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SUMMARY

This research focuses on developisgnsorsfor properties of aerodynamic
interest (i.e., flow and pressure) based low-cost polymeric materials andgimple
fabrication processes Such sensors can be fabricated in large arrays, covering the
surface of airfoils typically used in unmanneghicles, allowing for the detection of flow
separation. This in turn potentially enables, through the use of dlmgedontrol, an
expansion of the flight envelope of these vehicles. A key advance is compensation for the
typically inferior performance ahese low cost materials through both careful design as
well as new readout methods that reduce drift, namely a readout methodology based on
aeroelastic flutter-igurel shows a schematic outline of the thesis work.

An all-polymer micromachinediezoresstive flow sensor isabricated based on
a flexible polyimide substrate arah elastomeric piezoresistivampositematerial. The
flow sensor comprises a cantilever that is extended into the embedding flow; flow
induced stress othe cantilever is sensed through the piezoresistive composite material.
Increasing the sensitivity of the sendsrachieved byeither utilizing along single
cantilever beanor usinga duatcantilever beansupporting a flap extending into the
flow. In the latter case, the sensor demonstrates increased sensitivity with a reduced
cantilever length. The increase in sensitivity helps to reduce sensor drift, which in turn is
further reduced by a new measurement method, the vibration amplitude measurement
methal. In this drift reduction measurement method, the Ailoduced vibration
amplitude of the sensor structyiee., the amplitude of the aeroelastic flutter induced by
the flow), instead of the absolute value of cantilever deflectsomeasured in ordeot

find the flow rate Measurement othis relative resistance change instead of the absolute

XiX



resistance in the piezoresist@jects commomode drift and greatly reduces overall

drift. Experimental resultserify the expected drift reductio®ensor drifis also reduced

when the elastomeric piezoresistive material is replaced by a Pt thin film piezoresistor.
Development of pressure sensors based on polymers proceeds by encapsulating a

reference cavity within a multilayer polymer structure and formingciéqr plates on the

polymeric membranes encapsulating the cavity. Measuring the capacitance change

induced by changes in the embedding pressure (which cause changes in the positions of

the bounding polymeric membranes) enables calculation of the pre3$ierause of

polymeric membranes requires understanding the leakage rate of gas into the reference

cavity, which is a source of pressure driReveloping a polymebased pressure sensor

that solves the problem of sensor drift as a result of gas permeatails the fabrication

of a silicon pressure referencavity embedded ithe polymer substrate, which results in

a more hermetiand lower drift sensor while preserving the flexibility of the embedding

polymer. Both wired and wireless versions of pressand flow sensors of these types

were developed and characteriz&drther, the sensors were characterized on airfoils and

their performance in a wind tunnel was determined.

Polymer-based
aerodynamic sensors

Flow Pressure
sensors sensors

. Meta.l' Silicon Polymer
piezoresistive pressure subsbrate
flow sensor reference

Figure 1. Structure and content of the research

Drift reduction
measurement method

All-polymer
flow sensors

XX



CHAPTER 1

INTRODUCTION

1.1 Objective

Human beingshave always been amazed by how easily birdsan fly.
Hummingbirdscanhover while flapping their wings in one positiah a rate as high as
80 times per second]. Bartailed godwitscanfly 11,000 km nonstop to migrafeom
Alaska to New Zealanf?]. To investigate the flight capability of birds, researsheain
pigeons to fly in a wind tunnel and observe their behavior as the flow rate [@ries
These researchers found that as wind velocity incsetis® pigeons greatlyeducetheir
wing span and area, whidh turn greatly reduce wing profile drag[3]. These birds
demonstrate extraordinary capability to adapt to flow variation by aajusteir wings,
which also suggesthat they have the ability to sense flow variation. Research on the
sensory system of birds shows that mechanoreceptors surround the feather follicles of
birds, which sense airflow over their wing§. Furthermore, the sensing system is able
to detecthestall and separation of the airflow on the surface of the Wilgs

Human beings have always envied the fact that birds can fly. To achieve this goal
human beings have invented different lgiod flight contraptionsfrom thekite, invented
by theancient Chinese t o t he wor | @rplane ifivented by thaMiightt e s s f u
Brothers The aeronautics industry has also developed pilotless airthatt,is, the
unmanned aerial vehicle (UAMor various applicationd-or instancepne kind of UAV

recently launched by Amazon delivers produéts the industryproduces more and more



of such vehicles, we may, in the near future, see UAVs flying around our homes and in
public areas.

A dream of UAV researchers in both academia and the aeronautics industry is to
develop a UAV that flies like a bird. To achieve thmal, they must develop sensors in
the UAV tha provide extraordinary sensing capability. The two critical parameters to
sense are pressure and flow ratéghen air flows across an airfoil, the top flow
accelerges, and therefore the pressure above fttfieilas lower than the bottom pressure,
which results in lift force.The pressure and flow distribution on an airfoil of a UAV
flying in the atmosphere will be more complicateetause ofactors such as turbulence
and flow separation.

For birds, mechasreceptors around feather follicles are their flow sespgbese
sensorgoverthe entireareadfi r ds 6 wings with high densit)
sensing ability/resolution in a UAV, tiny sensors are needed to cover whole airfoils.
Advances inmicroelectronics and micromachining technologies make it possible to
fabricate these tiny flow sensokghich can be placed on the airfoil to measure air flow
and pressure. Furthermore, these sensors should be small enough so tlaatlythey
minimally distub the flow on the airfoil. The concept of the flow sensors for velocity and
pressure measurement is demonstratétigare2. MEMS flow sensors fabricated and/or
assembled on a fléxie substrate are mounted on aveutairfoil to measure flow and

pressure changes around the airfoil.
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Figure 2. Flow sensors placed on an airfoil for velocity and pressure measurements

1.2 Background

1.2.1Flight Control with Flow Sensors and Actuators

Flow information helps a pilot to maneuver an airplane. For instance, the air
pressure suggests the height of the airplane; the flow rate relates lift and drag of the
flight. In an airplane, the flow is generally amired by a Pitot tube, which wiasented
in the 18" century and named after its inventbenri Pitot a French enginee simple
Pitot tube isillustrated inFigure 3. The tube points directlinto the air flow and the
pressure inside the tube can be measured. The measured pressure is called stagnation
pressure of the flow or total pressure, which is the sum of static pressure and dynamic

pressureaccording td8 e r n o eqguation 6 s
P_total= P_ static +P_ dynamic =P StatiC%-F %) (1.1)

If static ports are opened on a Pitot tube and static pressure is measured, the flow velocity

can be determined by the dynamic pressure, which is the difference between total


http://en.wikipedia.org/wiki/Henri_Pitot

pressure and static pressure. For UAV application, especially @AV is small,
deploying a Pitot tube becomes challengimgaddition in the applicatiorof airfoil flow
and pressure mappingrigure 2), placing multiple Pitbtubes for measuring flow and

pressure distribution canairfoil seems impractical unless it is miniaturized.

