing wWeedesign
problem it to achieve a desired shape. The rest of this thesimesuth design
methodology to synthesize compliant mechanisms to achieve shapeimgavpa given

structure.
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CHAPTER 3. METHODOLOGY

The research presented here expands the scope of CBDM tesibe df shape-
morphing structures. The goal is to identify the number and topabgfye constraints
that will produce the desired shape. The method consists of two d&eps: modeling
the entire desired shape by a series of rigid four-bar linkémeadentify candidate
constraint anchor point regions, then refining the structure by anglifze deformable
members to identify the best location of the constraint anchor pdimessuitability of fit
of the final design shape is determined by a least squaresetvegen the target shape

and the achieved shape.
3.1 Method overview

The method begins by dividing the source (initial) shape into a numblésanéte
segments. The endpoints of these segments are also located affiéddentthe target

shape curve (Fig. 3.1).

Source curve

Target curve
Xo

Figure 3.1. Segmentation of the source and target curves
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A constraint member is created for each segment pggnX{, X, andXs). One
end of a constraint member is attached to the segment point aonth#éreend of the
constraint member is attached to the ground. The ground attachnsalédsthe anchor
point. The design goal is to locate the anchor points such that whemetti@nism is
actuated by a force, the surface bends into the target shape.

The combination of constraint members and curve segments is mode&ed as
series of four-bar mechanisms to fit the source curve (R Jraditional planar
kinematics is used to determine the configuration of each four-liae ichain for a given
input angled, (Fig. 3.3):

Segmented source curve

e

I
XH Init_ial anchor
/ points
2

Figure 3.2. Initial curve and constraint members

Deformed rigid profile

/ Pivots

Figure 3.3. Deformation of the rigid four-bar chain

The next step is to optimize the structure to obtain the locatwnsath anchor

point. The objective function follows the method proposed by Kota and LwJaigh
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minimizes the difference between the target and the achiewdtdeprof the active
surface based on the Least-Square Error method. The resdilesagtimization are a set

of potential locations of the anchor points based on the rigid four-bar linkage analysis

In the next step, the rigid body approximation is replaced witlexabfe body
model (Figure 3.4). The initial locations of the anchor points andeiipment points are
retained from the kinematic optimization. A small region around editdd anchor point
location is specified as the possible feasible region for the @ptimized location of
each anchor point. The shape is optimized by varying the locatidre aginichor points
and the input actuation force. The objective function is to minimize the leasés@ueor

(LSE) between the target profile and the solution profile.

Deformed flexible profil

Actuation forci /
—

N

Flexible elemen

Figure 3.4. Deformation of the flexible model
Figure 3.5 summarizes the design sequence. The steps follow:

a) Given the values of the anchor points and the input angle (initialesnmiatiate),

and the location of the segmented vertices on the source ceteemhe
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theoretical response of the structure to variations of the input asgig rigid
body kinematics methods.

b) Vary the location of the anchor points within the available anchaone&: and
change the value of the input angle within the specified bounds, vaniputing
the cumulative difference (LSE) between the attained sugfaire locations and
the desired locations of those points on the segmented target curve.

c) Stop once the lowest value of LSE is found define a small areadareach
anchor point location as the feasible domain for the initial anchor locations.

d) Keep the constraint configurations from the kinematic model, and ntbdel
structure as composed of flexible members.

e) Optimize to find the location of the anchor points by minimizing the LSE between

f) Examine the final solution.
A
A
(a) (b) (©)

Figure 3.5. Design sequence overview: a) through c) is based on rigid body kinematics

the desired shape and the computed shape.

d) through f) is based on flexible body modeling
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Figure 3.5. (continued)

3.2 Initial anchor selection

Two methods were considered for selecting the initial anchor positiamgom
and CBDM. Random method populates the available anchor region with thesargce
number of anchor points using a random-number generator to assigmx-tlagid y-
coordinates. The constraint-based design method defines the possilbtaibregions

where anchors can be placed.

3.2.1 CBDM anchor selection

CBDM limits the possible constraint regions to just those regiuatsare feasible
with the application of a constraint member. In general, for theadisplient of a single
point, the anchor of the constraint member would lie on the perpendicuttdois
between the two positions of the end of the constraint membemawes between the
source and the target curve. Figure 3.6 shows both the entirebévaitechor region and

the CBDM constraint regions.
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Possible CBDM
constraint region 2

PossbleCcBDM o

constraint region 1

Figure 3.6. CBDM-based constraint regions

The union of the possible constraint regions and the available aegfian result
in valid solution regions for anchor positions. The initial anchor placesmemet then
chosen along the perpendicular bisectors that connect points on thentsshiseurce
curve to the corresponding points on the target curve. The actuabpaditach anchor
on the perpendicular bisector is determined by the maximum ancigtin Iepecified by
the user, as well as the bounds on the available anchor regiore Bigutepicts some of

the possible anchor placement scenarios:
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Median line of the Constraint region

anchor region

Anchor region (R) Anchor point
(@) (b) (©)

Figure 3.7. CBDM-based initial anchor placement

The following section investigates the viability of the constreaged method versus the

random method for initial anchor placement.

3.2.2 Kinematic feasibility of the initial anchor placement methods

The kinematic analysis of the segmented rigid-body four{paroximation to the
compliant structure is the first step of the design method outlm#ds work. Therefore,
it was deemed necessary to investigate the behavior of thendtce solver
corresponding to the two available options for generating theligtiasses for the
anchor point locations: random and constraint-based. Three design problsorééde
in detail in Section 5.1) were considered for this study. The glot&ica region was
populated with 10 sets of randomized anchor positions, followed by aaot$siased
anchor position set. The optimized kinematic response of the rigidtiee was

calculated for different number of anchors, and the least-squarevatues along with
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the algorithm termination times were recorded. Appendix B contaiadetbdata on the

simulation runs.

Based on the results of the study it was concluded that the resedbgeneration
of the initial values for the anchor positions often causes the kiies@ver not to
converge on a valid solution, especially for configurations with gelarumber of
anchors. An incorrect kinematic configuration of the segmented-bmily four-bar
approximation to the compliant structure will in turn result inirecorrect FEA-based
solution to the flexure response. Therefore, the design method outlinéds ithesis

utilizes only the constraint-based method of placing the initial anchor points.

3.3 Optimization problem

The goal is to minimize the cumulative difference betweendhget curve and
the achievable curve. Since both shapes are segmented during kiesisyiiie objective

function results in minimization of the LSE [24] for each segmented endpoint:

Diff =%i¢(xf’i X2+ (YO YT D)

where (X", Y) and (X°, Y°) are the points on the target curve and the actual curve
respectively, and is the total number of points. The target (and the source) carees
specified by the user, and are used in the constraint determinadioespr The actual
curve, achievable with the designed topology, is computed either dboengitial stages

of the implemented design sequence via kinematic analysis andnitlh the aid of a
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basic Finite Element Analysis (FEA) code, capable of limdastic analysis of isotropic

structures containing beam and rigid plate elements [30].

The acceptable solutions are constrained to lie within the bleadachor region

Rc, as outlined in Equation 2.
(XY, eR., i=1,m 2

where(X®,Y%); is an anchor point for a constraint,is the number of constraints, aRg
is the region of the workspace available for constraint positioningamakysis proceeds
with the following additional assumptions: elastic deformations ordypall
displacements of the individual constraints, and predefined limiteectidin and

magnitude of actuation input(s).

