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ABSTRACT

PAPER BASEDLOW COST BIOSENSOR
DESIGN AND FABRICATION

MEMS devices abeingone of the incrementally developinigltl with micro scale range
and higher sensitivity are quite valuable. In $lsepeof thisthesis a paperbased MEMS
device is produceavith alow cost and fast fabrication procedure. The sensor, which is
designed to measure weightan beeasily modifed as a biosensor. Hence, the most

important parameter of this sensoitsssensitivity.

The sensor measurdge magnitudef the appliedorceby using the change in piezoresistor
which isdirectly proportionato the applied force. Piemesistivematrial coatedsensor,
which is designedas a cantilever shapestructure is electrically connected to the
Wheatstone bridge circuit. Graphite ink is used as a piezoresistor due to thef ease
implementation Paperbased sensor measur®e weight by usinghe direct relation
between the voltage change (Wheatstone brittgait output) and applied foraexcitedon

the cantilever.

The novelty of this sensois addition of magnetic amplifielThe advantage ahagnetic
amplifier is to increase the effectivemnass of the weight. This addition provides g

resolutionmeasuremerftom 20 mgresolutionweightsensor.

This sensor caonly quantify the weightsthatare magnetically activdzurtheranceit can
be easilytransformed ta biosensor. The only thirthat is necessary is to bind the MNP
(magnetic nano particle) and the biological/chemical particle to makeagnetically active
component. After the binding procesisese componentsan bedetectableand measurable

by thisweightsensothat uses thenagnetic mass increase scheme.



¥ZET

KAJI T TABANLI D!k!K MALKYETLK BKYOALC
TASARI MI VE ! RETKMK

Hezl a geliken alanlardan biri ol an MEMS c
hassasiyete sahip ol mal arée dol ayéséyla ol d
ucuz vier entézm et ekni kl erine sahip ol masé seb
alanl ardan birialgeayr&adg emi ckttiabanB@ proj e
ol - ¢ml etiadél kmak i -liany éscréentéinl ebni yboua | glég éay € ¢
kol ay ol masé istenmektedir. Bu nedenl e de
-ok dikkat edilen késém hassasiyetinin yg¢lk
Yapél an algél ayéuwygwpligram knavwvetmeeaiddo] ru o
°]l -erekna?tbrp inpn¢ Pyempmalzekne aygumé.xk di r sek kel
al gel agleema devr esi amaceéeyl a, Wheat st one |
ol ar ak cretim s¢é¢grecini kol ayl akt ér mas € S
Wheat st omaekivoRapeg i ki mi grafit direncin dej.i
kuvvetl e doAlrgpé bawéddsgéll é deéerj.i Ki ml gapmiault bde
Piyezodirencin °zellijiyle ¢retil ecnélbaur daalng
ayéran en °nemli °zelliji, ye¢kseltmek amac
-ekilebilen ve dirsejin u- kéeésméena yerl e
ajerl eklaré arttéreéelarak °ll-gmgnikapél. alBiul e

mg araleéeklarla °I|I-¢lebilir hale gel mik
Hassas y e t | 0.3 mg oalaamryebiuksadlgedbbgeak aktif
°] -ebil mektedir ve biyoalgélayecéeya kol ay

ttkk ey MNP (manyeti k nano par-acéklar) 6én

manyeti ksel ol arak aktiflexxtirilmesidir. |

bi yoloji k/ ki myasal par-.acéjén ajeéerleje ©°I -
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1. INTRODUCTION

1.1. MEMS DEVICES

The device oMicro Electro Mechanical $stem(MEMS) are divided intdwo groups; (a)
sensors and (l@ctuatorsSensorsletecta specific input, such as light, gas, pressure, dreat
force, from the physical environment to whictcreates a respons, mostly anelectrical
signal Actuators, on the other harmhnvert energy into movemewhich are mainlyused

in motors, pmps, switches, robotic arms and valy&k

MEMS Devices: Sensors and Actuators

Electrostatic Magnetic Actuation Piezoelectric
Inertia Sensor Thermal Piezoresistive « Inertia Sensor

«  Pressure Sensor i . « Acoustic
= Thermal Expansion < Inertia Sensor Sensors

* Flow Sensor Thermal Couples P S
. « Pressure Sensor

- Tactile Sensor ) Flow Sensor
« Thermal Resistors + Flow Sensor

« Parallel-Plate + Tactile Sensor

Actuator + Tactile Sensor

« Surface Elastic

- Comb-Drive Waves

Actuator

Figure 1.1. Schematic of MEMS Devicgy

As seen in Figure 1.1egardingtheir sensingandactuding principles, MEMS devices can
be divided intomainly five distinct groups. These groups are (i) electrostgic[4], (ii)
thermal[5] [6], (iii) magnetic[7], (iv) piezoresistivd2] [8] [9] and (v)piezoelectrid10].