Static
Port

Total Pressure
Port

Figure 3. Schematic of aPitot tube with a static port

MEMS technology ioncerned withminiaturization. The keyo miniaturization
is photolithography, where small features on a glass mask are transferred to a
photosensitive polymer (photoresist) mask coated on a device substrate through UV
exposure. Different etchintechniques such as reactive iachag (RIE), inductive
coupled pasma (ICR etching, and various kinds of wet etching proesskave been
developed to release the sensor structure. Once the device structure is fabricated, thin
metal films are often sputtered or ewagied to interconnect the device structure with
circuits or other interface blocks.

From the first highvolume commercial silicon piezoresistive MEMS pressure
transducgb], researchers have miniaturized hundreds and thousands of sensors,

actuators, and electromechanical systems. These mined{MEMS devicetave found
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wide application in manyields. For instance, MEMS gyroscopea key component in
todaydéds consumer el ectronics market. A ME|
automobile to detect acceleration for safety contvtEMS techology also make flow
sensors moresefulnot only in traditional process control and metrol¢glybut alsoin
flight control applications involving unmanned aeriahicles

Figure 4 shows a flexiblePCB-basedhotwire flow sensor systemwhich
indirectly measureow velocity [7]. The sensors hadeeen successfulljmounted orthe

airfoil of a UAV and detected flight parameters such as airflow spedédngle of attack

[7].

|

Figure 4. A flexible PCB-basedhot-wire flow sensor system for UAV controlreported in [7]

Figure5 shows a PClhased capacitive flow sensor array fl@tectingaircraft amgle of

attack and air speed by measuring the aerodynamic pr¢8kure



Capacitive pressure
sensitive arrays

miniaturized pipes

contacts reference unit

sensitive spots o
A4 air inlet

Figure 5. PCB Strip pressure sensorseported in [8]

A piezoresistive sheastress sensor is demonstratedFigure 6 [9]. The sensors are

mounted on an airfoil to monitor flow separat{®.

Floating element

Electrode

Figure 6. A piezoresistive sheastress sensor for flow separation detectioreported in [9]

Figure7 shows the implementatiorf oontrol system in a micromechanical flying insect
[10]. Flow sensts provide information for the flighmode $abilizer and the drce

sensors at wing bases helpntrol wing trajectory10]. Once the contraystem receives
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flow information from the sensors, the system will command actuators to maneuver the

UAV and/or controls the flow.

MFI FLIGHT
CONTROL
ARCHITECTURE

Chemical sensors
Compound eyes

Navigation Planner

Flight mode selectiond,
Flight Mode Stabilizer Flow Sensors

(Hover | [ Cruise | [ Steer |ees[ Climb | Halteres

Compass

Desired wing traiectory‘

Force sensors

Wing Trajectory Controller —rt wing base

Actuator inputs y

MFI
DYNAMICS

Figure 7. Design architecture for the control unit of a micromechanical flying insecteported in [10]

MEMS technology also helps the development of miniaturized actuators for flow
control. For instace, a MEMS synthetic jet actuator is shownFigure 8 [11]. The
actuator comprises a cavity with a hole. The flexible membrane draws the air around the
hole with low momentumHRHigure9 (a)) and expels the air with high momenturg(re
9 (b)), which can readich a separated flojiL1, 12]. In Chapter 2an experimenal setup

will include a synthetic jefor flow reattachment



Figure 8. A MEMS synthetic jet actuator reported in [11]
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Figure 9. Principle of the synthetic jet actuatorreported in [11]

Other than the synthetic jet actuator, MEMS actuators such as-j@licagines
[13], micronozzles[14], and microthrusterfl5] have also been developgte]. This
large variety of actuators gives UAV designers the flexibility to choose suitable actuators
to control the flowv and maneuver UAVsFigure 2 illustrates the objective of this
research: MEMS flow sensors cowey the airfoil for flow and pressure measurements.
However, ultimatelyon the airfoil, there will be not only MEMS sensors but AHEMS

actuators. The combination of both will allow a UAd/ly like a bird.



1.2.2MEMS Flow Sensors

Flow sensors & widely used in both industand research. Many applications
including flow sensing for UAY, call for tiny flow sensors. Therefor®EMS-enabled
flow sensors ardhe subject of much research activitfhe best flow sensors are
developedn nature For instance, mechanoreceptors surraumthe feather follicles of
birdsare able to detethe stall and separation of the airflow on the surfatée wings
[4]. The lateral line ofa fish detecs tiny water velocity changes on its skin that occur
when the fish passes nearby obst4él@s The filiform hairs ofcricket are flow sensors,
which respondto movementenergies n the order of102* Joule [18]. Therefore,
researchergan learn from naturenow to develop high performandaomimetic flow
sensors.

Biomimetic flow sensors generally comprise a canéfdveam exposeth the
flow, and a sensing element detecting the motion of the cantilever in theTiwse
sensors can be categorized by their sensing principlash includethermal capacitive,
piezoresistive, piezoelectrigptical, and magnetic.Among these sensors, thermal,
capacitiveandpiezoresistive flow sensors will be discussed in the following paragraphs.

A thermalflow sensor is often calledl@t wire, whichis a heatedwire made out
of resistive material such as metal and silicon. THigated sensing element will cool
down through convection when air flow passHse higher the flow ratis, the more heat
loss will bepresentin the hotwire This heat lossesults in a resistance change in the
sensing element. A servo loop monitors tigisistance change, controls the heating of the
sensing element, and detects the flow fage.instance, in the hotwire flow sensor foe

UAV application described iigure4, a servo loop maintains the sensor temperature by



sensing the sensor resistance through a Wheatstone bridge and varying the supply voltage
of this bridge[7]. Many commercidy available flow sensorare alsobased on this
technique because of tlaecuracy and reliabilitypf hot wire sensotsA hot wire flow
sensor Omega FMAG05-) will be used in the flow sensor measurement in théearch
as areference sensoHowever the power consumption of the hot witew sensor is
high because the servo loopthe sensoneed to apply a current for heating the sensor.
A hot wire flow sensor with power consumption in the milliwatt range may not seitabl
for many low power applicationia which microwatt power consumption is desirekdis
is especially true for array applications where many such sensors may be needed

In a capacitivebiomimeticflow sensorthe cantilever beam motian the flowis
trarslated into a capacitance changee Transducer Science and Technology group in
University of Twente, Nimerland has developed a seriegbio-mimetic capacitive flow
sensorswith high sensitivity[19-22]. For instance, thdio-mimetic capacitive flow
sensor arrayvith high-aspect ratio St8 pillarsin Figure10 is able to sense flown the
order of 1mm/q20]. The sesing principle of the capacitive flow sensor is shown in
Figure10. Whenanair flow passes across the S pillar, a drag will tilt the pillarwhich
results in a differential capacitance charj@@]. The researchers devebkxgpa surface
micromachining process forehsensor fabricatio[20]. The SU8 pillar (Figure11 (V))
sits on the lminum (Al) electrodegFigure 11 (IV)). The membrane/torsional beam
(Figurel11 (lll)) underneath the Al electrodesaidow pressure chemicahpordeposition
(LPCVD) silicon rich ntride layer. The sacrificial layefFigure11 (V1)) is deposited by

LPCVD of polysilicon.Similar capacitive biomimetic flow sensors with a ke pillar
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and capacitive sensing elements have been developed both for air flow sensing and for

liquid flow sensing 23, 24].

