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ABSTRACT

In the emerging field of origami engineering, it is important to investigate ways to
achieve large deformations to enable significant shape transformations. One way to achieve this
is through the use of bistable mechanisms. The goal in this researchingestigate the
feasibility and design of a compliant bistable mechanism that is actuated by magneto active
elastomer (MAE) material. The MAE material has magnetic particles embedded in the material
that are aligned during the curing process. When seghdo an external field, the material
deforms to align the embedded patrticles with the field.

First, theactuationof the MAE material througffinite dement analysis (FEA) modelsas
investigated. This helpsredict the magnetic field required to srthp device from its first stable
position to its second for various geometries and field strengths. The FEA model also predicts
the displacement of the center of the mechanism as it moves from one position to the other to
determine if the device is in fabistable. These results anealidated using experimental models
and demonstrate the functionality of active materials to be used as actuators for such devices and
applications of origami engineegn

Next, parametric studiesising the FEA modehre peformed to visualize the tradeoffs
between various design parameteffiese results help show the relationship between the
substrate properties and the bistability of the devitdith this information, it is possible to select
design parameters based o ttlesired arch displacement or allowable field strength for a

specific task.
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Chapter 1

Background and Motivation

This chapter presents an introduction to the thesis and a literature review of the relevant

fields. The research objectives for the thesis are statedrmandtline is also presented.

1.1 Introduction

Bistable compliant mechanisms offer the potential to Ing useful in the emerging field
of origami engineering. Such devices can achieve large deformations and require only enough
input force to snap between stable positions, enabling significant shape transformations with little
energy. Throughout this thesj the use oéictive materialsspecificallymagneteactive elastomer
(MAE) material,to generate the input force required $oapthroughof the devicds
investigated This could be implemented apart of bstable origami structures, such as the
waterbomb structure. The waterbgmsken irFigurel-1, is bistable and can be actuated by
applying a force to its center pointhe resultant torquigom correctly placed MAE patches can
also be used to generate the force required to actuate the [dévildee use of several

waterbomb structures could be used to make more complsatedures or tessellatiofi2].

Force

AT ——

Figurel-1: Example of the waterbomb

To design a bistable mechanism for origami engineering using active materials, it is

importantto understand the parameters that make bistability possible. For this study, a bistable
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arch was deveped using magneto active elastomer (MAE) patches bonded to a
polydimethylsiloxane (PDMS) substrate. When the MAE material is exposed to an external
magnetic field, the patches rotate to align their internal magnetization with the external field,
generatig torque that can be used to actuate the structure. Using finite element analysis (FEA)
models to understand the relationship between the thickness and modulus of the substrate and the
initial height of the arch is important to determinéi¢ design wold be bistableA tradespace
visualization is shown to better understand the relationships and tradeoffs of several design
parameters.

This work is part ok National Science FoundatidmndedEFRIFODISSEI research
project aimed to develop mufield origami structures using compliant mechanisms and active
materials. A visualization of this idea can be sedrignrel-2. This thesis seeks to bring
together these ideas with both modeling and experimentation to validate the functionality of the
MAE material and advance the FEA modeling capabilities fotiphylsics simulations.
Structures like the bistable arch may one day be a part of devices incorporating other active

materials to perform a variety of tasks when different fields are applied.

Folded zhape Srdue
tothermal field

Figurel-2: A multi-field responsive origami structure actively folds from an initially flat sheet to
complex threadimensional shapes in response to different applied fields. It is also capable of
actively unfolding from any shape back to the flat sheet.

1.2 Literature Review

This sectio presens related work on origami engineering, bistablity, bistable compliant
mechanisms, and the MAE material



1.2.1 Origami Engineering

The use of origami principles in engineering has the potential to influence and transform
active materiastructuresOrigami structures have been of interest to many research groups as
theycanbe very compacndthen deploy into larger usable structur&ame researchers have
used origami modeling to decompose structures into simple geometric shappbaithls
mechanismg 3, 4] while others use simplgeometric shapes and origami structures to assemble
into something largg2]. These larger structures can be integrated into devices and used to
change shape or orietion when in usdike a deployable solar arr§§], medical devicefs], or
robot wheelg7]. For example, Lee, et dl7] uses origami shapes to change the radius of a robot
wheel while it is in use, allowing the robotfibunder small obstacles cover longer distances
depending on the situatiohis device whichcan be seen iRigure1-3, uses motors to actuate

the deformation of the origami structures

Figurel-3: Deformable wheelabot [7]