Electrostatic sensrs are tomeasurehieincrease of capacitance which occoesveerntwo
oppositely chargedonductorg11] [12]. Electrostatic actuators on theother hand, are
induced by electrostatic force which is occurred as a result of interaction of the two

oppositely charge conductors under thagpliedvoltage[13].

Thermal sersorsaim todetectthe temperature changpg using variousensingmethods

andthe most commdy usedonesare thermal couples, thermal resistive sensors and thermal



bi-morph sensordn thermal resistive sensqra material, whose resistanc® subject to
changes in accordance with the temperature changegdgl4g [15]. Thermal bimorphs
arecomposed of two ergedmaterialsby their longitudinal axis. Their axfacesdifferent
amount of elongation due to their different material properGessequentlythe structure
bendgo the side which lengthens Id4§]. Lastly,as it is gen in kgure 1.2 thermal couple
areformed oftwo wiresof dissimilar materialsvhich are situated closely on one ssdethat
they are able toonnectt a point. Thereccurs demperature differendeetweerthesensing
(measuringjunctionand the reerencgunction. This temperature difference creatasents
[17]. Apart from this,thermal actuation happens whethe change intemperaturef the
microscale devices or structuezsise mechanicdlsplacementr creategorceas aroutput

Voltmeter
Measuring junction T1 Reference junction T2
(Hot) (Cold)
A
P q

Heat source Dissimilar metal wires

Figure 1.2. Thermal CouplegL8]

Magnetic sensorgienerallyuse the magnetresstive effectand the haleffectto measure
the magnetic field For magnetic atuators, permanent magnets oragnetic coils are

mostly used to generate a moviogce by creating magnetic fie[d].

Piezoresistive sensorsare made ofpiezoresistive materials. Their property called
piezoresistivity make the material to be subject to resistance change when the stress is
applied[19] [20] [21].

Piezoelectric senars exist by the virtue of sommateriatbpropertiessuch asRochelle salt

and quartzsince those generate voltage or electric charge as a result of a mechanical



deformation[22] [23] [24]. And the opposite result is achexl bypiezoelectric actuator

since it transforms voltage or current change into mechanical deforrf2&id26].

Besides the types of MEMS dees, it is also important xamine the productiorf them.

The primary material of MEMS devicessgicon[27]. It is used as a bas@aterial and since

it is notflexible, chemical and mechanicatichingcan beapplied for silicon slenderizing.
However, those methods requirimglvance fabrication techniqgues make the production
process challenging. Additionallihe clean room equipmeand laboratories ameeded to
produce and the manufacturing process can quickly escalate in complexity. As a
consequence, the cestf silicon-basedevices increase significantly.

New alternative tcsiliconrbased MEMS device is papkased design which enables to
eliminate the badvantages of silicoPaper is lightweighybiquitousandeasilydisposable
by incineration It is flexible and an be easily shaped by laser cutféioreover, the
manufacturing process of pageaised deiees is fastersimple and moreénexpensivesince

it does not require clean room facilities and complicated fabrication techniques.

The advantage of paper wascanizedin early twenties. One of the most important
development in paper usage is the start of using filter papensalyzelaboratories. The
novelty of filter paper idgts contribution to acquirement @éliable results with a trace
amountof sample. Th filter paper was firstly producdgy Martin and Synge in 19528]
[29] and it was used in the significant research of Whitesadesll which is called P
ELISA(PaperbasedEnzymelLinkedmmunoSorbentAssay [30]. ELISA as a quatitative
measurement technic was known amekd by other scholardo detect the antigen or
antibody.Following the method, aampleis putin a solution incluthg antigen or antibody
and ifa reaction occurs, it is detected that tither particle antigen omantibody existsin
the sample as well]31]. P-ELISA is based on same princigbeit filter paperis usedas a
baseso the samples and solutions are drippettheriilter paperConsequently, théetection

is achieved with a trace amount of samguhel it prevented the waste of the produdtse
technic has ledo other projects which use the cellulose based materials to detect the

biological or chemical molecules



Moreover, the advancementbiosensordy paper usage has been reflected to MEMS.field
In last decades, cellulose base matehalge beesuccessfully adapted to MEMS actuators
and sensors as a main production mate@mice celluloséoasedmaterids aredisposable
and lowcost their usage as a base MEMS device has increased significanfB2].
Additionally, the production process paperbaseddevices does require neither as much

labor force, nor as high qualifitan to produce as microfabrication technics.