air flow «——

membrane

top electrode

X458 SBmm 15 19 SEI

Figure 10. Bio-mimetic Stbased capacitive flow sensor with SI8 cantilever as a microtuft[20]

25um @8 SU-8 (2 x 450 um)
[ aluminum (100 nm)
1 SIRN (1 um)
@@ poly-Si (600 nm)
50 um @@ SiRN (200 nm)
Sum T }

Figure 11. Fabrication process of the capacitive flow sens¢20]
In a gezoresistive flow sensor, the sensing element, which senses the motion of

the sensor cantilever, is a piezoresistdre piezoresistive effect was first discovered by
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Lord Kelvin and e found that undenechanical strain, the electrical resistance of eopp
and iron wires change[25]. This factor also applieotother meta and metal alloys,
which are often used to fabricaterah gaiges When a strain gage is attachedo a
structure experiencing strain changtee strain gage will transducestrain changes into
resistance changegigure 12 illustrates a schematic of mezoresistive strain gage,
which is usually a sip of piezoresistive materialvhich is often called a piezoresistor
When thepiezoresistor experiences straits, resistance will chang&he ratio between
the resistance chaae@nd the strain is called Gaugadtor (GF. Equation(1.2) shows
the relationship between strain and resistance in a strain gage:

DR
— =Ge, 1.
R e (1.2)

whereRy is the initial resistancep Rs the resistance chandg,is the Gauge Factor, and
e is the strainTable 1 displaysthe GF of some metals and metal all$26]. Among
these metals, Platinum (Pt) shows thighestGF. Furthermorebeing a noble metal, the
stable material propertyaytranslate @ a stable/lowdrift sensor outputvhen it is used

as a piezoresistor in a sensor.

EEE— E—
Strain=0, R=R, Strain=¢, R=R,+AR

Top View Side View

Figure 12. Schematic of gpiezoresistive strain gage

12



Table 1. Gauge Factor of differentmetals and metal alloy426]

Metal GF

Platinum (Pt 100%) 6.1

Isoelastic (Fe 55.5%j 36%Cr 8%, Mn 0.5%) 3.6
Constantan/Advance/Copel (Ni 45%, Cu 55% 2.1
Nichrome V (Ni 80%, Cr 20%) 2.1

Monel (Ni 67%, Cu 33%) 1.9

Wanget.al. reporteda Pt piezoresistive flow sensor 2007[27]. The sensor can also be
categorized as a bimimetic flow sensor, whicltonsists of arout-of-plane cantilever

and a Pt piezoresistor to monitor the cantilever moitothe flow. When flow passes
across the cantilever, the caetiér beam will bend, resulting in a tensile strain on the
piezoresistor. This stin change will induce an increase of the resistance in the Pt

piezoresistor.

nitride(Si;N,)

platinum

gold

silicon

resistance
meter

Figure 13. A Pt piezoresistive flow sensor; leftschematic illustati on; middle: top-view of the sensor;
right: side-view of the sensorreported in [27]

Other than metalglicon is also a widely used material as a piezoresistor in
piezoresistive sensorn 1954, Charles Smith &ell Laboratories, found piezoresistivity
in silicon and germaniurf28]. With agauge factoan orderof magnitude highethanits
metal counterpartd 28] , perfect elasticity{29], and well developed process tools and
technology, silicorhas becoma first choice of the material for strainugge fabrication.

However,a mainchallenge ofilicon is that itis a brittle materia]30], which limits its
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appications where flexibility isnecessaryDespite this limitation, silicon piezoresistive
flow sensorsbecasge of thestable materiapropertes of silicon, are still developed and
utilized by researchersaand engineersFor example, lte MedX lab atNorthwestern
University developed a series of higlsensitive silicon piezoresistive flow sens{3$-
33], a representative of which is shown Figure 14. The sensor comprises an 8U
cilium and an irplane cantilever witta boron iorimplanted piezoresistor at the bottom
of the cantever[32]. The cantilever will bend when the SJciliumtilts as a result of its
drag in the air flow. This flownduced cantilever motion is then monitored by the silicon
piezoresistorBecause of th high gaugefactor of the silicon piezoresistor (33/86.9),
the sensor is able to detectlow rate below 1 mm/s in wat¢B2]. lllustrated inFigure
15, the sensor fairation process starts with aton implantation of the piezoresistor on
an SOI wafer, followed by metal interconnection with adift process. The uplane
structureis fabricated by a series of silicon dry etching stdpen ahigh aspect ratio

SU-8 cilium is fabricated by sphtoatingSU-8 epoxyat a low spin rate.

Piezoresistor

Figure 14. A silicon piezoresistive air flow sensowith SU-8 cilia reported in [32]
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Figure 15. Fabrication process of the silicon piezoresistive sensported in [32]

Figure 16 illustratestwo types of biemimetic flow sensos proposed byOzakiet. al.in
2000[34]. Figure 16 (a) shows the -Degree of Freedom {DOF) flow sensor, with a
cantilever protruding in the flow and a piezoresistmmitoringthe cantilever bending as
flow rate variesThe 2DOF sensor illustrated ifigure 16 (b) has a cantilever beam,
which sits on two crosshged and fixed strips, and piezoresistors on fixed ends of each
strip. The tilt of the cantilear in air flow will result in astrainchangen the stripswhich
causes resistancanation in the piezoresistorafter the developmendf 1-DOF or 2

DOF flow sensorsby Ozakiet. al, various biemimetic sens@ were reported with
similar operationprinciplesbut different geometry, matil, and fabrication proce$85],

such asio-mimeticflow sensors reported {27, 36-39].

15



large strain T Rkt > r flow
at the base o A

Wy
¥

large deflection at the tip

< 7= =g air flow
]argc strain ‘ﬁj ﬁ:ﬁw:i" £ o
at the base &

'd)) \Vstram gauges
Figure 16. Two types of piezoresistive flow sensor proposed by Ozadd. al[34]

The aforementioned sensoase mostly silicorbased sensordilthough these
sensorsdemonstrate googerformance they require relatively complex fabrication
sequences; furtherore being silicorbased,these sensors are not able to coaege
areas of vehicle wings without tilingr similar approachesBy contrast polymerbased
sensordiavebeen successfullgemonstrate and applied toon-plarar structuresuch as
aUAV. An example is théotwire flow sensobuilt on a flexible PCBshownin Figure
4. Researchers have also develogmalymerbasd piezoresistivesensorsfor flow
sensing For exampleFigure 17 shows an example of the polyressed piezoresistive
sensor reported if@0]. The sensor can be used for tactile sensiwogvever, theoretically
the sensor could sense flow as welthwihe movable pillar and elastomeric sensing
elementg35]. Thepillar is made out of polyurethanand the piezoresistors sitting on the

bottom of thepillar are carbonblackloaded polyurethane, which is made by mixing the
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elastomer resin, curing agent, and 30% (by weight) carbon blamke thepercolation
threshold[40, 41]. Compared to silicotrased flow senssr the development ofhe
fabrication process igften more challengingnd unconventionddecausdew developed
processes can be borrowed frdmIC industry,which is mainly silicorbasedFigurel18
shows the fabrication process of thpslymerbased flow sensor: photoresist mold
patterning of carbon bladkaded polyurethane followed by waxolded polyurethane

assembly and curin@tQ].