The coordinates of the endpoints of each constraint element anchomjibint
the available anchor region serve as the design variables. Thiajmatsangle fo, for the
segmented rigid-body analog structure, or the input actuation, férae case of the
FEA-based analysis step, are also design variables diege determine the input
displacement and the resulting shape of the structure. Practiallyconstrained to the
range ofr/4 to 3u/4. The operational envelope of the compliant structure actuation force
(direction, magnitude, application node) depends on the material pespassociated
with the structure and is directly tied to the geometricafile of individual compliant
elements. Furthermore, the number and the size of each segnedeneeht can be

adjusted to control the total deflection of the curve.
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Finally, the optimization problem can be stated as follows:

min  FXS, YC, 0o, F) = 1ZJ(xDi —XT) 2+ (YR =YTi)?
Nz

where
XP = Gx(m, X%, Y€, 8y, F),
YP = Gy(m, XS, Y©, 0, F);

ST. (XY, eR., i=1,m
Finitial < F < Ffinal

Oinitial < 00 < Bfinal

3.4 Shape segmentation and kinematic analysis

Figure 3.8 depicts a single ‘cell’ of the segmented compl&ructure, which
spans two neighboring anchor points and the corresponding two points on tineatiédor
profile. These cells are connected in series to provide theyatwlitdetermine the

locations of all points in the structure.
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Figure 3.8. Single cell in the segmented deformable structure

Here,SR, andSR,.; are the two neighboring points on the segmented source surface, and
GP, andGP,,; are the anchor points. Given the four points, it is relatively easy to find the
individual link lengths in this 4-bar mechanism, and, ultimately, #pression for the
output angley, angle which relates it to the inpat angle, with the aid of traditional
planar kinematics analysis [32]. Thg angle can then be used to determine éhe

angle, which can then be used to determine the configuration of xhd-bar ‘cell’ in

the structure. This is repeated for all cells within the modlels modeling approach
results in the ability to know exactly how the segmented steictiefined by the

collection of anchor and surface points, will deform with the given input &agle

3.4.1 Basic kinematic analysis

The initial segmentation of the compliant shape-morphing profild the
subsequent solution steps (a), (b), and (c), introduced in Section 3.bnhelgn rigid

body modeling. A rigid body is defined by a set of points on an otijatalways retain
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constant distance between any two of them. The discipline of kimsmstconcerned
with investigation of the geometric aspects of motions of a rgdy (or several
connected rigid bodies) without consideration of the forces causingdhens [33]. A
mechanism can be defined as a collection of rigid bodies connectttigdogith joints
that constrain their relative motion [34]. The connections are destyr@s kinematic
pairs, and every rigid body involved in the construction of a kinenpaiir is designated
as a link. A sequence of links connected by kinematic pairs forkngeaatic chain,
which can be either open or closed. In order for a kinematic chdie tdassified as
closed, every link in the chain must be connected to at leasbttver links, with one of
the links in the chain being fixed. Furthermore, a simple kineroht is defined as a
kinematic chain composed exclusively of binary links, that is, linkisdbanect exactly
two other links [33]. A mechanism comprising links that move in plaaesllel to the
base plane and joints with axes that are strictly perpenditoldéne base plane, is
designated as a planar mechanism [34]. The investigation of theestgl compliant
structure’s kinematic response presented in this thesis oglidee synthesis and analysis

of planar single-loop closed kinematic chains, or mechanisms.

Each cell is represented as a planar four-bar linkage. Vectorelpagtions are
written to analyze the motions of each fourbar cell [35]. FigiBedepicts the vector
loop representation of a fourbar, similar to the one in the Figure Be&ewvthe links are

drawn as position vectors that form a loop.
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Figure 3.9. Position vector loop for a fourbar linkage

HereR1, Ry, R3, andR, are vectors and, b, ¢, andd are link lengths. The corresponding

vector loop equation is as follows:
R,+R3-R4-R;1=0 (3)

Substituting the complex number notation for each vector we arrivkeafollowing

expression:
ad?+pd®-cd”-déd"=0 (4)

Consideringé, as the independent variable and substituting Euler equivalents for the
complex numbers results in two trigonometric equations, &itdndd, as the variables.
Following substitutions of trigonometric identities, we can arratethe following
expression fod, (it is not necessary to utiliz& in the scope of the design problem at

hand):
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0,1, = 2arctarE_ B ‘ZB;\_ 4AC} , (5)
where

A=cosd, - K, - K, cosb, + K,

B =-2sing,

C=K,—-(K,+1cosd, + K,
and

Klzg Kzzg K3:az—b2+c2+d2

a C 2ac

Note that there are two solutions for Equation Bese two solutions can be of three
types:real and equalreal and unequalandcomplex conjugaterhe solution is normally
expected to be of threal and unequal typevhich results in two distinct values @f for
any given value ofl,. These are classified as the crossed and opeigomatfons, or as
the two circuits of the analyzed linkage [35]. Ghasd Mirth define a circuit of a
linkage as “all possible orientations of the linkshich can be realized without
disconnecting any of the joints” [36]. If more thane assembly is required in order to
guide a mechanism through the specified desigrtipnsj the mechanism suffers from a
circuit defect. On the same note, a branch issandt configuration of the mechanism
associated with a given position of the input lif3«]. If more than one branch is
associated with the prescribed design positions, ntechanism suffers from branch

defect. In this case, it is possible that, whilesgdag through a set of positions, the
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mechanism may experience a change in branch aed @&isingular configuration. This
will sometime cause the mechanism to fail becaleertput link is no longer capable of
driving the output link [38]. Also of concern iselpossiblecomplex conjugatsolution,

which means that the specified link lengths areaapable of forming a closed fourbar

for the chosen value of the input ange

Methods to address these potential problematicasmenin the context of this
research are described in the subsequent sectiote. tNat thed, and 6, angles are
expressed with respect to the ground liRK) (of the fourbar linkage, which is assumed to
be coincident with the X-axis of the correspondauprdinate system (Fig. 3.9). Since
this is most likely not the case in the generalfigomation of the segmented structure,
with each cell having its own unique orientatiorspacef, andd, values that are passed
to each subsequent cell for motion analysis areneated with thex, angle in order to

express them with respect to the global coordisgstem .

3.4.2 Solution filtering

The initial configuration of each fourbar cellnfti lengths, pivot locations) as well
as the overall segmented structure are guaranteexidt, i.e., the specified link lengths
will always be capable of forming a closed fourbldowever, once the anchor pivot
locations and the input anghe are modified, either during the optimization setesor
through direct user input (as outlined in the desrgmework functionality section), it is
expected that one or several of the fourbars inctien will either undergo a branch

change, or will be physically impossible to asseambl
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Branch defects pose a significant problem, noty dmcause input link can
become no longer capable of driving the output Imkhe singular configuration of the
mechanism, but also due to the fact that eachatized fourbar cell will eventually
serve as the basis for the corresponding compflertire cell. In the context of the
shape-morphing compliant structure design, a brahemge will almost certainly result
in the catastrophic failure of the correspondingnsent of the shape-morphing profile.
Due to the random nature of the anchor pivot pmsiig and the input angle values
during the optimization sequence, either of the watues ford, (assuming they are real
and unequal) can correspond to a branch changeregsect to the original fourbar cell

configuration.

To filter out the configuration wheré, values result in a branch change, the
transition angle value is examined. The transmissingleu is defined as the angle
between the coupler link, represented in Figurel®.9ectorR3 and the output link,
represented in Figure 3.9 by veck®4 [35]. It is usually assigned the absolute value of
the acute angle of the pair of angles at the iatgi@n of the two links. The definition is
modified slightly here, and is specified as the positive angle between ve®g@ndR,
(Figure 3.9). The transition angl@er associated with the segmented fourbar cell in its

default (initial) position is computed, comparedtiie possible two ranges of its values
0° < u <180 and 180 < <360, and its range association is preserved for future

comparison. The two transmission anglesre calculated each time a new pair of@he
values is obtained, either during user interactioduring the optimization sequence. For

each value of th@ angle its range association is compared to thauttefransmission
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angleuqer. If they belong to different ranges — the correspog 6, value is discarded,
since it will result in a branch change. Figured3depicts one of the initial configurations
of a fourbar cell (a), the corresponding acceptahlgations of the transmission angle
(b, ¢), and an invalid value far that would result in a branch change and is toheeef

discarded (d).