Using active materials makes it possible to adapt these devices through the use of applied
fields. Active materials actuated by fields ranging from thermal fields to magnetic fields are
being investigated for use in origami engineefi®id.2]. For example, the use of Nithwires a
shape memory alloy}10, 13] in a mesh when heated can create a variety of preprogrammed
curved shapes from an initially flat she8hape memory alloys are made fraiokel, titanium,
and iron, with the ability to achieve large deformations with an applied therma]X¥#ld Shape
memory polymers are similar, being that they can achieve large defamsand return to the
original shapg¢15]. Liu, et al.[9], for instance, are usimhotathermal polymers with difference
light absorption to induce localized deformations in predetermined paffdérese polymers,
known more commonly &hrinky-Dink, can fold in either direction, depending where light is
applied, but once this has been done, it cannot be revaPsedochemical polymers work in the
same way, but instead of reacting to the heat produced by the light, chemical bonds in the sheet
are broken by the light to induce deformatj16]. Ahmed, et al[8] are using dielectric
elastomerso create bending and foldindpielectric elastomers take advantage of the Maxwell
stress generated between two charged compliant electrodes around a soft elastondesrfil
voltage is applied. Electrostatic forces compress the elastomer, causing an extpamgginthe
thickness of the filnj17]. Another type of active material is Terpolymers which use
electrostrictive forces to deform, however these materials require large electric fields for any
large debrmations to occurl8]. Ahmed, et al[8] are also using MAE material to create bending
and folding for use in origami designs. MAE, which will be discussed in more delaf.th
Magneto Active Elastomer (MAE) Materjare made of hard magnetic particles mixed within an
elastomer matrix19]. When this material is placed in a magnetic field, the patch rotates to align
with the field, generating a torque which, when pdr larger structure, can move the substrate
beneath if1, 8, 19, 20].

All of these active materials have applications for a variety of situatibalsle1-1, from
[1], compares how these materials respond with their respective fields hislg\& fast response
time and has the ability to move in the directions required for the arch design. This movement can
also be quickly reversed, which is an advantage for the bistable arch dresigfmese reasons,

MAE became the ideal choice to actutite proposed arch.



Tablel-1: A comparison of active materials frgij

Strain (%) Stress (MRa) Relat|ve' Frequency Bidirectional
response time (H2)
Magneto-
active 4-5 0.04 Fast 0-1000 Y
elastomer
Dielectric
10-200 0.1-9 Fast 0-170 N
elastomer
Terpolymer 3-10 20-45 Fast 0-1000 N
Shape .
1-8 200 Medium 0-1 N
memory alloy
Shape
memory 200-500 1-3 Slow 0 N
polymer
Photo-thermal ) ) )
50-60 Not published Medium Non-reversible Y
polymer
Photo-
chemical 20 0.15 Slow Nontreversible Y
polymer

1.2.2 Bistablity

For a device to be bistable, it must fit several criteria. A frequently used analogy for
these devices is that of a ball on a hill, as showfigare1-4. The ball begins at its first stable
position A, which is a potential energy local minimum, but when acted on by an external force, it
moves up the hill towards an unstable equilibrium position B. If just enough force is applied once
it reaches thenstable point, then it rolls on its own to the second stable equilibrium position C,
or minimum potential energy position, just like thetion of asnapthroughbistable mechanism.

If there is not enough force, then it rolls back to the first position. This configuration constrains
the motion of the ball between the two stable points, just like a bistable mechanism is constrained

to move between its two stalpesitions[21, 22].
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There are many advantages to usingé¢hgpes of bistable devices. Since the device
needs only enough force to snap, it can achieve large deformations with relatively low input
forces. In the case of the bistable arch actuated by the MAE material, the MAE patches generate
a torque when exped to an exterior magnetic field as they try to rotate to align with the field.
This torque is what generates the input needed to get the device to snap. When the exterior
magnetic field is removed, the arch stays in the second position; howeverhé cemrned to
the initial position by applying an opposite field.