One of the prominent instance of theageof paperbased MEMS device is conducted by
Martinezetall by developng a pneumatic actuator. In the research, both elastomer (Ecoflex)
and easily bendable sheet ased to generate actuators. These actuators with pressurization
are capable of complex motiomdich cannobe achieved byhard robot433]. A different

paper based actuatordevelopedy Hamediet all. The &tuatorin thisresearchs activated

via electricandit is calledHEPAs (Hydroexpansive Electrothermal Paper Actuators). With
variousconfiguration of paper and PEDOT: PSS composite, four types of HEPAs (straight,
pre-curved, creasedurved and creaseshwtooth) are mduced. The Figure 1.3 shows the

types of HEPAs and their movemefig].

off
on off <:
on
) >
L off on

Straight Pre-curved Creased-curved
/ ™
c" o /
Creased-sawtooth on

Figure 1.3. HEPAs types and their on/off positidi34]

Paperbased MBS device also includesensos, one of which is thenicrofluidic device.
OPEDs (Microfluidic Papebased Electrochemical éDices) are one dahe microfluidic
devices which is producezhly by adhesive tape, ink and paper. It is designed to detect for
bothglucose and heawviyetal iong35]. Another papebased sensor is capacitive tope.
This pad is fabricated hyetallized paper and doublsided t@e. This structure functioras

capacitive key and gigebinary responsg36].



It is indicated by myiteraturesearclthat there are several studies conducteutgate paper
based piezoresistive sensofFhe similar trend has occurred resulting in the replacement of
silicon with paper for a base pfezoresistive sensorsin one of theconductedesearch,
chromatography filter paper is cut ia cantilever shape and graphite is usaed a
pieor esi st or . Thiisexamnehy @iheatsonea bedggrauitasdeweight
is measuredwith the limit of detectiofLOD)/resolution asl5g/25mg. This sensor is

produced by screen printing method with simple laboratory equipment in sixty mBitites

Similar sensor is made by Yaegall. The aim of his researcls to eiminatethe necessity
of laboratory An ordinary photocopy papea,pencil (2B) and scissors are usBespite the
fact that it has worserate 0g/50mg), the sensoriisanaged to be producéaster (thirty
minutes) without laboratory equipmeri88]. Another piezoresistive pressure sensor is
developedy Crowleyet all. In the research, the wind velocityhieh is equal or higher than
3m/s, is measured by the sen@8]. Thedisadvantage of papbased sensorstiseir single

use characteristic. has been eliminateby Bailey et all by usingPEN (Poly Ethylene
Naphthalate) to generate a disposable piezoresistive s€Ehssensor gives reliable results
in up tohundred thousana$ts[40].

In brief, the increased use of cellulose based MEMS devices can be traced back in time as
thebenefis of cellulose, such dsw cost anceasiness iproductionprocess, has been taken
advantage of by scientists.

The benefitsof cellulose based materiagxplained aboveare takeninto consideratiorto
develop this thesis as wellarious types of paper and PLA aeken benefit ofo generate

a weight sensor.Besides, lie thesistakes the advantage @iezoresistive materialt
contribute the production of the sensa@s explained belowWseesectionl.3], resistance of
piezoresistive materiglssuch asgraphite, dopedilicon and germaniumchange under
meclanical deformation caused by applied strddss property provides oppminity to
measureghe electricatesponse of applied forckn addition to that, graphite has an easiness
in implementatiorwhich makes it a priachoice.Thereforejn this thesisgraphite is utilizd

as apiezoresistarThe material property of graphite explained more detail in secti8rP.