(a) (b) (© d

Figure 3.10. Thé’ < 4 <180 branch of a fourbar cell

The other problem arises when the t#ovalues obtained from Equation 5 are
complex conjugatesn which case the fourbar cannot be physicalseatbled. If such a
situation is encountered during the optimizatioquemce the corresponding variables
(anchors positions, input angle) are simply disedrdDuring the interactive kinematic
analysis, where the user gradually varies the igmgle, the application continuously
keeps track of the valid segmented cell configoredi If the user attempts to specify an
unattainable segmented profile - one of the pres/iealid configurations is retained for

the current visualization state of the structure.

The solution filtering methods work well when armahg each fourbar cell
individually. They also hold true as the designnfeavork sequentially processes the

segmented fourbar chain representation of the shmmpphing structure. However, a
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problem arises if a branch change defect (for exanmgp encountered a few cells down
the chain of the fourbar mechanisms. In that cheegteceding cells have already been
updated to their respective new deformed stateésaryecells after the problematic chain
entry will be rejected as unacceptable, resultingthe discrepancy in the overall

deformation behavior of the segmented surface

In case of the fourbar chain in Figure 3.11, fourBa has attained its toggle
position (stationary configuration), thus restragiits future motion, as well as the
motion of the next fourbar cell in the chain (#Bjowever, as far as the sequential
kinematic solver is concerned, fourbar #1 can cmmtiits motion, since in this case its

motion parameters are determined before the rakeathain.

Figure 3.11. Defect in the fourbar cell chain

Due to the iterative nature of the kinematic motioralysis for the entire chain of
the fourbar cells the only suitable method to av&idh scenarios is to pre-process the
entire fourbar chain with the given input parametesthout a permanent geometrical
update of the individual cells, instead analyziaglecell for a potential problem. If such
a problem is detected for any of the cells regasdlef their total number, the entire

potential deformation configuration candidate iscdrded and the next set of input
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parameters is processed. If no problems are ddtecte complete analysis sequence is

performed on the fourbar chain along with the upslaif respective geometric data.

3.4.3 Optimization details

The general standard optimization problem (SORgstant, outlined in Section
3.3, is modified in order to reflect the specifantbination of the input design variables
associated with the segmented rigid-body fourblrepresentation of the shape-

morphing profile:

min  FXS, Y€, eo)=%iJ(xD,-—xT,-)2+0/D;—YT,-)2 (6)

XP = Gy(m, XS, Y, 8y),
YP = Gy(m, XS, YC, 09);

ST. (X°,Y%), eR.,, i=1,m
/4 < 0y < 3n/4

with (X%, Y°); as an anchor point for a constraimtis the number of constrain®; is the
region of the workspace available for constraingifganing, andn is the total number of
data points used for computing the LSE differeneevben the attainable and the desired
(target) profile. Note that each constraint haspacsgic constraint positioning region
associated with it. This region is derived from tingial CBDM estimation of the
plausible solution spaces. Furthermore, the nurab#ire shape profile evaluation points

is significantly larger than the number of the damsts, since each of the segmented
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elements contains multiple evaluation points. Tisidone to improve the fidelity of the

LSE computations and is especially important as¢ stage of the analysis since we
operate on rigid straight elements (fourbar linksigure 3.12 depicts the potentially
drastic difference in the LSE value computatiorsoamted with simply considering the

endpoints of the link versus considering the inestrate points along its entire length.

Target

curve

\

Fourbar link Fourbar link

Figure 3.12. LSE computation for a single segmegrtenhent
with and without intermediate profile points

Each iteration of the optimization cycle considarsinique combination of the
anchor positions and the input angle, generates the corresponding geometrical
configuration of the chain of the fourbar cell wsikinematic analysis presented in this
section, and computes the associated LSE valuee clowest attainable LSE value is
achieved, the optimization cycle is terminated, #redanchor positions are forwarded to

the FEA-based flexure optimization engine.
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3.5 Flexureanalysis

The representation of the shape-morphing profike a chain of rigid planar
fourbar linkages is well suited for approximatinigetlocations of potential anchor
candidates in the shape-morphing structures. Thecaged kinematic analysis requires
little system resources, which lends itself to guionvergence of the optimization cycle.
However, in order to properly model the response @ompliant structure additional
analysis is required. This design framework utdize Finite Element Analysis (FEA)
solver in order to generate acceptably accurateoappations to the physical response of

a compliant shape-morphing structure.

3.5.1 Linear elastic deformation analysis

One of the goals addressed during the developofetfiis design framework is
the implementation of a self-contained FEA engiAdier some consideration, its
intended functionality was restricted to the linedastic deformation analysis. The
reasoning is to retain the basic philosophy belivedCoMeT design tool (described in
section 2.2.4) — enabling the end user to rapigpiare multiple solution spaces in order
to quickly arrive at the final solution. According Culpepper and Kim, small-to-
moderate motion simulations are much less comunally intensive when compared to
large motion simulations; however, they are stilillyf capable of identifying a
mechanism concept as either promising or inappeii30]. Table 3.1 lists numerical

comparisons between the analysis results of a coomhd-EA package and a linear
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elastic solver for a compliant beam (1m x .05m &m) in cantilever and four-bar

configuration and with small and large deformatieeding conditions:

Table 3.1. Comparison of large and small deflectesults [30]

F.A >

F, A

74

NN

Deformation scale Small & [microns] Large & [mm] Small 8 [microns] Large & [mm]
Linear elastic
deformation model 3.127 313 5.621 281
ADINA 3.122 289 5.587 265
% Error 0.16 8.30 0.61 6.04

Error magnitudes listed in the table, while sigrafit for the large deformations, are quite
sufficient to narrow the list of possible desigrpatogies down to a few promising

concepts, which can then be analyzed in detail [30]

3.5.2 FEA solver setup

The compliant shape-morphing structures primaoibperate in two dimensions
with regards to the profile changes. The FEA solw#dized in this design framework

relies on beam elements arbitrarily oriented ircep#ig. 3.13) [39].
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Figure 3.13. 3D beam element [39]

Direct superposition of the stiffness matrices asged with the bending ix-y plane x-z

plane, and the axial stiffness matrix yields théofeing element stiffness matrix:

ATE 0 0 0o 0 o -2E o 0 0o 0 0
0 1??2 0 o o 6?2 0 _12?1 0 o o 6?2
12| 6E| 12| 6E|
0 0 = =5 0 0 0 = - 0
0 0 0 % 0 0 0 0 o & o 0
6EI, 4EI, 6El, 2El,
0 0o -—— o0 0o 0 0 . 0 0
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o e 0 o o B o, &L o o %L
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AE AE
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0 _12?1 0 o o _elez 0 12?2 0 o o _elez
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0 0 =+ 0 5t 0 0 0 = 0 b o
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whereE is the beam material modulus of elastici,is the shear modulug\ is the
cross-section area of the beam elements its length, andy andl, are the second
moments of inertia about tlye andz-axisrespectively. Before the global stiffness matrix
can be assembled, the individual element stiffmeagices need to be transformed from

local to global axis system via the following exgsi®n [39]:
k=1k1, (8)

where/ is given by:

9)

ﬂ3x3 a

I rln n
m

=l -— = 0
X’SX?) |D D ’ (10)

_n_men D

. D D 4

X, — - Z,—

where | = 2LX1,m:y2Lyl,n= ZLzl,andD:\/I2+m2 (11)

Following this transformation and eliminating thielzpl stiffness matrix entries
associated with the grounded nodes of the indivitbleam elements, we arrive at the

following fundamental expression:

KA=V, (12)
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whereK is the global stiffness matrix, is the node displacement vector, anis
the loading vector. The vector can be found using any number of soluti@thomds — in
this case and LU-decomposition solver routine wsesdu Once the node displacements

are determined for each of the beam elements we/eeche internal forces associated

with each one, utilizing the origindf( developed for the given beam. Linear beam
deformation theory is then utilized to compute dieflection values at each of the sample

points along the length of the beam element.