Figure1-4: Ball on a hill analogydaptedrom [22]. Positions A& C are stable; position B an
unstablesquilibrium position

1.2.3 Bistable Compliant Mechanisms

A compliant mechanism can transfer motion, energy, or force like traditional
mechanisms, buthe unique feature that some of this mobility comes from the deflection of
flexible components, not just movable joif2S8]. The use of compliant mechanisms has a variety
of advantages such as a reduction in cost, as there are usually less parts to manufacture than
traditional mechnisms, and increased performafizg. There is a special category of these
mechanisms calleblistable compliant mechanisritgat move betweaetwo stable equilibrium
positions These include lateltock mechanisms, hinged mutegment mechanisms, and
residualcompressivestress buckled beam mechanid@3%25]. These devices can be designed
as compliant mechanisms, which means that most, if not all, of the nobtibe devices arise
through the deflection of flexible segmef2§]. Bistable devices have two distinct positions
through which they are constrained to move, and such devices can snap from one position to the
next by storing energy during motip22, 27]. Many devices take advantage of this such as light

switches, three ring binders, and selibsing gate$23].
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The bistable arch investigated in this thesis is an example of a restoptesive
stress buckled beanin this case, the buckled beam is fix@ded, meanig that both end are
constrainedhowever other buckled beam designs may be pinned at the ends, or have one end

free to movd23].

T

[ L1/
A\

ANANANAN
/777

~—L

Figurel-5: ResidualCompressivestress buckled beam in its two stable positions. Adapted from
[23].

It has been proposed that combining these mechanisms with a smart material actuator,
activation can be achieved with less power twéh anelectric motof{28]. Many current
methods of modeling bistable mechanisms use energy funtticietermine the bistability of a
devicewith an input force at the center of the buckled b§ain22, 24, 27, 29, 30]. When the
potential energy function reaches a minimum, then the mechanism blasdeastable position.
In the case of bistable devices, there are two local miasdécussed previouslyFor this
thesis, two methods to determine bistabditgused:(1) the strain energy density, which shows
the local minima of the device, al@) the removal of the magnetic field, both through FEA
analysis and through experimentation.

Many groups use the pseudgid-body model to design the bistable af2t-23, 26, 29,
31-34]. This method breaksompliantmechanisms into rigid components, such as linear and
torsional springs, dampers, andid beams, to approximate the motion, energy, and kinematics
of a design. This allows for quick approximations for a variety of designs without having to
develop FEA models that take a long time to run. These equivalent systems are then used to
design thematerial and structural parameters of each mechd28nAn example of the pseudo
rigid-body model for a bistable arch and its equivaletyfcompliant mechanism is shown in
Figurel-6.



Actuation Force

J

/@

(a)

y Actuation Force

(b)

Figurel-6: Pseuderigid-body model of a bistable arch (a) and ¢ogiivalentully -compliant
system (bfrom[31]

1.2.4 Magneto Active Elastomer (MAE) Material

MAESs have been used in a variety of applications such as car bumper design to maximize
energy absorption in a collisidB5] and to reduce noise vibration as part of a barrier syE2ém
This mderial has also been usesde in selocomotion[37]. The selflocomotion described in
vonLocketteds work uses magnetic patches simila
turned on, the patches of the device move to orient with ghieedfield. Once the field is
removed, the device flattens, resulting in a small movement forward. The device shape and

magnetic orientations can be seefrigurel-7.



Length ,,-"/'
/”
/ § Magnet Length
Magnet I Magnet Thickness
Thickness Silicone Strip ™~ & <
Length J Silicone & Magnet
Width

Figurel-7: MAE self-locomotive device frofi37]

The MAE patches have also been used as part of an accordion bender that changes
direction based on the applied fig¢Ri7]. This set up and magnetic patch orientation is similar to
that used in this thesis. The mechanism investigated in this thesis is actuated using small patches
of MAE material on each side of the arch, with temanent magnetizatiarientaton of the
patches pointed toward each other. In the accordion modegrtiaent magnetization
orientation of the patches used also point towards one another; hpameyend is free to move.