Figure 17. The polymer-basedpiezoresistive sensor reported in[40]

£

(a) (b) (c)
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Figure 18. The fakrication process of the polymerbased flow sensor if40]
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In the MSMATresearch group at theeorgia Institute of Technologwe havealso
demonstrated an owff-plare micromachined flexible piezoresistive -glblymer flow
sensor array based flex-PCB technologie§38]. Although the sensor provide large
output without complex sensing circuitry for compensation and amplification of the
sensor outputa significant resistance drift in the sensor outpuats observedFigure19)

[38], potentiallylimiting the applicability of the sensor.
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Figure 19. Flex-PCB-based biemimetic air flow sens@ and sensor output[38]

1.2.3MEMS Pressure &nsors

The MEMS pressure sensor itself is a billidollar market[42], becausef its
wide applications in various fields such as biomedietd], automobile[44], and
aerospac¢8]. A MEMS pressure ensor senses pressure with a deformable membran
The membrane deflects as a result of pressure difference between each side of the
membrane. By monitoring the deflection of the membrane with sensing elements, this
pressure difference can be measurbal.measure an absolute pressure, a hermetically

sealed cavit is needed. This cavity can compriggcuum orcan befilled with gas at a
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certain pressureln the piezoresistive flow sensor, the piezoresistor monitors the
cantilever beam motion in the flow similar principle can also be applied to pressure
sensing.By placing piezoresistors on the edge of the mamd, where the maximum
strain occus, the deflection of the membrane can be translated to a resistance change.
Piezoresistive pressure sensor eeshith advances of micromachining technology. The
first commerciapressure sensor wasleasedn 1958 with a metal membrane and silicon
piezoresistive strain gge[5]. It wasthan replacedby all-silicon pressure sensors wih

silicon membrane and diffused piezoresis{@?]. Figure 20 is a figure ina review of
capacitive flow senseiby Eatonet.al, which is adapted frorfb], demonstratingpow the
piezoresistive pressure sersoevolve with the development of micromachining

technologies

19



metal support

w/ machined
diaphragm

Si support w/
drilled hole

Pyrex™ support
w/ drilled hole

Si support w/ —>
etched hole

Figure 20. The evolution of siliconpiezoresistive pressure sensor 2], adapted from[5]

In a piezoresistive pressure sensor, the deflection of the membrane of the device is
measured by piezoresistoitbwe can monitor the defectioof the membrane by itself,
then the piezoresistoron the membranean be abandoned, which brings simplicity in
sensor design and fabrication. This idea is fulfibgdcapacitive pressure sensikggure
21 shows the sensingipciple of a capacitive flow sensawhich translates the pressure
difference into capacitance variation. Assuming both top membrane and the area of the
bottom substrate underneath are conductive, when the membrane of the capacitive
pressure sensor deflacas a result of pressure difference, the capacitance between top

and bottom membrane will change. Téegpacitance change inverselyproportional to
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the distance betweetop membrane and the substrate, which reflects the pressure

difference.

AP=0 l AP>0

m—— ——

Top membrane

Spacer

Figure 21. Sensing principle of a capacitive pressure sensor

Bottom substrate

The development and fabrication of the capacitive pressure sensor also benefits
greatly fom advances in micromachining technology, especially bonding technology.
Direct silicon bonding, or siliconusion bonding(SFB), was reported in 198p15] for
SOI wafer fabricationSFBis the direct bonding of two singlzystal siliconwafersand
the surface of theilicon wafers can be with or without thermally grown o0xd€]. The
chemical reaction during the SFB is describepihj:

Si-OH +OH si HO Si O ¢ (1.3)

Four key elements foiSFB are surface cleanliness, flatness, hydration, and high
temperaturg¢46]. To fulfill these requirementthe process dhe SFB generally inclies
surfa@ cleamg andactivationsuch as RCAcleaning,HF, and Q activation; bonding,
which is generally done in a bonder with pressure and laedtannealingat a high
temperature[47]. To achieve a bondg strength close tahat of bulk silicon, the
annealingtemperature requirespproximatelyl000°C for HF and RCA activatiof7].
However, Q plasma treatment fothe bonding surface can lower this annealing

temperature to 300°C while still maintaining a bondstgengthclose tothat of bulk
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silicon [47]. Soon after thefirst report of theSFB, this bonding method was quickly
applied to pressure sensor fabricatipt8]. Compared towafers bonded by other
procesessuch as anodic bondintie fuson-bonded silicon wafersave no mismatch of
thermal expansion coefficient (TBCCompared to the surfageicromaclned pressure
sensor, fusio-bonded pressure sensors haygh piezoresistive sensitivity, less resatiu
strains, and minimal thermal mismatch[46]. With all these merits, fusiehonded
pressure sensotsave beerstudied and developdd8, 49]. Figure 22 demongtates an
absolute pressure sensor fabricated uSIRB [50]. The silicon substrate and the silicon
dioxide spacer of the sensor are from one silicon wafer, while the top membriaoe is
another silicon wafe which is fusion bonded witthe first wafey and released with
silicon wet etchingd50]. The fabricated pressure sensan @peraten touch modethat
is, the top membrane touches the bottom substrate, which improves the linearity of the

sensor respong&q).
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Figure 22. Touch-mode pressure sensor fabrided using SFB reported in[50]
As described in the previous sectiagspite lowerspecific sensor performance,

polymerbased sensors hagertainadvantages oveheir silicon-basd counterparts.
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Therefore, polymebased pressure sensare the subject of much researélgure 23
shows the crossectional view of a polymdrased biodegradable presssemsor{51].

To achieve biodegradabiit single crystal silicon is excluded from the choices of
materials. The materials which compose the biodegradable sensbiodegradable
polylactic acid (PLA as a dielectd material for the spacer, anth@ as a conductive
material for thetop and bottom membraretectrodeg51]. The fabrication of theensor

is again unconventionahe PLA substrate with platedhz wires is folded and laminated

with a PLA spacer between the top and bottom membi{&igs

Biodegradable I_Q._i ______
polymer
(PLA)

Figure 23. Cross-sectionalview of thebiodegradable pressuresensorreportedin [51]