1.2. BIOSENSORS

Biosensoias aterminologyin science wa first appeared in 197%¥ith the development of a
sensorcomposed of an enzynamdanelectrode and hence, called as a biosefddgr The
main function of a biosensor i$0 measure thelectrical response dfiological reactions
[42] [43]. As seen in Figure 1.4in theolder type obiosensorthere arenly two main parts
One of them is called receptor whicbllectstherequiredparticles in the mixed solution and
based on the reaction of these particlesend signals totransmissior[44] [45]. These
signals ae transformed into readable electrical respon$gs the converter. Both

transmission and converter form the second part of the biosensor called transformer.

substrates
E 5
B > 193
[ g Q= || Computer
S [T
o b o
antigen /
bioactive . u
component

bioactive layer electrode

Figure 1.4. Structure and Operation Principle 8iosensors

In the present, biosensors areelepedwith three main partsistead of two to increase the
reliability of detectionand to decrease the signal noise ratio (SNR). In addition to receptor
and transformer which are traditional biosensor pegfsrence element is added as a third
part [41]. Different to the receptor,eference elementoes not include any biological
particlesand hence, nbiological reaction takeplace.The purpose of this element is to

eliminatethe effecs of theenvironmental conditions or the minor device problems.

Biosensors can be examined under fiwveupsbased orbioactive layeitransmission and
detection methods. Asis seen in Figure 1.5, thegeoupsare (a) electrochemicah other
words amperometric [46] [47], potentiometric [48] [49], voltametric [50] [51],
voltamperometric[52] and conductometric biosensorfs3]; (b) piezoelectric based

biosensor$s54] [55]; (c) calorimetridn other words thenistors[56] [57]; (d) piezoresistive



biosensorg58] [59] and lastly(e) optic based namely photomet{0] [61], fluorometric
[62] [63] and bioluminescendé4] [65] biosensors.

BIOSENSORS
Electrochemical Piezoelectric Calorimetric Piezoresistive Optical
= Amperometric =  Thermistors = Fotometric
= Potansiometric * Fluoremetric
= Voltammetric = Bioluminescence

= Voltamperometric

=  Conductometric

Figure 1.5. Classification of Biosensors

In literature, the firsamperometric sensavasgenerated Y Prof. L.C. Clark Jnr. in 1956
then it was called as biosensor regarding its propdf&jsThis biosensowhich is called
Clark Electrode is used to detect the oxygen level. Clark Electrodetla@damperometric
sensorgnainly measurehe current that occuis accordance witthe number of electrons
these electrons releadae to the chemical oxidation @n or reduction reactions in the
electrochemical cells. Ipresent amperometric biosensoese still used asblood sugar
detection device Alternatively, potentiometric biosensor@re poducedin the literature.
This kind of sensorsdetecs the change in potentialsof electrodeswithout applying
additionalvoltage.Changes in potentiaiccur in the electrochemical celiecause ofhe
chemical reaction ahe electroded46]. The research conducted Bgchnitzet all canbe
given as a prominent instance of use of potentiometric biosensors in whigudoegsfully

measured the amount of urea by urease hydrdl8]s

Other group of biosensors is optic based sensors whose mostly knowpleia®Burface
Plasmon Resonance (SPR). This type of senssfivgly used by Liedbergt allto observe
the reaktime interaction[67]. In 1990, Bl Acore, which idbased on SPR principle, wa
produced and released by Pharrmacompany[68]. The operation principle of SPR
biosensorss briefly shown in Figure 1.6n the SPRbased biosensors, when biochemical
reactions on the sensing surface change the refraction index, the resonane@GISH&R
are impactedThe resonance isreatedas a result of optical excitemean the interface

between the conductive metal membrane and dielectric material. Hence, the ratio of



biological elements in the sample is sensitively quantified. Another optic bassshbor is
brought out by Lubbers and Opii&7]. They produce a fiber-optic biosensokvhich was
calledOptode It quantifiesthe amount of oxygen arwrbon dioxidevhichis releaseds a

result of oxidase reactiong!2].
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Figurel6.0per ati on Principle of SPR Biosensors (a) three | &

plasmon wave is excited in the metal interface. (b) SPRioedd8].

Distinct from the groups based on thieactive surface and measurement methods as shown
in the Figure 1.5the biosensorsanalsobe grougedbased ortherelationof particles and

their bioactive componest Underthis method, three groups can be set, which are (1)
biocatalytic (nicroorganism and enzyme ugéibsensors, (2) microbe based biosensads an
lastly (3) bioaffinity @ntigen/antibody or receptor/ligand alike interaction yfsasensors
[45]. The first biosensoof the biocatalytic group veaproduced in 1964 by Yahiet all. In

the sensor, thglycoséO2 is usedas a fuel cell catalyssawvell as arereyme in the biofuel

cell [69]. The idea of mejing antibody tqpiezoelectricor poteniometric sensorgads to
biocatalytic based biosensors. Ishigetall producel abiocatalyticsensor and publisid

the relatedarticlein 1976[70]. In the same yeamanother bioses was producety using