A comparison of the two models can be seeFigurel-8.

— — r— - r- m—

A [—>] [<

Figurel-8: A. Accordion constraints and remanent magnetization orientation adaptefBifom
B. Arch constraints and remanent magnetization orientétiothe work being discussed.

The MAE material considered in thisesis wadabricated using 7 of the total volume
Dow Corning HS 1l RTV silicone rubber compound, with 20:1 catialy compoundatio by
weight, mixed with 3@ of the total volume325 meshvi-typebarium ferrite (BaM) particles.
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This composite was selected as it is magnetically orthotrdpie. resulting composite has an
estimated density gi=2800g/cm"3 The BaMmaterials used have a remanent magnetization of
eom=006T [8, 19, 20, 38]. Prior to the curing process, the BaM is uniformly mixed into the
silicone rubber. Then a uniform constant field of 2T is appbealign the particlesral their
magnetizations in a uniform direction and is kiépbughouthe curing process, givingat
magnetization in the direction of the fidl8l7, 39, 40]. The proposed design takes advantage of
the aligned particles, orienting the MAE patches so that they rotate to align with the field applied
in the experiment. Whillocal gradients in the applied field will invariably produce some degree
of magnetic forces, magnetic torque is the primary actuation that drives the actuation of the
bistable device. Torque on an MAE patch can be determined#ford  "OwhereOis the
applied field,b is the magnetization in the patch, &N the resulting torquelt is also

important to note that once the device has snapped to the second stable position, it can be

reversed with the application of a field in the opposite direction.

1.3 Research Objectives

The objectivesor this research include the desigmalysis andabrication ofbistable
compliant snagthrough mechanisms using MAE actuation. This bistable arch can be used in
origami engineering to achieve large displacements avith the required force to cause snap
through.The main research objectives are as follows:

1. Model a bistable arch through FEA software including the magnetic field, and

2. Analyze the bistable device to understand the tadfiein performance as a function

of the design parameters, and

3. Fabricate and test a preof-concept device for the bistable srapough

mechanism.

1.4 Thesis Outline

This research is focused tire design and analysis of a compliant bistable arch actuated
by MAE material

10



In this thesis, Chapter 2 preseatdetailed description of ttimite elemenimodel used to
model the geometry and actuation of a bistable.dric assumptions, study stagesimulate
the solid mechanics and magnetic fiedtdd bistablity checks arésa covered.
Chapter 3 presenthe fabrication and testing of a bistable gpohtotypebased on the
design used in the computer model. The testing setup and procedure are described and presented
to validate the results of the model.
Chapter 4 presentsparametric study of the arch to better understand the effects of
different design parameterBhe implications for design based on these results are investigated.
Chapter 5 presents a summary of the work as well as major conclusions. It also presents

contributions of the research, and states potential future work.
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Chapter 2

Finite Element Model of a Bistable Arch

This chaptepresents a detailed description of the finite element model usathlyre
the geometry and actuation of a bistabldhafithe assumptions, study stages to simulate the solid

mechanics and magnetic field, and bistablity checks are also covered.

2.1 Design Concept

The goal inthis researcls to design a FEA model @ bistable arch that integratine
solid mechanics and magitemodel capabilities of COMSOL multiphysics FEA software. The
arch design allows for large displacement and only requires just enough force to move the device
to the second stable position. The force required to move the arch is generated by torque from
MAE patches as they attempt to align with the applied field. This can help origami engineers
achieve large moments often required in their designs for folding and unfolding. COM$|OL
has the muliphysicsapabilities required to make the bistable arch simulations possible from
building the initial shape from a flat sheet to activating and deactivating the field when needed. A

description of the model componeatsd the results are discussed next

2.2 FEA Model Set-up

A FEA model was dev@lLopwehd cuhs iinsg cG(pMbALe of
structur al mo d el wietlh abno tehl eocft rwohmacghn eatriec nneoedd e
device. The model required two modules within
the device. The f imosdtu |weaTsh itsh ew asso |uisde dmet coh asneit cusg
boundary ocfontdhiet isounbsst r at e and the boundary | oac
the MAE patches. The second module was the ma
effect of an applied external fieldxwel t he MAE
surface &t gkksshows8]t.he initial shape, di mensi or