For an absolute pressusensora hermetically sealed cavity psessure reference
is critical. If thepressure irthe cavity vaies as a result déakage, thénternal pressure
change will reflect to the measurexternal pressure as an error or drift. Silicon is
suitable formaintaining the hermeticity of the cavityhich results in a stable/low drift
sensor output in a capde# pressure sensdb2]. Polymer materials, howevegre
typically not hermeticallowing gasto penetrateundera pressure difference between
each side of the materias illustrated inFigure 24. The permeability coefficienk

describes thability of gas to penetrate through a polymeric memb[&6e

=—, (1.4)



whereq is the mass flux of ga# is the membrane aregpis the pressure difference,
andt is themembranehicknessln the biodegradable sensor reporte¢bit], N, and Q
permeatethe PLAwith a permeability of 0.05 and 0.26 Bar{&#]. The gas permeation
will result in a pressure change in the sensor cavity and therefore a ddftsavhich

may or may not be important given the sensitivity and lifetime of the sensor

Thickness t
<>

P2 AP=P1-P2

as permeates though
polymer with mass flux of g

Polymer material

Figure 24. lllustration of gas molecules penetration through a polymer membrane

1.2.4Wireless fnsors

In sensor applications, wieds snsing is always appealing and feoertain
applications, wirelessensing is required-or exampleif the biodegradable sensar[51]
is to be implanted irthe human bog the sensomeeds to be wireles3he wireless
sensing principle of ik sensor is based on LC resonance. As illustratédgure 25, a
capacitive pressure sensor and an inddoion an LC resonatdhat responds to pressure

differencesWhen pressure changes, the capacitance of the pressure\saies) which

24



results in a shift in the resamafrequency of the LC resonatotC resonatoibased
passivewirelesspressure seors have been implanted to monitor heart presgbmgure
26) [43]. A wireless system composed of a silicon micromachined pressure sensor and an

inductor has been fabricated to continuously monitor Hottdar pressureFgure 27)

[55].

Package

Inductor ¢ 5

- ~ Cs V2 Ls &
Capacitor
Sensor

Figure 25. Sensing principle of thepolymer-based biodegradable absolute pressurgensorreported
in [51]

Figure 26. Fabricated flexible wireless passive pressure sens@ported in [43]
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Figure 27. A wireless system for intraocular pressure measurementeported in [55]

A passive sensomeed a signal to interrogate the device and reflect the signal
back wih sensing informationA greatbenefit of a passive sensor is that it does not
requireaninternal power sourceHowever, itlacksthe capability to prgprocess signals.
Furthermore, inan array application, interference between sensoay occur.Active
wireless sensordjowever, havehe ability to run algorithm and send theprocessed
signal out when it is ready. Binarray application, a multiplexer caesolve the issue of
interference by selecting one senata time.

The aforementionedtlC-resonato based passive pressure sensorsheaturned
into an active pressure sensor by incorporating active devices such as a tunndgliode.
shown inFigure 28, an active wireless pressure sensor is used for high tetupe
pressure sensing awdmmunication application$6]. By biasng the tunnel diodén its
negative resisince region, the circuit will oscillate at the resonant frequency of the LC
resonator. The benefit of using a tunnel diode is that the supply voltage @arthge
hundred m\fange[56]. However, if a supply voltage can be high enough, for el@nap
3.3 wlt power supply fopoweringmany commercidly available CMOSsilicon chips,
any circuitry that convers the sensor output into a frequenegriation can turn the

passive sensavireless sensanto an activeone[57]. If the interface circuitry includes a
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microcontroller,the capability of the active sensgystemcanbe greatly extended, for

instanceto signal processing58].
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Figure 28. An active wireless sensor architectur¢s6]

1.3Research Focus

Sincephysicalflexibility is a key feature fothe UAV application,my research
will focus on polymeibased flow senserlt is more challenging to develdpe MEMS
process dr polymer sensors thahnis for their silicon counterpast The slicon process
has been intensively studied and developed inrtteggrateccircuit (IC) industry, where
most ICs are silicothased.To develop silicoAbased sensors, researchers can borrow
technologies and tools developed for IC fabrication. However, to develop pebhared
sensors, researchers do not hasmany resources available and sometimes have to start
from scratchand at the ame time, ensure that cost and performance are competitive
Polymer materiad are typically inexpensive comparexsilicon wafers However, for

polymerbased senssrif the fabrication process is comegland/or fabrication time is
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too long, the totatost could still be higher thathat of a siliconbased sensoilhus,
lowering cost and increasing yield reqsieesimple fabrication process.

In addition to cost and fabrication issues, polyased sensosuffer fromdrift
issus as mentioned abovéne cause of driftis environmerdl change such as
temperature variation. In this caskthe temperature is monitored, drift in the polymer
sensor carbe compensated fotdowever, polymer materials are much less stable than
silicon. Therefore another ca@sof drift is @ing and viscoelasticityin addition since
thesecauses ofirift are timedependent traditional drift compensation meth®duch as
temperature compensati@ne not sufficient. Therefore, to develop a polymer sensor, a
challenge will beo solve the drift issues

The development of wireless polymeased sensors coulae useful in UAV
applications After all, both flow and pressure sensaitsuld bemounted on the airfoil.
Wireless sensors would allow @s avoid drilling holes on the airfio Because of the
benefits ofactive wireless sensors over passive ahigsussed in the previous section

this researchactive sensor systemsll be developed.
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CHAPTER 2

ALL -POLYMER AIR FLOW SEN SORS

In the application shown ifrigure 2, the flow sensors will be mounted on an
airfoil, which isa curvedsurface. Since the sensors are exposed fowf measurermant,
these sensomnay experience shocks and large bending. Falamse, the airfoil might
touchtheleaves of a tree or gga on the land during flight. Therefore, flexibility becomes
vital to the flow sensor.Therefore, a flow sensor must be constructed out of flexible
material. The conventional material used for constructing the flow sensor has been
silicon. However, #icon is a brittlemateria] and a silicon wafer is easy toeaik.
Because of these features, it is not the ideal material. Therétmesensos for the
UAV application have been made of-pthlymer material

The research in this chaptbegins by examing the all-polymer flow sensor
described irf38] andaims at reducing its drift ¥ increasingts sensitivity. This research
involves the development oflaghly sensitive sensoBecause the original flow sensor
had a relatively short cantilever beam, this study begynatroducinga long cantilever
beam. Toincrease the sensarray densityand simplifythe fabrication processa dual
cantilever sensor with both small length and high sensitivity was fabricated. Furthermore,
to reducethe time for large array fabrication, lageicromachiningwas replaced bRIE

in the sensor fabritian.
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2.1 An Improved-Sensitivity Single-Cantilever All-Polymer Air Flow Sensor

2.1.1Theoretical Analysis

In [38], the authors demonstragan allpolymer flow sensorKigure 29) that is
both flexible and scalableThe sensor comprises an <aitplane cantilever beam made
out of Kaptor’ (Dupont) and a composite piezaistor a carborblackloaded
polydimethylsiloxane (PDMBpiezoresistoElastosi LR3162, Wacker Chemie AG)
on the bottom of the cantilever. The sensor is built on a flexibreed circuit board
(PCB), and itsout-of-plane stucture is formedy a stress gradiethat occurs and builds
during fabrication whera silicon dioxidelayer is depositedon the backside of the

cantilever.