3.5.3 Optimization details

Similar to the rigid body kinematic approximatioptiization problem, the new
optimization problem includes the specific combimatof the input design variables
associated with the segmented rigid-body fourbdl wpresentation of the shape-

morphing profile:

min F(XC, YC, F):%Zn:\/(XDj—XTj)2+(YDj—YTj)2 , (13)

where
XP = Gy(m, X%, Y, F),
YP = Gy(m, X%, YC, F);
ST. (XY eR., i=1,m

with (X©,Y%) i as an anchor point for a constraimtjs the number of constraints,

Rci is the region of the workspace available for c@mst positioning, andh is the total
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number of data points used for computing the LStertince between the attainable and
the desired (target) profile. Note that once agsich constraint has a specific constraint
positioning region associated with it; however thise the region is based on the
estimated anchor positions obtained from the riigidrbar chain optimization step.

Similarly, the number of constraints is normallyt mgual to the number of the shape
profile evaluation points. Each iteration of thetiopzation cycle generates the

corresponding deformed profile using the lineaswtadeformation methods presented in
this section and computes the associated LSE v@inee the lowest attainable value of
the LSE is achieved the optimization cycle is tembed, and the final anchor positions

are presented to the user.
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CHAPTER 4. IMPLEMENTATION

4.1 VR design environment

To take advantage of the unique data investigadimh interrogation capabilities
offered by VR, a scalable compliant shape-morplstrgctures design framework has
been developed. It is currently being used on &tdpsVR system, consisting of a

computer workstation equipped with a set of stgflasses and a haptic interface device

(Figure 4.1).

Figure 4.1. Design framework in different VR setups

The design framework can also be utilized in ayfuthmersive multi-screen
projection environment. Additional challenges exiten attempting to implement a
haptic interface in such an environment, since ibagtvices are usually intended for
desktop use and have a relatively small physicaksgace [40]. Figure 4.2 shows the
virtual design environment with a sample mechanissplayed in its original shape and

deflected shape with applied loads and constraints.
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Figure 4.2. Compliant structure in its initial atheformed

states, displayed in an immersive VR environment

The framework allows designers to define the pmobknd view the solution
within the virtual environment. An assortment oftwal tools support initialization,
positioning and modification of the standard complisystem elements, and input of the
loading conditions of the proposed design (foraschor points). Design is assisted
through force feedback from the haptic interfackicl allows precise positioning of the
elements via ‘snapping’ to the already-defined Ueeg. Furthermore, users have the
ability to modify the material properties of thenstructed compliant system, change the
geometrical configuration of the components (dbgam cross-section), and investigate
the elastic response of individual beams. An ewblget of haptically-enabled menus
provides for effective control over the design feamork’s functionality. The design
framework is written in C++ using VRJuggler [41{.clan run on any operating system

that is supported by VRJuggler, including Microséfindows, Linux, and IRIX.
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4.2 Design problem solution sequence

This section will outline the individual steps itved in the design of a compliant

shape-morphing structure using the design framework
4.2.1 Problem definition

Figure 4.3 depicts the basic interface to the desigmework with the main
menu. Users have the ability to navigate the 30renmnent and select the operational
mode of the framework via a set of haptic (forcedfeack assisted) menus. Users can
also enable ‘snapping’ to one of the sketch susfaeffectively eliminating one of the
degrees of freedom from the shape definition spackrestricting the designed profiles

to XY, XZ, orYZplanes.

Shalpe Morphing
Na igqrinr\
Toggle |Sketch Surface
Defline |Soutce
Defline |Target
Defline |Anchor |[Spage
Generate Linkages
Motion | Studly
Quick Flex
Kinemaltic Opt.
Flex—Opt:
Write File

Y £ T 4
Denetc—=ast

=

ik,

Figure 4.3. Main design environment

Figure 4.4 depicts the first stage of the desiggueece, which involves
specifying the two distinct profile configuration$ the compliant structure. The profile

of the structure in its natural (un-flexed) configion is designated as the source profile
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(yellow curve), and the desired configuration of 8tructure is designated as the target
profile (blue curve). The continuous curves areicu-splines that pass through the
user-defined control points. Users have the abilityspecify an arbitrary number of
control points for both the source and the targefiles, as well as the ability to modify
any existing control points. This allows for spawtion of any potential profiles. In
Figure 4.4 green spheres on each of the curvesseptr the control points, and yellow
cylinders represent the initial estimated locatiforsthe pivots of the segmented rigid-
body representation of the compliant structure tilitbe used in the kinematic motion

analysis

Target profile

Curve control \ Segmentation

pOInt \_\ \ I // pOInt

Source profile

Initial estimated
location of pivots ||

Available
anchor region

L o. .-J (Re)

L 4 [N
P /

raljgtt LUT YU

o ag
WD TITRLIVIL..

[a '

Figure 4.4. Source and target curve specification
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4.2.2 Kinematic analysis

Once the user is satisfied with the problem d&déinj he or she can proceed with
the kinematic analysis of the segmented curve. rEigu5 depicts the chain of the
individual fourbar linkages/cells responding to thetion of the driving link of the first
cell in the chain (on the left). The Least-Squdte®r is also computed and its value is
provided to the user. At this point in the desigaugence the user also has the option of
viewing the motion of the linkage by moving thesfinode on the deformable surface
(utilizing the haptic interface) and observing tesultant mechanism configuration move

in response to the haptic input.

7 : o 1 o
ISTINCIIT AL L Il ¥y o1o

D [i111]
Figure 4.5. Chain of the fourbar linkages in th8etged configuration

4.2.3 Finite element analysis

Following the kinematic analysis of the structutee FEA analysis functionality
of the design framework is performed. Figure 4.ficts the shape-morphing structure,

subject to an input load, and the resulting defaioneaof the structure.
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Figure 4.6. Flexed configuration of the shape-mmglstructure

4.3 Functionality details

This section outlines some of the details behirgl klasic functionality of the
design framework, including force feedback, intéoac options, and mathematical

algorithms.
4.3.1 Haptically-assisted menu system

A stand-alone menu object class has been develdpesl.menu class has the
ability to initialize a new instance of the menyeab or change contents of an existing
menu object at any point in the program’s executexcept when the menu is being
displayed in the VR environment. The ability toange the menu object’s content at
runtime is used to update the information displayed menu to reflect the current state

of the design framework.
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During the initialization phase a title is assignedeach menu instance. The
menu contents are built by specifying the stringigieator associated with each option
(“Navigation”, “Define source”, etc.). The optioase numbered sequentially as they are
being added to the menu object. The menu objeatiiematically resized in order to
accommodate the title and option names of diffelemgths and the different number of
options. The menu geometry in the VR environmsrmreated using OpenGL primitives
and the GLF library [42]. GLF allows for display two- and three-dimensional text in
OpenGL, with a variety of supported fonts and diggiptions.