for the COMaOAlsmanmalr.i zes the parameter values
12



model i n Th@M*EOlv.al ues were chosen as tihte idrevi ce
the magnet avail able for experimental testing.
materi al could be made to accommodate any thic
adjusted Tds sneneaded. al ¢ st hadts oi ti nveirltl, moetaniimt er
fiehdanytwag. i mportant to note that the magnet
than that measured in the fabricated in the ma
t haet mahgneti ¢ particles may not be perfectly al
overall torque possible from the material. The
bonding of the magnetic parhlie |ltelsatt ot hen ep arattiral
perfectly bonded in the material, and this can
patch. These reductions in the overall torque
magneti zati on tvwael wd mle it ii mehdst her appr oxi mate va
computer model, an average value of the magnet

and then the FEA model was run to find a magne

Table2-1: Parameter values used for COMSOL model

Parameter Val ue

Li i « 9 mm

Lp d ms 42 mm

Lgap 11 mm

Lmae 7 mm

W, 4 ms 5 mm

Wha e 5 mm

Tod ms 1 mm

Tma e 3 mm

Xdisp 2 mm

M 0.012 T

Ani 0.012 Wb/ m (
Box X 168 mm

Box Y 94 mm

Euvae 1. 4518E6 Pa
| 1150 kg/ m

The finite eé¢ emBM$E mmebht ndt eshasdmdMpiEepat che

di stributions to divide the device into el emen
mes h, eagthh IKeegs! was deid by five. The air box
automatically. The mesh -nuolde mniartiea nyg ucloanrs ieslteente r

13



Y
| E_X ILmﬂf(.’ . Lgap ILmae |

Lfix 1

Lfix

Tmae

Tpdms

Lpdms

Remanent Magnetization

Xdisp - M) - Xdisp
> <

I
]

Box Y

~
IS Cal

Box X

Figure2-1: Initial shape, dimensions, and boundary condition€OMSOLmodel

2.2.1 Solid Mechanics Module

The PDMS substrat eeliass tnmocd enhaetde raisRiav Lhisynpreg t h
t woerm appidoxi thhhe@wal ues were found empirical
kPa, re#ppectTlvel MAE material is modeled througl
into COIMSOLThe magnetic forces and moments act
into a boundary |l oad acting on eaaly dfoatdhd sMAE
cal cul ated usi neg stthree sMa xtweenlshogre &liclhbocdi e dei n T he |

magneti zateaheMed as a vector quantity in COMS
MAE patch. Since the pratg@iheasn a hmadgedéti ndtitde
in the positive x direction, the remanent magn
the patheh. The direction of this magnetizati o

is done by forcing the remanent magneti zati on

COMSOL, i . e. , the remanent magnetization is an

14



2.2.2 Magnetic Material Module

The maghceétisc dneat ed suismunligataens atihre-btowo tfhaacte ¢
magnet . This is again developed using the Mag
bottom sections of the box ardhmodelcedravaperfd
solutiooigvausaed! goeset bLbendarmpncomei t iedms boun
anal 6 TTOEEEO varying t bet hmagrndltatdied,mashhdi pt hkeet we e
resulting solution for magnetsiece if ge2.d aTlshegener
size of the air box had towhae swhfaiewnigeamtcléyhel ar
field required to generatessmnapg./r etafBreddneent hcil s ,
field value required for snap converged to the
sufficiently |l arge t oFng&3sehnofwsu e nhcee Mahxewerl € q usiurr
stresses generated as the field is applied. T

MAE patches as#twthrolugihmatetshmeapdevi ce.
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Figure 2-2: Relationship betweeAy; & magnetic field
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Figure2-3: Maxwell surface stress on the boundaries oMA& patches