P o
=

Composite
Fiezoresistor

Patterned CU/FRA /7/

Silwer aposxy

Cu pad

Figure 29. An all-polymer flow sensor[38]
Figure 30 shows the sensing principle of the piezoresistivepdiimer flow
sensor. The sensor, with an -@fitplane Kaptofi cantilever, bensiwhen protruding into

the air flow. Air flow across the microtuft causéise deformation of thanicrotuft The

30



deformation which is proportional to the distributed force on therotuft, in turn,
inducesthe strain in the piezoresistoifhe resistancef the piezoresistortherefore
changes as a function of the strain indulbgdhe applied wind velocity27]. The sensor
in response demonstrates a baseline resistance drift, describegure 19. The drift

greatly impairs the sensor precision in the flow measurement.

cantilever
Flow 7 Elastomer
- piezoresistor }

Y

Low flowwvelocity High flow velocity

Figure 30. Sensing prindple of the piezoresistive aHpolymer flow sensor[38]

The sensorstructureis modeled as aantileverbeam with a uniformoad? ,

which is induced by air flowin our application, the flow rate across the airfoil is much

lower than speedfeound, therefordB e r n o u | | iisdssll vadidfaflawtith o n
1 2
I:,Wind :E rairV ’ (21)

where 7, is the density of air, and/ is the flow velocity. The maximum deflection

(deflectionat the tip of the cantilever3 gven by[60]

|4

Dmax
8EI

a, (2.2)

wherel is the length of the cantileveE is theYoung's modulus ofhe cantilever,and|

is the moment ofniertia, which iggiven by
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wt?
=— 23
2 (2.3)

wherew is the width and is the thikness of the cantilever, amgis the uniform load
intensity, given by

q="R

Yind W, (2.4)
with units of N/m.

Therefore:

3|4

max E F)wind

(2.5)

The bending of the cantilev induce a stresson the cantileverThe maximum stress is

on the bottom of the cantilever, which is

dmax = ﬁ pwindW' (26)
4]
Therefore, the maximum strain is
3| 2
emax = E_tz pwind (27)

The polymer piezoresistor is located at the bottom of the cantiledmre the
strain isat itsmaximum. Once a piezoresistor experiences a strain change, the resistance

will change accordinglyThe resistance of the unstraing@dzoresistors calculated by

R=

I I
r— =r—, 2.8

T (2.8)
where r is the reistivity of the piezoresistonf we assume the resistor experiences a
straine, thenthe width andhethickness of the piezoresistor become

w=@1 7w (2.9)
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t'=@Q . &, (2.10)
wherev is the Poissomatio. Therefore,

DR_ D

= el 29, (2.11)

The following matrix equatiomelatesthe relative resistivity changeDr / gto thestress

Q.
é,Drll 6960y, B £ 0 0 0 og@
é ue u
Dl 5 yde B O£ 0 0 0 G
éDr,/  ué 0O 0 0 ug
e 3 6 H2(7].2 1?2 ]g l:l 3é ] (2.12)
2D/’ ' 4360 0 0 p, O 0 &
Dri/ g U0 o0 0 0 p, 0UG
ue u e
&r,/ {4e0 0 0 0 0 p, 8
If the length of the piezoresistor is alathg x direction, therj61]:
r
TX =p, ¢+ Py a+, £ (2.13)
If the uniaxial tension stress conditiorpéips (@, , 0, ¢, =0), then[61]
r, _ o
s =pu @ = (2.14)

whereE'i s t he Youngbés modul us Confibinihg2dl) gnd e zor e
(2.14) yields

D—RR:(,UME' 4 29 . (2.15)
The piezoresistor is located on the bottom of the caetilevherethe maximum strain

occurs therefore,

DR , 3/?
E:(an 1 27 g, (5 12 = Ruing - (2.16)
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The block diagram irfFigure 31 concludes thdlow of the theoretcal analysis of the

sensor However, this sensor model did not include two effects. The first effect is the

Air Flow Sensor Strain in Resistance
Bending Piezoresistor Change

Figure 31. Sensing principle of the alpolymer flow sensor

reduction of the force of the flowesulting fromthe curvatire of the cantileverThe
secondeffect is thestrain induced by the thermal mismatch between the K&ptbn
and the silicon dioxide deposited on the back of the K&pfitm. To account forthese
two effects whilestill maintaining the simplicity of #1 mode] the cantilever model of the
sensor is revised withn effective cantilever lengths and a piezoresistor with an initial
strain. The effective length of the cantilevedefined bythe maxinum deflection of the
cantilever, that isthe distancefrom the tip of the curved cantilever to the sensor
substrateWith the initial deflection of the cantilevés, the initial strain on the bottom of
the cantilever is

o= e (217)

ni

where the negative sign represents a compressive siragrefore, Equation (2.16)

becomes

DR _ , , 3o , 2t
F—(an + 29( & wle ( F£pl 3)655)%1 (,E-DP 2 )7;&*-(2-18)

To simplify the moel, we can reflect the initial straig,; into the initial resistance of the

piezoresistoR, that is, the resistance of the piezoresistor with the sensaf-plane

cantilever released. Therefore,
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DR, . = _ <
R PE LR a (SF L2 EE R (2.19)

where DR is now the resistance change wihasthe baseline resistance. Substituting

P.ing With %fai,VZ, Equation(2.19) yields

DR 1 , 3’
R Wt B o) oV (2.20)
Therefore,
DR
— =SV?, (2.21)
R
wherethe coefficientSis given by
1 ' 3eff2
S:E(pllE -H' 2-,)( Et2 ) ai[' (222)

Sincethe coefficientSis relatedthe sensitivity the sensdwill be called the coefficient
of sensitivity.
The sensormechanicalresonant frequency is estimated using thkovong

formula:

f:3'—52 ﬂ, (2.23)

20 \uyl*
whereEi s t he Youngds riéiohuis thesmoment of iferianilaip t o n
the product of the density of the Kapfofim and the crossectioral area of the
cantileverlike microtuft[62]. The estimated resonanefuency isapproximatelyl30Hz.

This parameter is important gteterminingthe sampling frequency of the sensor output

for the vibration amplitude measurement mettiat will be discussed in Chapter 4.
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2.1.2 Drift Reduction by Sensitivity Enhancement
Thesersitivity of the sensoK is defined as

k=R (224)

RV’
whereV is the wind velocityand DRis the resistance change whbe wind velocityis
V . The sensitivityK is related to the coeffient S as
K =SV (2.25)
If the sensor hasl@aseline resistanakift of DR,, this drift could be referred tas driftin

wind velocityV, , which is thewind-velocity-referred baseline driftof the sensor.

Equation(2.26) yieldsthe value ofV,.

v, =R (2.26)

If we asume that baseline resistance drift occuamd thevalue DR, / R is largewith

large sensitivityK , the sensor still hasmall drift V,. In the extreme case th& is
infinite, regardless ofhow large he baseline resistance drift idh)etwind-velocity-

referreddriftV, becomes zer¢of course, the dynamic range of the sensor also shrinks)

DR,

For wo sensors with theamebaseline resistancarift — , if sensitivity K of one

sensor isntimesas large athe other, then the wind velociyeferred drift of this sensor
will be mtimesas small Therefore onesolution to overcommg sensor drift is to increase

the sensitiviy of the sensgrsubject to dynamic range reductions as discussed above

Equation(2.16) shows that the sensitivity of the sensor is proportitmél. >, and
inversady proportional tot®. Therefore, a sensor with high sensitivity translaie a
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sensor with a long and thaantilever beamf-or theimproved sensitivitfflow sensor, the

cantileveris as long as pasble (3.5mm)within fabrication constraist whichwill be

discussedn the sensor fabricatiogection. The en®r width is set as 0.6mm, which

allows betteralignment.Table2 compares the sensdimensionof the altpolymer flow

sensor ir{3§].