Menu interaction is the primary operating statehaf tlesign framework, taking
precedence over any other activities or stateshefapplication. Users can access the
menu system at any time by depressing the corréspgpriutton on the haptic device.
Once the menus are displayed, navigation withinathalable set of menus is performed
by moving the haptic end effector. Vertical motiocorresponds to selection of the
individual entities within the current menu, whherizontal motion cycles through the
available menus. Both selection sequences are doajee, upon reaching the end of the
available selection options the selection reverthe first available menu entity.

The entire menu selection operation is assisteddoyinuous force feedback to
the user. Haptics were utilized for menu interactoimarily to reduce the time required
to make a particular selection and to increasefithaity of the interaction (reduce
erroneous choices). Upon entering the menu inferachode, the exact coordinates of
the end effector of the force feedback device aterchined, and a single haptic attractor
point is set at the corresponding spatial coorémafs a result the user experiences

slight resistance as he or she move the hapticdaway from the reference point. The
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end effector’s displacement is continuously comgugad, if it exceeds a predetermined
threshold (0.5 inches in the vertical direction $arolling within the displayed menu, 1.5
inches in the horizontal direction for switchingtween different menus), the next
option/menu is selected/displayed, and a new hapterence point is set at the haptic
end effector’s location. As a result the user feelequence of distinct “clicks” as he or

she navigates the menu system.

4.3.2 Source/target curve specification

It is expected that this design framework willdggplied to a diverse spectrum of
problems. As such, it is necessary to build antinpterface that supports user interaction
regardless of the level of complexity. The probfethe structure in its natural (un-flexed)
configuration, and the desired configuration of fimal structure are two of the primary
input tasks. The design framework should provide uker with sufficient control over
the geometrical layouts of the two profiles in arttieaccommodate any potential design
problem with arbitrary curve placements and thefigarations of the individual curves.
Current functionality of the design framework istrected to in-plane flexures; therefore,
a 2-D curve is sufficient to describe any profileterpolation of a natural cubic spline
was ultimately chosen as the appropriate curve rgéna method because it can
accommodate an arbitrary number of control poiats] it provides sufficient control of
the curve’s profile. Among all twice continuousliffdrentiable functions, natural cubic
splines yield the least oscillation about the iptéated functionf. Furthermore, unlike

other interpolation methods, natural cubic splinetually pass through the associated
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control points rather than pass close to them. ahavs the users to utilize real-world
coordinates and measurements (e.g., coordinateungeasachines, etc.) to precisely

define the design problem profiles.

A data set{)g} of n+1 control points corresponds to a cubic spline with

piecewise cubic polynomial§(Xx) :

SO) | xelxg, %]

BECRES RS

S(x) (14)

Sia () x el 1, %]

In order for these interpolations functions tockassified as a natural cubic spline

the following conditions are required:

The interpolating property is specifi€s(X ) = f(X) (15)

The spline segments are continuo8s,(x)=S(x), i=1..n-1 (16)

The curve is twice continuous differentiable,

SL(%)=5(%), SL(%)=5(x),i=1..n-1 (17)

Natural cubic end conditions are satisfie®(x,) = S'(x,) =0 (18)

Determination of the polynomial coefficients assted with the individual S(x;)

expressions is performed via the tridiagonal deamsition method [43]. The end result is
the ability to determine thgcoordinate for any point on the interpolating augpline for

the givenx-coordinate value. This calculation is performedyémerate the spline points
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for graphical display, as well as to determine $ipine segments to be used in the

subsequent mechanical synthesis of the compliauttste.

During the source and target profile definitiohe tcoordinates of all available
control points associated with either curve are itooed. If any changes in the
interpolating spline configuration are detected).(edue to moving one of the control
points or adding a new one), the polynomial cogffits are recomputed and a new curve

profile is generated and displayed on the screen.

4.3.3 Force feedback

The concept of haptics is primarily concerned wattquiring information and
manipulating objects through touch [44]. AccordiegSalisbury and Srinivasan, haptic
interfaces enable users to touch, feel, and maatipubbjects simulated by virtual
environments (VEsS) and teleoperator systems.[45ighificant portion of the design
framework’s functionality depends on the ability tfe user to experience haptic
feedback during its operation. Force feedback ikszed for all aspects of the design
process — from interaction with the menu system seiting up the initial problem
parameters to the investigation of the potentidutsm’s performance. It should be
noted, however, that all of the aforementioned fimnality requires only a 3-DOF
(Degree-of-Freedom) haptic device, as currentlyethe no need to provide any torque
force feedback data to the user. Therefore, thgulésamework can be potential utilized

on almost any commercially available haptic platfor
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Throughout this work a 3-DOF PHANTOM Omni haptievite from SensAble

Technologies was utilized (Fig. 4.7) [46].

Figure 4.7. PHANTOM Omni

The device was chosen due to its portability anthgact footprint, as well as its
industry-standard IEEE-1394 FireWire port interfaé@rthermore, it is capable of 6-
DOF positional sensing. Some of the operationahmpaters associated with the device

are outlined in Table 4.1:

Table 4.1. PHANTOM Omni specifications [46]

Force feedback workspace ~6.4 x 4.8 x 2.8 [|n]
Nominal position resolution ~0.0022 [in]
Maximum exertable force at nominal position 0.75][Ib
Continuous exertable force >0.2[Ibf]

One of the more severe limiting factors attributecche Omni operation is the rather
small magnitude of the exertable force it can pievio the operator. Therefore,
additional steps may be required in order to sttederange of the forces associated with

the operation of the synthesized structure to ¢theeffeedback range of the device.
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Another major factor to be considered by the haptiser is the significant
difference between the refresh rate required tdeeforces on the haptic device and the
refresh rate necessary to display the virtual emiarent. The frame rate of the graphics
part of the application is nominally between 30 &ddframes per second. If the frame
rate drops below 30 frames per second the uses tenexperience discontinuities in the
visual perception of animated sequences. Haptieskfrates, on the other hand, are
normally fixed around 1000 times per second. If ibieesh rate drops below 1000 Hz,
the user starts to lose the kinesthetic senseifbfcentact with the haptically-rendered
objects resulting a loss in fidelity [47]. To acamwdate the distinctly different update
requirements, haptics rendering and the graphindering are usually performed in
separate threads. This requires synchronizing taphgcs and haptic events that take
place in response to user actions, such as butemsgs and haptic-specific events, such

as touching a constraint, flexing a deformablecstme, etc.

This framework utilizes the OpenHaptics™ toolkibrfr SensAble Technologies
to address the aforementioned considerations fléhg with a variety of sample code
and the hardware drivers, OpenHaptics toolkit idekithe Haptic Device APl (HDAPI)
and the Haptic Library APl (HLAPI). The HLAPI enalsl high-level haptic rendering
and is structured similar to OpenGL API programmé&nsisting OpenGL code can be
reused, simplifying the synchronization of the @a@nd the graphics threads. This,
however, comes at the cost of having little to mmtml over the finer operational
parameters of the haptic device. As an alternative,HDAPI allows the user to gain

low-level access to the haptic device and to diyeender forces of arbitrary magnitudes
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and directions. In this work, HDAPI is used to implent the haptic functionality of the

framework.

The HDAPI consists of two primary components: thevide and the event
scheduler [47]. The device abstraction componeables a variety of 3D haptic devices
to be used with the HDAPI. The commands that wdl gerformed within the haptic
thread are specified via the scheduler callbackdygcal HDAPI-based application
includes the device initialization, generation bé tscheduler callbacks that will define
the force effects, starting the scheduler, germratf the forces as needed, and, finally,
exiting the scheduler once the application is taatad. Appendix A contains a diagram
that outlines the typical event sequence for randerirtual objects via an HDAPI-based

program.