a microbewhich was the first of the second group of biosensors, nhamely microbe based
biosensor$71]. Thecorn microbevas used to measure the rate of mutation of a corn which

was dudo the plant kiling chemicals

The aim of thehliesis has been to generat@ezoresistiveveightsen®r which is to be used
in production ofpiezoresistive biosensons the further steps of the projedthis potential
sensor is planned the part of bioaffinity groughat canget benefits from the relain

between the antigeantibody.In the concept of this thesisellulose based piezoresistive



weight sensor is produced by fast and easy fabrication metlhodse further steps, it is
planned thatristead of measumnweight the biological particles will be detected and
quantified by using it as a biosensor. The sensor carusexl to detect biologicand

chemicalparticles like cellsaflatoxinand DNA.

1.3. METH ODOLOGY

Theprimaryaim of thisthesisas mentioned bew is to generate weightsensor which can
be adaptedis a piezoresistivebiosensor. The biosensor will be basicaitynposed of

paperbasedmicrostructureareadout circuit and a magnet depictedin Figure 1.7. This
biosensor will recognize the iskenceand/or measure the amouwrfthe biological/chemical

particles.

The operation principlef the piezoresistive bisensorrelies on the ELISA method of
antigen/antibody. In th&LISA method the key lock behavior of antigen and antibody is
used tadetect the antigens. Antigens bind only a specific antibody and the detection methods
get benefits from this propertyhe antigens are marked witbld or latex nano particles
These particles are observable colors under the microdathman the sample imixed with

the antibody solution, antigens and antibodies are bond to each4attibndies argnostly

used to get rid of the unnecessary patrticles thasanepleincludes.Then, mly marked
antigens with antibodies argayed. Under the microscope, thelor concentration is

observed to the amount of gold or latex partigibsch are equal to the amount of antigens.

In contrary to traditional ELISA method, in the furtherance stutlg piezoresistive
biosensor gets benefits frometmagnetic nano pactes (MNP). hstead of the gold or latex
nano particlesMNP will bound to antigens and the number of them will be equal to the
antigens.MNP is a magnetically active particle since it includes iron atdMsen the
magnetic amplifier is activehé existenceof MNP provides to increase the effective mass
of biological component that is mainly composed of antigen, antibody and diiPnay
also include additional biological particles like protéihe magnetically active component

is pulleddown by the magnéic amplifier sincethe amplifiercreates a magnetic field with
the help of magnétlectrocoil. Therefore, the magnetic amplifier is worked like increase in

gravitation. This increase also causes@nease in effective mass of biological component
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that makes the weight measurement possillgh the paper basegiezoresistiveweight

Sensor.

Achieving this sensor is the main aim of this thesid itsworking principle depends on the
property of piezeesistivematerial. As shortly mentioned above, tkisd of materials like
graphite is sensitive to stress. The stress is occurred by the mechanical deformation which is
caused by applied force. In substartbe, applied forcencreases the stress level which is
affected thepiezoresistivenaterial. The rgponse of thpiezoresistivanaterial to the stress

is to change the value of its resistandéis change is directly bonded to the applied force
which is created by the interaction of biological component and the magnetic anapidier

its amplitude isihearly related to the amount of the biological componEnérefore, the

value in resistance changepiézoresistivenaterial corresponds to the amount of biological

component.

In order toachievinghe detection of biological/chemical particles witbight, two different
weight sensor device is prepardd the first device(piezoresistivaveight sensor without
magnetic amplifier)there are three componemsadout circuit, cantilever and weight plate

as seen in Figure 1.First componentthe red-out circuit is composed of power supply
which provides input voltage of the circuit, digital multimeter that is necessary to measure
the output voltage of the circuit and the Wheatstone bridge which is essential to eliminate
the environmental impact ohe output voltageSecondcomponentthe cantilevethat can

be also named aweight sensor includepaper base, graphite coated area (piezoresistive
layer/piezoresistor) and silver coated area (contact pad). &tinghonentweight plate, a

place to puthe weights that are to be measured, is tied by a rope to the free end of the

cantilever.
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Digital
Multimeter
Power Wheatstone Sibver Ink Graphite Ink  Paper-Based Cantilaver
supply |G Eridge 2 Y W /"
[ s ]
F-2:Anchor
Weight Plate

PLATFORM

Figure 1.7. Schematics of proposectight sensor.