Table 2. Sensordimension variation to acheve higher sensitivity

CantileveiDimension Length Width Thickness
(mm) (mm) (um)
All-polymerflow sensor inf38] 1.5 0.4 7.6
Sensor with improved sensitivity 3.5 0.6 7.6

2.1.3Sensor Fabrication

The flow sensor used in the experimerfaisricated using the previoustgported

flex-PCB-based procesk38], which incorporaes alasermicromached Kaptdh and a

stencitprinted piezoresistive elastomérarbonblackloadel PDMS) .

A 125egm

Kaptor® film is laser machinedwith a CO, laser (Gravograph Newermes)and

| ami

respectively Figure 32(a), (b)).

nat ed

wi t hKaptar® fim ® sform thehbase kand device layers,

A piezoresistor ithen stenciprinted on the device

Kaptor® layer and curedt 130°Cfor 2 hours Figure32(c)). Interconnections between

the piezoresistor and the external circuitry are achieved using silver dpguye32(d)),

followed by plasmsnhanced chemical vapor deposition (PECVD) of ,Std the

opposite sideof the piezoresistorHigure 32(e)).

Finally, the oubf-plane microtuft $

realized by a stresgradientinduced curvature (lere the stress is induced bPECVD-

deposited filmof silicon dioxide on the device Kaptdrat 150°Q and a subsequent
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release byexcimer laser(248nm, Lambda Physilgblationof the inplane cantilevers

nominallyat room temperatur@igure32(f)).

L] L

a) Base Kapton laser cutting b) Kapton ® layers bonding ¢) Stencil printing Piezoresistor
[ |
gl

d) Silver epoxy bonding e) PECVD SiO2 deposition f) Laser cutting cantilever

Figure 32. Fabrication process squenceof the all-polymer flow sensor[3§]

Figure 33 shows the principle of the cwof-plane cantilever fabrication. PECVD
silicon dioxide is deposited on the Kaptocantilever at 150°C, as shown Figure 33
(a). After the fabricated sensor cantilever is released at room temperature, the®Kapton
film, with a larger thermal expansion coefficient (TEGan silicon dioxide, will Brink
more than the silicon dioxé& This manifests as mismath strainDe (Figure 33 (b)),

given by

De { a -xT| (2.27)
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where a, and a,are the thermal expansion coefficiendf the Kaptor’ and silicon

dioxide, respectively,and DT is the temperature diffence The values of thes
parameters are listed Trable3.

Table 3. Parameters for calculatng the mismatch strain [63, 64]

h(°C) | h(°Ch | DT(°C)| De

20 0.5 130 0.0025

This strain resultdn an internal strain in the cantilever beam and curls the

cantilever(Figure 33 (c)). The arvaturek is related tothe mismatchstrainDeby the

following equation[65]:

K= 6E E (t+ 1)t B
E’t*+4E Et’t, 6EEt2t? 4EE12 BAtY

stk *s

(2.28)

whaeEcandEsareheYoung6és mod u9 andssilicorf dioXdaapdt, andts are
the thickness of KaptShand silicon dioxide. The relationship between curvatuasd

the maximum cantilever deflectidhis given by

° 2. 02 ~
D= \/2%% 82 E%‘e cq%(k )sinlé . (2.29)
¢ Ae
AT
a b c

Figure 33. Principle of the TEC-mismatch-induced curvature
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Table 4. Parameters for calculating theTEC mismatch-induced curvature

E( Es ts tk k L D_theory D_meausred
(GP3 (GP3 (Hm) (Hm) (mm~) | (mm) (mm)
2.5 72 0.6 7.6 436 2.19 2.7

During fabrication, the time-dependentbehavior of TEGmismatchinduced
cantilever bendings observed: the cantilever bending curvatooatinues toincreag
(Figure 35). Will it takes too long for the caifever to reach the steady state of the
cantilever bending during sensor fabrication? To answer this question, the time dependent
curvature of the cantilever is studied. The causéisftime dependenphenomenon is
due to the viscoelasticity of the polgmmaterial. In a viscoelastic material, stress will
decreas as a function of time despite a constant s{i@@h The ratio betwen the time
dependent stress and the constant strain is called the relaxation modulus, ¢é&n by

e =20

0

(2.30)

The relaxation modulus of a viscoelastic material can be modeleBohy series

expansion, gien by:

E)=E[L -4 AL &) (231)

In [67], with thetensile creep properties of the Kaptdiim, the model of the relaxation
modulus of Kaptofiis given by:

EQ

E(O):l -(0.4706(1 €°%% ) .07348(1e'"* ) 0.€0369(k" ¥

(2.32)

with minute as the unit of tim&eplaingthe Y ungoés moduTHisa (2P8f Kapt
by the relaation modulusk(t) in Equation (2.32), we can derivehe time-dependent
curvaturek. With the relationship betwednand maximum cantileveteflectionD given
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in (2.29), we candeterminethe timedependent cantilever deflecti@has a resulof the
viscoelasticity of the Kaptdh. Figure 34 shows the theoretical results of maximum
cantilever deflectioD as a function of timevith the viscoelasticity of KaptGhmodeled
as shownn Equatior(2.32). The results show that cantilever displacement will stabilize
within 1000 minutesat around 2.23mm. This theoretical result agre@ath the largest
time constant of 117.6 minutes in the pony seneSquation(2.32). During fabrication,
it takesapproximatelya day for the cantileveotreach its maximum deflection. The time
for the cantilever to readks steady statbending needs to beounted inthe fabrication
time. Both the analytad model an experimental observation shawat this time is
within a reasonable range, which will not result in an issue in fabrication.
Discrepanciebetweerthe modeling andhe experimental results maypme from
cantilever property changes during and after fabrication because of plasma etching and
humidity, the noruniformity of silicon dioxide depositiorgndthe simplification of the
model to a biayer structurewithout consideringthe elastomeric pzoresistor. To avoid
complexity in modeling, we can introdueecorrection factorc to correct the maximum
cantilever deflectiorD resulting fromthe viscoelasticity of the material. The correction
factor is defined by the measured cantilever deflecstab{lized 2.7mn) divided by the

simulation result$2.253nm), whichyieldsc=1.2
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Figure 34. Simulation results ofthe maximum cantilever deflection vs. time
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day 4(left) and day 8 (right)

Figure 35. Changes in the antilever curvature of the sensa as a function of time

Figure 36 shows the fabricated ghlolymer piezoresistive flow sensofhe
cantileverlike microtuftis 3.5mm long0.6mm wideand 8.2 mthick. The elastomeric
piezoresistor id10 ¢ m  wi d elpng, AndD 3nathick. The measured resistance of

the piezoresistor in its initial undef or me
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Figure 36. Fabricated improved sensitivity all-polymer air flow sensor with laser micromaclining
[39]