2.2.3 Study Steps

The model ex ecdidpesnd enntt hgteeep g¢.i meThe first s
mechanics parts of the modeshowhidghiseepnmagheti c
and B. This creates Fhe2Beai thel |ehapandfribeat
prescribeemdnsp toward one another in the x di
di redtoitdin.ends towardd sptteckea@ephethe mechanism ce
box used to cr ealtoe etnseu rmea grheatti d Hdi leairdohu r dreevde Ischp
the initial di splliarcewanelhyt t i siiemulwthanmeé wmd saldy f or t h
internal stress state Aepfloote skeawihnaggt hdedif $ mla
incremented wiilfti gdn®i cae tbkRi sSeremuket nal 6t oms s

initial dissphacement ant part of tHdevsdesiitgni sand
i mportant to model the fabricated mechani sms f
FEA model accounted for internal stress.
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Figure2-4: Theinitial displacemenincreases linearlyith time

The second step of the analysis uses the fi
c ondiatsiecerir,i gRfseeps C through E. I't takes the i
a magnemodef&pgMhdsch again sl owly Thteemenot edsei
be sdemub@®he value for the magnetic field at a
relati onsMmapdbebwemagneFi 2§ lemadg nsehtoiven fiinel d i s
directed from the top to the bottom of etshe mag
a torqgue. Thcseaeerquwi showhge increasing field

|l arge enough to cause the device to snap from
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Ahi (Wb/m)

Figure2-5: Ay increases linearly wittime

The third and final step of the simulation
achieved by quickly ramping down the field gen
can beFisg2alefi nt hi s ramp downhtihse déoatisevetudod equi c k|
finding;sagd s0ol sti mportant to spread this step o

[

Ahi scalar

n L L i i L
1.983 1.994 1.995 1.996 1997 1.998

1.599 : 001
Time (s)

Figure2-6: A, scalaras a function of timeuring the third study step
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2.2.4 Determining Bistablity

To determine if the configuration of the de
during the thirdi smaigpi,g8thewhf i hhehdet?ioalr emai
position, then it is bistable. I f it returns
This is also seéogn ddéndihtey 6 ggirG)hre € a8Wheen t he dev
bistable, the rsda@alidveakerggynidmaomi t yHowever, if
bibta, then there wild.l not be a | ocal mi ni mum

first stable state when the Fiigdtidesi i sembVed.
whereas the design on the right snaps through
both casesFiagZ8asldo W biehn |l ed corrkEeisgbméi mlgott o th
of the arch height and ctahne bset rfad unn de nienr gAyp pdeenndsii >

Al A2
| | f | . -

Figure2-7: Steps used in the COMSOL model, 1 is bistable and 2 is nonbistable. A is the initial
shape, B is the initial stable arch shape, C is the initial application okteDi is the

displacement as the field is applied, E is the position after the snap, and F is the second stable
position after the field is removed.
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Figure2-8: Strain energy density of a bistalftep plot)and nonrbistable(bottom plot)design
with corresponding steps shownFigure2-7

2.3 Discussion

The FEA model behavdd edd avatsi aippdti edl., tAse t:
deform and event d alrloywgrhe pohead twhensndp moved fr

position to the second. The FEA model al so sh
was removed andi n htthearseéic arednap msidt i on . This wi
experiments ,dsiscgstslee deav.idee ai l in Chapter 3
Fi g29sehows the y displacement of the center
increases from the simulations. Once the magn

generated enough torque to cause theddewveaseet o

in arch height as it snaps from the first posi
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Figure2-9: FEA prediction of center point displacement as the magnetic field increased
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Chapter 3

Experimental Validation of the FEA Model

This chapter presentsvalidationof the COMSOL model using hasfdbricated

experimentaprototypes The test setip, procedure, and results are discussed in detalil.

3.1 Experimental Validation

An experimental testesup was developed to determine the validity of the FEA models
using the dimensions of a design that is predicted by therr@delto be bistable (seEable
2-1). The experimental setp developed to ensure that there would be no interference with any
metal parts surrounding the test fixture, and that each test would be lined up properly. The
magnetic field required to cause the device to snap is aaudpo that predicted by the FEA

model.