State synchronization between the haptic and tla@hges rendering loops is
accomplished via thread-safe copies of data thatago a snapshot of the state. This
provides a better alternative to a mutual exclugiomitex) approach, where a lower
priority thread can fail to release a thread latloider for the haptics rendering loop to
proceed at the necessary 1000 Hz refresh rate T4rg§. design framework utilizes two
distinct state-management containers: one for #ta supplied to the haptic device and
one for the data coming from the haptic device. Theesponding framework state

variables are outlined in Table 4.2
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Table 4.2. Application state synchronization vaeab

Data obtained from the haptic device Button 1 statel{oolear)
hapticDeviceState Button 2 statel{oolear)
Device coordinatesséctol)
Device transformatiomgatrix)
Error state

Data supplied to the haptic device Anchor point yectoi
hapticDeviceControlState Render forcel{oolear)
Render node snappinbdolear)

The device state is retrieved as a state snapsl@t av synchronous call
(hdScheduleSynchrongusvhile an asynchronous caltidScheduleAsynchrongus used

to modify the operational parameters of the device.

4.3.4 Optimization functionality

There are generally two types of optimization apphes: gradient-based, which
requires the user to provide the gradiaftin addition to the value K{ for any given
combination of the optimization parameters in ve&tpand the derivative-free approach.
The gradient computation is often cumbersome, imeonient, or outright impossible if
the function F is not differentiable and is supgles a complicated evaluation, which is
the case in this design framework. Although a drdifference approximation (in one

direction) of the form

of [of =[f(X+AX)— f(x—AX)]/2Ax (29)
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can be used to compute the gradient of a functida,normally not advised due to the
high cost of the associated operatio@a function evaluations for the gradient using
center differences)[48]. Therefore, the framewotlizes a derivate-free algorithm,
called NLopt, that requires the user to only supgply values of the objective function
F(X) corresponding to a specific set of optimizationapaeters’ values [48]. NLopt is a
free/open-source library for nonlinear optimizatideveloped by Steven G. Johnson, and
associate professor of Applied Mathematics at MI@l éinensed under GNU LGPL.
NLopt provides a variety of gradient-based andwdgine-free optimization routines, and
is capable of performing global and local optimi@atwith provisions for unconstrained
optimization, bound-constrained optimization, andnegral nonlinear inequality

constraints.

Four derivative-free algorithms supported by NLomre considered for use in

this design framework:

e COBYLA (Constrained Optimization BY Linear Approxation) relies on the
construction of successive linear approximationghef objective function and
constraints with the help of a simplex ofrl points, and optimizes these

approximations in a trust region at each step [49].

« NEWUOA, originally developed for unconstrained omtation, seeks the least
value of the objective function iteratively utiligy a quadratic model, which is

used in a trust region for adjusting the varialfi€y.

o Nelder-Mead Simplex is a classic optimization ailgpon in which a function oh

variables is minimized by comparing its valueshat fi+1) vertices of a general
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simplex, capable of adapting to the local landscdbe vertex with the highest

value is replaced by another point [51].

« BOBYQA optimization algorithm performs derivate-drebound-constrained
optimization using an iteratively constructed quidr approximation for the

objective function [52].

In order to determine the optimization algorithnitale for solving the problem
specific to this design framework the following thg tests were performed. The
compliant lumber support problem (see Chapter Sdigailed description) was solved
using the four aforementioned optimization algarithfor the 5- and 8-anchor shape

morphing structure configurations. Table 4.3 oetdithe results of the test.

Table 4.3. Comparison of optimization algorithmsrmation times (in seconds)

5 anchorg 8 anchorg
COBYLA 50.63 180.97
NEWUOA 188.19 360.47
Nelder-Mead Simplex 45.63 191.46
BOBYQA 18.86 65.67

Based on the trial runs, the BOBYQA algorithm wassen as the optimization engine

of the design framework.

The name BOBYQA is an acronym for Bound OptimizatiBY Quadratic
Approximation. It requires the user to specify sienpounds for each of the optimization
variables and to provide an initial set of optinti@a variable values that satisfy those

bounds. The NLopt implementation of the BOBYQA altjon also allows the user to
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specify multiple termination conditions. These dtinds can be specified limits on the
tolerances for the function values and/or pararselenits on the maximum desirable
function value, or limits on the bounds for theatotumber of function evaluations and/or
wall-clock time of the optimization cycle [48]. THellowing termination conditions are

used in this framework for both the kinematic amel FEA-based optimization sequence:
« Fractional function tolerance of 1e-6: the algaritetops if AF| / |[F| < 1e-6

« Maximum wall-clock time of 600 seconds: the algaritistops when the total

elapsed time exceeds 600 seconds.

The latter condition is used primarily as a comditito stop the simulation if the

algorithm does not progress to a solution.

The initial set of the optimization variable vatuis generated via two methods.
The user can randomly populate the available glabahor region with a number of data
points corresponding to the number of anchors bgethe current compliant structure.
Alternatively, the initial anchor positions can Iselected using the CBDM-based
approach and placed along the perpendicular biseb&iween points on the segmented
target and source curves, while taking care totcaimsthe initial anchor positions to the

global anchor region.
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CHAPTER 5. TEST CASES
5.1 Sample design problems

Several design problems were considered during itivestigation of this

framework’s functionality.
5.1.1 Simple curve

The least complex compliant shape-morphing desigsblem that could be
investigated in this design framework is a flexafea straight profile into a simple
convex curve with no inflection points. A sampleolplem was created based on the

shape as described by the following control poadrdinate values (Table 5.1).

Table 5.1. Simple convex curve control points (in)

P1L | P2 | P3
-2.75| -0.5] 2.25
3.00 | 3.50] 3.00

4.5 4

== Target curve
— —e— — Source cune

Figure 5.1. Simple convex curve target profile
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The curve is segmented into 4 elements, resultingpplication of 5 constraint
arms. A kinematic rigid body model is created asfttst step in the method. The initial
locations of the anchor points are determined asrdeed in Section 3.2.2. The kinematic
model was then optimized, resulting in new anchmsitpns. The rigid body model is
then replaced with a flexible body model, whichtl&n optimized using the anchor
positions from the kinematic analysis step as thigal values. The result is shown in
Figure 5.2, where the target curve is represemteadd, the unflexed compliant structure

in green, and the final solution in blue.

4.5 -

4,

K\ =~

2.5

N

0.5 -

D

-0.5 4

Figure 5.2. Simple convex curve problem solution

This solution provides the least squares error.00®1 inches, achievable with

the actuation force of 11.86 [Ibf]. The solutionsagenerated in 24.22 seconds.
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5.1.2 Concave-convex-concave curve

Somewhat more complex compliant shape-morphing gdegiroblem to be
investigated is a flexure of a straight profileoird concave-convex-concave curve with
two inflection points. The associated problem sesupresented in Table 5.2 and Figure

5.3.

Table 5.2. Concave-convex-concave curve targetl@rd)

PL | P2 | P3 | P4 | P5
X1-2.75|-1.5|-0.25|1.00| 2.25
Y | 3.00| 2.75 3.25| 2.75 3.00
4.5
4 O Target curve

— —e— — Source cune

Figure 5.3. Concave-convex-concave curve targdil@ro

For this example 6 constraint arms were chosenyltieg in 5 compliant surface

elements. The method resulted in the following sotu(Fig. 5.4).
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-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0.5 1 l.J 2 2.5 3

Figure 5.4. Concave-convex-concave curve probldatisn

This solution provides the least squares error.0289 inches, achievable with

the actuation force of 76.69 [Ibf]. The solutionsxgenerated in 86.36 seconds.