Besides the componentswéightsensor device, it is also impantao examine theelation

of the components with each other. When the weight is put into the weight plate, the rope
pulls down the fre@nd of the cantilever. The fread of cantilever bends as much as the
amount of the weight. This bending cause medardeformation which increases the
amount of stress that occurs in the fbestl of the cantilever. The higher level of stress
changes the value of piezoresistor which is located on the surface of the paper based as seen

in Figure 1.7.

Figure 1.8. Wheatstone Bridge Circuit

The piezoresistor is connected to the Wheatstone bridge and this connection is provided by
the silver contact pads. The cattion is seen in Figure 1.8. The relation between g R

and the Vu(J is given in Equation 1.1.

; Y, Y,
. s S T
W o & Yo YovR Y Y

Wog (1.7

Ro(0) represents the piezoresistamich changes its value with the strd$svhere \bu(0Q
represents the output voltage angli¥ the input voltageRegardinghis equation the value
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of output voltage is inversely proportional to the value in resistance change of piezoresistive
layer. As a consequence, the value in output voltage change whinkasured by digital

multimeter is proportional to the amount of the weight.

Digita
Multimater
Pawer Wheatstone Silver Ink Graphite Ink  Paper-Baszed Canfilever
Supghy — Bridge <= A% v /)'
[ i .__I
F-sAnchorii] .
Magnetically
Active
Wileights
PLATFORM Weight Plate E

Figure 1.9. Schematics gfroposedwveight sensor that uses the magnetic mass increase scheme

In the second device (piezaistive weight sensorwith magnetic amplifier), on the other
hand, there are four main componesgsseen in Figure 1.%he three components are same

as the first devicand also their interaction. Fourth component comprises of a magnet and a
holder whichprovides zaxis movement to the magnet, in other words, up and down
displacement. The fourth component is called as magnetic amplifier. As mentioned above,
magnetic amplifier increases the effective mass of the weight that is put into the weight plate,
when the weight is magnetically active. Hence, this device can be only used for the weights
which can be pulled down with magnet. At first, the magnet touches the weight plate, then
the holder pulls down the magnet until the maximum displacement occuithehfatrce
betwesn the weight and the magmetunterbalancethe endurance force of the cantilever to

the bending. Therefore, the interaction between magnetic amplifier and the weight provides

more bending compare to the weight provide itself.

Furthermoe, adition tothese twalevices, in this thesistwo distinctprinters aremodified

to print proteinand silverink. In the further studies of the projefdy converting the device

to thebiosensodevice free-end of cantilever is coated lajbuminto fasten the biological
components to the cantilev@iherefore the printerfor protein printingis necessary where

the silver printer is modified to improve the fabrication process. The details about the printer

modificationis mentionedat Appendix A
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2. MECHANICAL DESIGN AND SIMULATIONS

2.1.CANTILEVER MECHANICS

Beamsare usual} classifiedbased on threboundary conditionsfixed, guided and free.
Each of them has d#fent degrees of freedom (DJE).

Table2.1. Relation between the boundary conditions and the degree of freedom.

Boundary Conditions Linear DOF Rotational DOF
0 0
A
LY
Fixed
I 2 0
Guided
Free
-~
A |

The fixed enddoes not allovany kind ofmovement whereasi¢ guided Bd only restricts
the rotational DOF andllows the two linear DOFThe free end has the highest DOF with

two linearand one rotational.

Combinatios of boundary conditions angilized for both generation of the flexural beams
and the classification dhem. In MEMS field, mostly the fixetixed (bridge), fixedguided

and fixedfree (cantilever) beams are used.
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Figure 2.1. Flexural beams of different combination of boundary conditions

Figure2.1 shows he various beam types, the most common amése MEMS fields The

beamsare (a) a fixedree cantilever parallel to the surface of the substrate, (b) afixed

beam parallel to the surface of the substrate, (c) two fixed end and guided boundaigrcondi

in the middle beam, (d) four fixeguided beam connect to a rigid shuttle, (e) a fifted

cantilever, (f) a fixedree cantilever (the design allows the movement within the substrate),

(g9) a fixedfixed beam, (h) a fixedree beam with an object thi@strict the flexural bending,

(i) a bridge with the guided object in the middle, (j) a combination of severakfiized

cantilevers, (k) two fixedree cantilevers connected in paral&.

Fixed

F

74
W

endlyy
I

Figure 2.2. A fixedfree beam with dimensions |, w, t under applied force (F).