3.1.1 Experimental Setup

The experi-mgnusiwag tSlkke same substrate and M

modéhe PDM8s®tdriimst hwerex gairti mearmotm a | arger s amg
with a tthilcknnmess Thhe MAE patches were all cut f
There were tweee tesmednbatmtpd elsed t o acrylic bas
268. The acrylic bases werellaas otpeaamgwihteh a
proper initial hRighbhemad dicfplakemease can be

Prior to attachment to the acrylic base, t h

substrate using the same gl ue.st rTahtee shuardf atcoe boef
to ensure a good bond with the glue. These we
stand, since wdoddlrssh ows anagntedmat i ¢ of the te:
regul ated power supply, CSI 3020X, had a voltag

magnetic field.
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To generate the mMmamagneéitc Wi th dan ainrehecor e
was used. The el ectromagnet was constructed i
known -naasgnaetc) and was powered by the DC CSI 302(
source al llolwedd vao |Ictoangter ot-ma dgoree ta;p pH d veedv e ro, tfhoer cf u
and relationships the magneti c nfeedeld gtenetreat ed
guanti fiTed qaifaot & EYytad henshi p between téatei appl i e
fisektdengt h, a L aakuesSsh omeet edrihévaafs®iPeesce det d strengt |
uni ts. The probe of the Gauss meter wa-s hel d
magnetic, and measuremenwsreft albhen magneaclk Whe
from O Vol tToo tdeet30 mionlet ss.he center between the
measured and mar ked for better precision. The
of the 0O to 30 d/vomagmetaisarfeimeind sst meangt hs wer e
steady value. As expected, with increasing vo
al so increaBied3Zadhishowal atni onshi p was used to

di splayed during the experiments with magnetic

Acrylic Base

Wood Stand

Power Source

Figure3-1: Test setup foexperimental validation
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Figure3-2: Magnetic field as the voltage increases on the power supply

For the experiment, each sample was pl aced

The wood was cut so that the samples would be

There were guidelines drawn on he shmptep wére
centered horizontally and i Rto3#3X @de Spobahg, thki
voltage on the power supply was increased unti
stable position. Then, the field was removed

Each of the three sampl mswdid bhapabhepupghe
stayed itnhrtohueghs npaopsi ti on when the magnetic fi el
Tesla, and the magnetic fieFHAwds!| s Iroeicloyri diiewmgr e
was maderg a CanaenmwlEtOl5 & Df icaend f oc al l ength | en
resolutifTbe camera recorded the shape of the ar
powerysupplrul er was placed near the arch to be
usi nigd oAk sexampl e of how SolidWorks was used t

in Appendi x B.

24



Figure3-3: Experimental test setup with guidelines on the wood stand

Fi g3%4sechows the three arches t Hhatgdshewsonst |
a sctgleet of the information gathered from the
pl ot of the center point displacement as the m

second with the application of a magnetic fiel

Figure3-4: Threesamples for experimental validation
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Figure3-5: Image from the camera indicating the voltage and arch height

3.1.2 Experimental Results

Each sample was constructed and then tested

Bet ween each run, the samples were manually re

he
ce

ca

ights were then averaged to fgdlicmtd dfhet e eaavde rf:
nter point heights Fiogr86.eea cThh & irxe suulet s afnr dome tsl

n al sion btehisAesefns geaf eignrehi $i ttle torque is gel

patches at | ow voltages, and there is |little t

p o
t h
Er
ar
. 0
s h
di
t h
pe

int when the torque generated by the MAE pat
e FEA model . When the field was removed, th
ror bars are shown with a 95% confidence | ev
e repeatablereqillheadandg wottghhe tthreea sampl es r a
65T to .072T. The initi adf raornc b . hHeannmg itto f8a r0 min
ows that there is somachadeattcen Bpethéi tabt
splacement dohetbei §i akdoeadslight increase i
e samples -tbarobhgd pbensnapThis could arise w

rfectly symmetric, and oflnhel ss icdadan RpbugBiBese nt he o
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Figure3-6: Plot of the center point height for the three test fixtures. A& model results are
also shown.
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Figure3-7: Stages of snaghrough as the device is exposed to an increasing magnetic field

Fi g&%#sehows the motion of the first sample a:

When there was no field or very Ilittle field,
field mgew, stm® device began to elastically de
settle in the second stable position. When th

in the second position.