5.1.3 Compliant lumbar support

It was desired to apply the methods of this resetr@n already existing problem
in the literature. Lu and Kota used the load pagreach to synthesize a lumbar support
compliant structure [25]. Figure 5.5 shows the earghape, the design shape, and the
final compliant mechanism that roughly approximdtes natural profile of human spine

as a model for a lumbar support in a vehicle seat.
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Figure 5.5. Compliant lumbar support [25]

Data for the target curve were not presented inLthend Kota paper, so in order to
define the target curve to be used in this exantpke original profile was scaled at the
factor of 100 [mm] = 1 [in], and multiple coordiegpoints were sampled along the target
profile. Table 5.3 contains the coordinate valles serve as the control points for the

target profile.

Table 5.3. Compliant lumbar support control pofirt3

PL[ P2 [ PR3] P4 [ P5 | P6 | P7T |[P8
X|-275] 25 | 20| -15| -10 00 10 241
Y | 3.0 | 3.1875 3.344] 3.3125| 3.094] 2.875] 2.875] 3
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=O=Target cure
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Figure 5.6. Compliant lumbar support target profile

For this example 5 constraint arms were chosenjtieg in 4 compliant surface

elements. The method resulted in the following sotu(Fig. 5.7):

4.5 -

D

1\ os

-3.5 -3

-0.5

2.5

3.5 4

Figure 5.7. Compliant lumbar support solution



68

This solution provides the least squares error.04@8 inches, achievable with

the actuation force of 28.97 [Ibf]. The solutionsagenerated in 21.27 seconds.

5.2 Detailed analysis of the compliant lumbar support

The compliant lumbar support was used in the intdapestigation of the design
method’s performance. According to Lu and Kotaytivere able to analyze the problem
in the average time 6160 seconds (7.67 minutes) with the average LSE deviation of
11.24 millimeters (0.44 inches), using the loachpapproach. Considering the scaling
that took place while generating the control pointordinate data for use in this design
framework (100 mm = 1 in), the adjusted average W8f#ation value to be used as a

reference i9.1124 inches.

The following table and figures contain the systheaesults for the compliant
lumbar support generated by the design methodneutlin this thesis, including the Least
Squares Error values associated with each compkanicture configuration, the
actuation force required to achieve the optimuneddbn, and the solution time. The
material used in the investigation is Delrin 27@@th the individual beam profiles of
0.25[in] x 0.0625 [in] used for the anchor comptialements, and 0.25 [in] x 0.0938 [in]
beam profiles used for the shape morphing surféements. The deflected structure

configurations corresponding to each design scermam be found in Appendix C.
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Table 5.4. Solutions to the compliant lumbar supdesign problem

# anchorg LSE [in] | Force [Ibf] | Time [sec]
5 0.04678| 28.97 21.27

6 0.03795| 57.05 26.38

7 0.03841| 68.18 41.73

8 0.03763| 60.22 85.36

9 0.03763| 60.23 124.75
10 0.03348| 141.72 375.56

0.08

0.07

0.06

0.05

0.04

LSE [in]

0.03

0.02

0.01

4 5 6 7 8 9 10

#anchors

Figure 5.8. LSE values
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Figure 5.10. Actuation force
Based on these results we can conclude that theogped design method is
capable of generating superior solutions to shapgehing compliant structure design

problems when compared to the existing design pgradThe resulting structures
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possess simpler topology, are capable of highelffjdresponses, and can be generated

quicker.
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK

A novel approach to the design of compliant shapepimng structures using
constraint-based design method and virtual rebhybeen developed as an alternative to
the two primary methods prevalent in the design roomty at this time - the pseudo-
rigid body method (PRBM) and the topological synithgsvhich tend to suffer from
either a poor potential solution synthesis capidslior from susceptibility to overly-
complex solutions). A tiered design method thateselon kinematics, finite element
analysis, and optimization in order to apply theDBB concepts to the design and
analysis of shape-morphing compliant structurggesented. By segmenting the flexible
element that comprises the active shape surfagriktiple points in both the initial and
the target configurations and treating the resglimdividual elements as rigid bodies that
undergo a planar or general spatial displacementmgeable to apply the traditional
kinematics theory to rapidly generate sets of pgaksolutions. An FEA-augmented
optimization sequence establishes the final complikesign candidate. Coupled with a
virtual reality interface and a force-feedback deuihis approach provides the ability to
quickly specify and evaluate multiple design profdein order to arrive at the desired
solution without an excessive number of desigrattens and a heavy dependence on the

intermediate physical prototypes.

In the subsequent work we plan to expand the ddsagnework to include the
ability to analyze general 3D response of complsimipe-morphing structures (large

scale and out-of-plane deformations), to generagthods addressing the secondary
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design criteria (interference avoidance, collisamoidance, aesthetics, and ergonomics),
as well as to continue improving the design framidwaterface (e.g., a better method for
entering numerical data during the problem spedtiftcé phase of the design process,

which can be addressed by combining virtual mendsvaice recognition)
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APPENDIX A. HDAPI FUNCTIONALITY FLOWCHART

(" N\
Initialize haptic device
hdInitDevice
& J
v
( )

Enable force output
hdEnable(HD_FORCE_OUTPUT
(. J

v

4 Schedule callback
and start scheduler
hdScheduleAsynchronous
hdStartScheduler
o )
( ¢ )
_ Begin haptic frame
" hdBeginFrame
. J
v
4 N\

Get device position

hdGet(HD_CURRENT_POSITION)
. J

A 4

-
Compare device position and

application state to position and
state of " virtual object

@ Yes Calculate reaction force; Ii

\ 4

No
(" N\
Iterate for N virtual objects, i<N |
(i=N — done) A
. J/
v
(" N\

Resultant force £ F,
hdSet(HD_CURRENT_FORCE)
J

v
( N
End haptic frame
hdEndFrame
N J
No Yes Stop scheduler and
disable haptic device
hdStopScheduler

hdDisableDevice

Adapted from [47]



81

APPENDIX B. INITIAL ANCHOR PLACEMENT STUDY RESULTS

Section B.1 Simple convex curve data

Table B.1. Termination times [sec] — simple convarve

Random
#anchory 1 2 3 4 5 6 7 8 9 10 | Mediar| CBDM
4 0.05| 0.06f 0.08 0.03 00p 006 0.05 0.6 0Jo5 005 0|05 0
5 0.11| 0.09| 0.1 0.04 0.08 008 013 0.6 0J14 0]13 0[12 0
6 0.11| 0.08{ 0.1 0.11 0.2p 014 013 0J2 opL7 023 0J15 0
7 0.33| 0.41| 0.34 0.27 02p 025 0.38 0J2 op7 0]42 d.3 0
8 0.48| 0.42| 0.1 0.23 0.1y 061 0.34 086 0J17 025 0.p95 q
9 0.33| 0.58| 0.27] 0.24 0.2 0.36 0.19 053 0p8 0]66 0.B05 d
10 0.61|] 0.31f 034 061 058 036 097 O3 041 036 0.B85 q
1.2
1 —&— 4 anchors
—&— 5 anchors
g 08 6 anchors
% 0.6 7 anchors
£
= 04 —¥— 8 anchors
—e— 9 anchors
0.2 4 —+— 10 anchors
0 . . . . . .
1 3 4 5 6 7 8 9 10
Trial #
Figure B.1. Termination times — simple convex curvandom data set
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Figure B.2. Termination times — simple convex curveomparison
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Table B.2. Termination LSE values [in] — simple gex curve — simple convex curve