Fixedfree beams are called cantilevers amave two linear freedoms. First one is

perpendicular to the fixed end (both up and down) and the second oralel pathe fixed

end (both left and right). In addition, cantilevers have rotational fre¢danks to theifree

end[2].
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When the F magnitude of force is appl@uthe direction of the-axis (Figure2.2), the bent

angk can be calculated by using the followeguation

— — 2.1)

where the bent angle depends on force (F) tkeflg, Young sodulus (E) and moment of
inertia (1). Calculation of the displacement in thexas iscalculatedoy same parameters,
but the equation is

o — (22)

The spring constank)is also an important factéor cantilever designs and analysihdk

varialde can be calculated by use ajli&tion2.3, where width is w, the thickness is t.

Q- — — (2.3)

These equations are the simplified formulzst analyz cantilever behaviorn this thesis,
the comsol simulation program is used to analyze the displacearht stress
characterization of theantilever.

2.2.MICROSTRUCTURE DESIGNS

The cantileveris the most common beam type. They are mostly prefénaiks to their
ease of fabrication anttheir usefulnesswhich is because cantilever design is demgnd
reliable that can be easityodifiedfor different purpose and setufereforejn this thesis,
cantilever igpreferred The most important point of generating the devicimaximizethe
sensitivity of the sensott is analyzed by the relative chanigehe value ofesistances a
result of the change in magnitude of applied foltc@so aims teliminate the environmental
effect from thechange irresistancend hence, reach more reliable results. Therefots, f
different cantilevedesignare dsigned and shown figure 2.3Each of design witharious
dimensionss sinulated by Comsol software
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First desigrhas an advantage ind fabrication procestue to the dimensional limits of our
fabrication methodFigure 2.3.A whereastie expecteddvantage of second designtis
increase¢he amount oflisplacementinder the applied ford&igure 2.3.B. The third design
moroever is aserpentinecantileverwhich increase the movement capacitpf free end
(Figure 2.3.¢. The fourthdesign (Figur@.3.D)is beneficial from may aspects. @Gnecting
piezoresistor in series enabtég total change value of resistance in piezoresistive layer
to increase and hendlg sensitivity of the sensor canibgroved.Additionally, it provides
opportunity © implement differential measuremenby including more than one

piezoresistanee

A D

F 3
Fixed = 1 l .

end - Ir

5

Fixed-End

]

Fixed-End

Figure 2.3. Microstructure designs with variowimensions(Dimensions are shown Table2.2,2.3,2.4,2.p

In the desigh underFigure 2.3(A), eight different cantileverare designedto identify the
effect of change inwidth and lengthof cantileversWhen the length i&ept constant, the
width is changed to observe teectof width on thevalues of displacement andesds. To
the @ntrary, the widthis keptconsant while the length is changéal observe the effect of
length
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Table2.2. The basic designs with dimensions; width (w), thickness (t) and length (I). Tmegters are given im

range.
w L t
1 8000 45000 88
2 6000 45000 88
3 4000 45000 88
4 2000 45000 88
5 1000 45000 88
6 2000 30000 88
7 2000 15000 88
8 2000 60000 88

In the second desigmder Figure 2.3 (B)ight different cantilever aesigne to identify
the effect of crossectionarea. he fixed part of the cantileveis disintegrated intdhree
parts as shown in tieggure. Based on the parameters provided in Tablec#gtilevers are

drawn

Table2.3. The fixedfree end designs with dimensions; width (w) and length (L). The parameters are divemange.

Wi w2 Ws W4 Ws L1 L2 Ls
1 1900 1000 1900 3000 1700 5000 40000 1000
2 1230 2000 1240 3000 1700 5000 40000 1000
3 1900 1000 1900 3000 1700 5000 40000 2000
4 1230 2000 1240 3000 1700 5000 40000 2000
5 1900 1000 1900 3000 1700 5000 40000 3000
6 1230 2000 1240 3000 1700 5000 40000 3000
7 1900 1000 1900 3000 1700 5000 40000 4000
8 1230 2000 1240 3000 1700 5000 40000 4000

In theserpetine cantilever designnder Figure 2.3 (Cparameters are chosen to determine
the impact of serpentineshape.Additionally, the chosen parameters give opportunity to

observe the effect dfoththewidth andthelength of cantileves:
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Table2.4. Theserpentinalesigns with dimensions; width (w) and length (L). The parameters are given in mm range.