3.2 Discussion

There are several tfa¢voiostidbetEhearte nntaeys chboenttw e ebnu
mo d e | and the experiment al resul ts. To begin,

by hand. This could | ead to imperfections 1in
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Vi Tleissbe amneen in Sample 1, which consistently
mples created. This means that the initial d
her pWetbayepefound that veryi eong gdft tdhd feamml
ad to differences in the magnetic field requ
at the |l eft and right hand sides of the arch
owhi g ®Be This can cause the sampheoughhave
int than predicted by the FEA model

Anot her contributing fagotoli zadulosh bé the M
is difference tiaal hevaleasi hothehbBetmageepr o
rticles are not wuniformly distributed throug
ed to construct the patches, and aligned sim
fferences between the magnetization of the p
curately measure this vafioatiemxaymipdi ft fhrea dTAIEO mm
brating sample magnetometry. It is also pos
eely insidewtihdosuitl icomne i bwubbaemgvotudelsbhétover a

wer remanent emggrceteidzati on t han
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Chapter 4

Parametric Variation of Bistable Arch

This chaptedetails theparametric sweep sep to evaluatehe results from the study.

The design implications are also discussed.

4.1 Parametric SweepSetup

It is important to understand the way various parameters in the model affect the magnetic
field required to get the bistable arch to snap and the bistablity of the device. To investigate this,
several parameters were varied using the FEA model develog&thpte?: PDMS substrate
thickness Tepwmg), initial displacementXyis)), MAE length (vag), and the length of the gap
between the MAE patcheky,). The values for the parameters caridagdin
Table4-1.

All combinations of thee variables were used to generate a total of 225 designs. The initial and
final arch heights were recorded to find the total displacement of the arch along with the magnetic
field at snagthrough, and the maximum von Mises stress. The bistability ofebigrlwas also

noted based on the strain energy density throughout the simulation. The results from this study
were analyzed using a trade space visualization tool known as ATSV. This software program
was developed by the Applied Research Lab at Pene ®tagive users the ability to intuitively
visualize multidimensional trade spaces and derive relationships between design parameters[44].

Table 4-1: Parametric Sweep values

Paraneter Sweep Values (mm)
Teoms PDMS Thickness 1,1.25,15,1.75,2
XaisplINitial Displacement 1,2,3,4,5

Lvae MAE Length 57,9

Lgap Length MAE Gap 9,11, 13
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4.2 Parametric Sweep Results

The results of the parametric sweep showed many design implications. The full results
from thestudy can be found in Appendix 'he initial displacement, PDMS thickness, magnetic
field, von Mises stress, MAE separation, and MAE length were normalized with respect to the

maximum and minimum values of the variable shown in Equatibn 4

= Rel_Value (4-1)

The parametric sweep reveakedelationship betweehe thickness of the PDMS
substrate and the magnetic field required to causetbinapgh.As the design became thicker,
the magnetic field required for sn#mugh increasedhere is also a relationship keten the
initial displacement of the device and the magnetic fidldain, as the initial displacement
increased, the magnetic field rexpd increased. These relationships be seen iRigure4-1.
The bistablity of the device is also strongly dependent on the thickness and inptedetisent of
the PDMS substrateAs the substrate designs gbickerand the initial displacemebtcame
smaller thedesigns tended to not be bistalifeFigure4-1, the bistable designs are shown in
blue, whereas the ndristable designs are shown in yellow. While the flugtable did not stay
in the second position, the magnetic patches did generate the torque required to move the designs

to a seond position.
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Figure4-1: A glyph plotin ATSV of the relationship between the thickness and initial
displacement of the PDMS substrate and the magnetic field required to cautiersngb of the
device design

The length of the MAE patches and the location of the patches on the MAE substrate had
no effect on the bistablity of the devicEhere was, howevean effect on the magnetic field
required to actuate the deeid-igure4-2 shows arglyphplotin ATSV of the normalized
thickness andisplacement with varying MAE patdaizes to represent the different lengths of
MAE patches simulatedhe larger the block, the larger the paithis shows that as the MAE

patch size increasethelessmagnetic field was needed to actuate the device.
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