Random
anchord 1 2 3 4 5 6 7 8 9 10| Medip@BDM
4 0.0304 0.0308 0.03d8 0.03p8 0.0308 0.0B08 0.0308 0.030808| 0.0304 0.030B 0.03(8
5 0.0251] 0.0251 0.021 0.045 0.1966 0.0p51 0.0251 0{025 50{0R.025| 0.025]1 0.0251
6 0.0224 0.1384 0.0244 0.11B3 0.0225 0.0p25 0.0674 0J02R2248]. 0.0224 0.0225 0.0234
7 0.0212 0.021p 0.0212 0.02l3 0.0312 0.0p12 0.0215 0J02021P. 0.021¢ 0.021p 0.0232
8 0.022¢9 0.021) 0.0283 0.207 0.2622 0.0p07 0.4848 0.P07368|1B0204 0.082¢ 0.0247
9 0.0584 0.0306 0.067%8 0.03p2 0.1343 0.1fy99 0.3016 0)062266| 0.0202 0.064 0.0203
10 | 0.151%F 0.0198 0.1038 0.01p8 0.0199 0.0199 0.1936 0J119257 0.096¢ 0.060B 0.02
0.35

Trial

#

—&—4 achors
——5 anchors

6 anchors
7 achors

—X— 8 anchors
—@— 9 anchors
—+—10 anchors

Figure B.3. Termination LSE values — simple congewve - random data set
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Figure B.4. Termination LSE values — simple congeasve - comparison
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Section B.2 Compliant lumbar support data

Table B.3. Termination times [sec] - compliant ltansupport

Random
#anchory 1 2 3 4 5 6 7 8 9 10 | Mediar| CBDM
4 0.05| 0.08| 0.03 0.0¢ 0.0p 0.05 0.03 0.8 0Jo6 005 0]05 d.
5 0.08| 0.13| 0.23 0.09 0.1y 0.09 0.13 0.16 0J]16 3.2 0.1L145 d.
6 0.2 0.19] 0.16] 0.14 0.2 0.14 0.25 0B 0.19 0J16 0J19 0
7 0.31| 0.39| 0.97] 0.49 05p 039 033 0.8 0J08 0|61 0[39 0
8 0.09| 0.28| 0.48 0.04 059 0.09 0.38 089 0J61 0|42 q.4 0
9 0.94| 0.88| 0.11] 0.17 0.2 066 036 081 109 0j11 0]51 0
10 0.11| 0.34f 0.09 O0.77 0.4p 011 0.23 0.8 0J69 072 0}31 q
1.2
1 —e— 4 anchors
o8 .\x —=m— 5 anchors
3 / W 6 anchors
% 0.6 ¥ A 7 anchors
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0.2 - —+— 10 anchors
0
Trial #
Figure B.5. Termination times] — compliant lumbapgort — random data set
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Figure B.6. Termination times — compliant lumbaport — comparison
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Table B.4. Termination LSE values [in] - compliduntnbar support

Random
anchord 1 2 3 4 5 6 7 8 9 10| Medip@BDM
4 0.0649 0.0646 0.0646 0.06p2 0.0646 0.0p46 0.0646 0.,060646|. 0.064¢ 0.064p 0.064
5 0.0325 0.0328 0.0323 0.03p3 0.0323 0.0B22 0.0323 0.J03328| 0.0329 0.032B 0.03]
6 0.0259 0.0249 0.0299 0.02%9 0.0459 0.0p59 0.(J259 0.p25959{®.0259 0.0259 0.025
7 0.0245 0.024# 0.0244 0.02§4 0.0344 0.0p44 0.0245 01839609 0.024% 0.024#f 0.024
8 0.1779 0.0214 0.0214 0.23[16 0.0244 0.1p78 0.0214 0J20214 0.0214 0.0214 0.021]
9 0.0195 0.019% 0.2319 0.16p5 0.1427 0.0[L96 0.1518 0[01939% 0.2133 0.085f 0.019
10 [0.2194 0.021 0.1942 0.01p4 0.0474 0.2B48 0.1005 0.0983996] 0.019% 0.073[L 0.019

0.25
0.2 K X ——4 achors
——5 anchors
= 0.15 1 6 anchors
I / 7 anchors
n
-

0.1 } : —X¥— 8 anchors
§ é ’ \ \ ;2 S ! S 5 } , A —@— 9 anchors
0.05 —+— 10 anchors
——X ¥ ® X X
1 2 3 4 5 6 7 8 9 10

Trial #

Figure B.7. Termination LSE values — compliant l@anbupport - random data set
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Section B.3 Concave-convex-concave curve.

Note that the 4-anchor design problem was elimah&iam the trial run sequence due to
the inability to generate an acceptable complignicture configuration that would

satisfy the design problem criteria.

Table B.5. Termination times [sec] — complex curve

o
[N
\

o©
=
‘

o

Time [sec]
o o
w

A
e

v

1

2 3

4

5

Trial

6 7
#

7 anchors

8 anchors
—¥— 9 anchors
—@— 10 anchors

Figure B.9. Termination times — complex curve -d@mn data set

Random
# anchors 1 2 3 4 5 6 7 8 9 14 Medip@BDM
5 0.06| 0.09] 0.05 009 006 006 0.09 0.p8 0Jo6 005 0[06 d.05
6 0.09 0.2 0.16f 0.14 0.11 0.2 013 0.11 0l2 Oj11 0.145 0.06
7 0.13| 0.08| 0.221 0.09 028 025 047 0.p7 0J]22 019 0.p05 .08
8 0.22| 0.23|] 0.33 0.2 0.08 027 0.36 0.b2 0Jo9 036 0|26 g.13
9 0.3 0.39] 0.14] 0.24 0.39 0.4¢ 0.pb 0B 0.7 0J34 02 0|14
10 0.55| 0.45] 0.53 0.5] 0.1f 0598 0.23 0.6 0J19 025 0149 D.2
0.7
0.6
0.5 .\ = ? A /*\ —&—5 anchors
\0/ —ill— 6 anchors
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Figure B.10. Termination times — complex curve mparison
Table B.6. Termination LSE values [in] — complexwa
Random
anchord 1 2 3 4 5 6 7 8 9 10| Medip@BDM
5 0.0853 0.0854 0.0853 0.08p3 0.0§54 0.0B54 0.0853 0.085858|. 0.0853 0.0858 0.084
6 0.0764 0.076§ 0.0766 0.07p7 0.0966 0.066 0.0766 0.076866| 0.0766 0.076p 0.074
7 0.07371 0.274 0.0737 0.0787 0.0437 0.0f37 0.0737 0.p73830}M.0737 0.073fy 0.073
8 0.0718 0.0718 0.0718 0.07[L8 0.2959 0.018 0.0718 0.072899. 0.0718§ 0.0718 0.07]
9 0.0705 0.070p 0.1217 0.07p5 0.0905 0.0F05 0.0706 0.079550.0.0703 0.0705 0.07(
10 [0.0695 0.1038 0.0695 0.06Pp5 0.2471 0.0695 0.2178 0J072609 0.211¢ 0.090p 0.064
0.35
0.3 -
0.25 —&—5 anchors
_ A R —l— 6 anchors
=) 0.2 7 anchors
L a
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0
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6 7
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Figure B.11. Termination LSE values — complex curv@ndom data set
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Figure B.12. Termination LSE values — complex curegemparison
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APPENDIX C. COMPLIANT LUMBAR SUPPORT SOLUTIONS

Figure C.2. 6 anchor solution
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Figure C.4. 8 anchor solution
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Figure C.5. 9 anchor solution

Figure C.6. 10 anchor solution
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