W1 L2 W3 Wa L1 W2 Ls
1 15 5 15 3 15 0.1 0.3
2 1.5 5 1.5 3 30 0.1 0.3
3 1.5 5 1.5 3 15 0.2 0.6
4 15 5 15 3 30 0.2 0.6
5 15 5 15 3 60 0.2 0.6
6 1.5 5 1.5 3 25 0.5 15
7 1.5 5 1.5 3 50 0.5 15
8 15 5 15 3 75 0.5 1.5
9 15 5 15 3 25 1
10 1.5 5 1.5 3 50 1
11 15 5 15 3 75 1

In the fourth desigunder Figure 2.3 (D)the cantilevers are drawhased on the chosen
parameters tobserve theamplitude of lost in displacemerithe lost should be compared to
the gain achieved by the series connectiopietoresistorslf it is acceptabler evitabk,

thenthis designwill be preferred because it irwhtes that the sensor is more reliable.

Table2.5. The fixedfree end designs with dimensions; width (W) and length (L). The parameters are gienainge.

Existence of the cantilever is marked as X.

W L Q 1 2 3 4 5 6 7 8
1 8000 45000 5000 X X
2 8000 45000 5000 X X X X
3 8000 45000 5000 X X X X X X
4 8000 45000 5000 X X X X X X X X

In the simulation part, theechnical drawings for each design are preparéé parameters
of Figure 2.3 A B, C and Dare respectively given in Tab®2 2.3 2.4and2.5 Inthe
simulation, the force is applidd the edge which is located in the freed. The magnitude

of the force is equal to 1mN.
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Stress and displacement results siraulated and acedingly, in Figure2.4, 2.5, 2.6 and

2.7,maximum values of stress and displacement are given.

60000 60

—m— Stress 55
| —@— Displacement

40000

20000

Stress (Pa)

15

T T T T T
D1 D2 D3 D4 D5 D6 D7 D8

Designs

Figure 2.4. Simulation results of first cantilever whose parameters are given in 2able

The simulation rsults of firstdesignare shown in Figur.4. The graph points out that the
length is more effectivan maximizing the value of stress and displacentiesuh the width.
Hereby, the length should be maximizéd generate the mossensitive sensor.
Unfortundely, when the force is not appliethe cantilevecannotstay straight as it should
and starts to bend as it lengthens.
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13.8

Figure 2.5. Simulation results of second cantilever whose parameters are giliabie2.3.
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The result grapbf secondiesignindicateghat when the crossection are& narrowedthe

value ofdisplacement and stress increadesides, it is indicated that the more the area
extracted, the more cantilever bends.
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Figure 2.6. Simulation results aferpentinecantilever whose parameters are given in Table

The result graplbf serpentineantileverpoints out that both widttrandlength of cantilever
have influence on the magnitudef displacement and stress. hénh thecantileveris
narrowedor lengthened, the magnitude increase
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Figure 2.7. Simulation results of bridge structure whose parameters are given in Z&ble

The graplof bridge struaire shows that the lost is neither evitable nor acceptable because

each additional piezoresistor decreases the displacement value even mdrentiaases
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the total change ithe resistancél' herefore, this desigrannot bereferred foithe purpose

of this thesis.

The resultsindicate that the displacement value sérpentinecantilever is the highest
whereas the bridge design yielti® lowest one. Although treerpentinecantilever seems

as the best solution, theesults may not be a®liable as others because its rotational
movement causes inaccuracy in the values. Besides, its complexity makes the production
process harder than the other designs. Regarding thosdtfaetsnot become first choice

in thisthesis

The displacemdrvalues ofthefirst design(Figure 2.3A) arenot as high as thgerpentine
cantilever, however, it is acceptable and even selected as a cantilever shape since its
fabrication process is easi@he graphndicateshat the widthof cantilever has a naglble

effecton the valuesNevertheless, the length creasebstantiatlifference. When the length

is increased he displacement increasas well Due to the constraint explained above, the
parameters cannot be selected in their maximum value. Hémeejrawing with the
parameters 8 mm width and 45 mm length is the most suitable one. However, the dimensions
are needed to be scaled by 0.79 to provide smaller sensor without changing théhalsies

the new parameters are selected as 6,16 mm widéBs length

Figure 2.8. Simulation results of Bristol paper (40) and Photocopy paper (1) (A)Displacement dirst design with
various dimensions under IiNappliedload (B)Stresf first design vith various dimensions under Afappliedload

Even though the characterization of designs (cantilevers) are simwlisttetthe properties
of the photocopy paperthe cantilever is producefilom Bristol paper Therefore, the

simulations for first design isepeated to observe whether theevious simulations and










































































































