2.1.4Wind Tunnel Tests

A fabricated alpolymer flow sensor with the readout circuitry is tested in a
bench top wind tunnel (ST 180 Scantek 20@8)shown irFigure37. Assuming a typical
air flow velocity of 15 m/sthe Reynolds numbeaf the flow based othe wind tunnel
geometry is approximately 200,000. At this Reynolds number, the flow over the airfoil
results in a laminar boudary layeear the airfoil68]. A thermal anemometer (Omega
FMA-6051) with a measurement range of26m/s is used as a reference sensor for
measuring the mean free stream wind velodtigure 38 shows the output resistance of

the sensor saa wind velocity.Figure 39 shows both the simulated andhe measured

. . DR . e .
relative resistance chang%; of the improved sensitivityflow sensor when th&ind

velocity varies between Om/s aid8m/s. The simulaibn results show a higher sensitivity
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than the experimental results. Thescrepancybetween simulation and experimental

results may come frormany factors such abe cantilever stiffness change after oxide
deposition the simplification of a curled cafgver beam to a straight cantilever beam

with an effective | ength, and the inaccur:
pressure conversionntroducing a correction factor can improveetaccuracy of the

model. Dividingthe simulation results by eorrection factor b 1.56 yields a better

estimation of the sensor output, which is demonstratedrigure 40. The relative

resistance chang&%ll!oB of the sensoplotted against the square tife wind velocityV?

shows a linear relabnship in the sensor model in Equati(20). In Figure 41, %

increases linearly as a function @f with a slope ofapproximately4.3x10* (m?%/s?),
which is the value othe sensitivitycoefficientSin Equation(2.21). Compared to the all
polymer flow sensor ii38] with a sensitivity coefficienof agproximately1.4x10° (m’
?/s?), the improved sensitivityllepolymer flow sensor shows a sensitivity coefficient an
order of magnitude highdyecause of the increase in lengilmerefore, if both sensors
experience the same baseline resistance thétyind velocity-referred sensor drifwill

be an order of magnitude lower in timprovedsensitivity sensor Figure 42 shows the
sensor output resistanesd the reference sensor output as the air flow is repetitivel
cycled between Om/s andih/s. A greatly reduced wind velocHseferred sensor drift

was observed.
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Figure 37. (a) Schematic illustration of sensottesting and (b) wind tunnel experimental setup
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Figure 39. Simulation (diamond) and measurementresults (square) of the relative resistance change
(pR/ & dhe sensoras a function of flow rate
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Figure 40. Simulation (with a cormection factor of 1.56 diamond) and measurement results (square)
of the relative resistance changémpR / & dhe sensoras a function of flow rate
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of the relative resistance changépR / & dhe sensoras a function of flow rate squared
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Figure 42. Wind velocity profile (upper) and sensoresistance changélower)

2.1.5Limitation s of Single-Cantilever Design

It appearghat further increasing the length of the cantilessuld lead tchigher
sensitivity and thus smaller wind velocitgferred sensor driftHowever,an increase in
the length ad a decrease in the width of the cantileganlead to several problems.
First, in most air flow sensoapplicatiors, especiallyin flight control applications
involving UAVs, smaller air flow sensors are preferrdecause they minimize

obstructionof the air flow without degrading the sensor performarf®econd,as the
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cantilever length increases, senaoray density will decrease, which results in a lower
resolution for flowmapping using the sensor arralpng the cantilever direction. iBh
issuecanbe solvedby fabricating extrasensorsand pladng them betweemaps on the
substrate. However, thisolution increasesthe complexity of both fabrication and
packaging

Another problem caused by changthg length and the width of the cantilever
thatit becomes harder to control the bending angle of the@fplane cantileverwhich
might be due to neaniform deposition of silicon dioxide. As the length increases, the
process variation becomes largehich resuls in different bending angle@igure 43).
Furthermore, ashe cantilever length increases, the stress gradient of the oxide will not
only bend but also curl the cantiles€Figure43). The curling of the cantilever is time
dependentFigure 35), due tothe viscoelasticity of the Kapt8nThis time dependency
exacerbates the control bendingin the cantileverln an extremecase,the cantilever

will roll , as shown irFigure44.

Figure 43. Fabricated improved sensitivity all-polymer air flow sensors
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2.2 A Dual-Cantilever All-Polymer Air Flow Sensor

If a constraint iplacedon the length of the sensahe parameterthat could be
adjustedarethe thickness anthe width of the cantever. According to uation(2.20),
by reducing thethickness of the cdifever, the sensitity could alsoincrease.The
thickness of the sensor dependstbe thickness ofhe Kaptof? substrateln order to
maximizesensitivity, thethinnestKaptorf’ sheet available (7.6pm) has been chosen.
a single cantilever flow sensdhe sensitivitydoes not depend amidth of thecantilever,
which is shown in uation(2.20). Including the widthw of the cantileveinto Equation

(2.20) yields

DRO ' 3|eff2
E (o E" 4 2")(@)(mmd W, (2.33)
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which brings an intuitive explanation of the independence of the sensitivity tbe
sensitivityincrease because of the decease of cancelled by the decrease of the load

intensity p,.3 W. However, this explanation suggests if we can maintain the load

intensity while reducingy, the sensitivity increases.

Figure45 shows a duatantilever design for the gtlolymer air flow sensothat
reduces the cantilever widtivhile maintainng the load intensityThe dualcantilever
designconsists otwo cantileverg50 € mI 0 . 7 manflapper(a. bminx0.4mmpt the
end. This desigrkeeps a short length of the cantileweduces thewidth, andmaintains
the load intensity byhie wide flapperFurthermore, e dualcantilever design allows
self-alignment wherthe piezoresistor is patterned, which overcomesghterning and
alignmentchallengesvhenthe cantilever widthdecreasegA detailed discussioappears
in the fabricaton section). The results a simpler fabrication procesisanthatdescribed
in [38].

As illustrated inFigure 26, the sensoconsists othree layers: a flexible Kapt8n
substrate, @ elastomericpiezoresistivelayer (carbon blackloaded PDMS)and a thin
silicon dioxidefilm deposited on the back of the Kapt substrateThe latterresults in a
stressgradient induced curvature of the microtuffthe sensing principle ithe same as
that of the previous sensoriraflow across the microtuftleformsthe microtuft The
deformation in turn, inducesstrain in tlke piezoresistor.The resistanceof the
piezoresistartherefore changes as a function of the strain indubgdhe applied wind

velocity.
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Figure 45. A dual-cantilever design; left: front view, middle: side view, right: sensig principle

2.2.1Device Analysis
For modeling the dual cantilever flow sensor, if we assume benesuis froma
force F acting on the tip of the cantilevehat is induced by the flappethen the

relationship betweeR and the maximum displacement isfakows [69].

"
Diax = (3EI )F (2.34)

The maximum strain occurs at the bottom surface of the cantilever beam, which is

It

e =——F. 235
s = (2.35)
Therefore,

DR _ . _ 6l

F—(an 4 2") :ﬁ'ax (_11'-7—0' 12 )E_HWF F. (2-36)

The relationship between the force and th

equation, but now the area over which the flow induces force is that fdpiper.

F =%rV2I'W' (2.37)
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wherel' andw' are the length and width of the flagr. The reason % instead of % is
used in H|uation (237) is that there are two cantilever beams being strained by the
flapper, so the flapper force in principle is divided between the two bedimsrefore

DR _ , _ 3l vy g2
E—(pllE 1 29 g, (5 12 mlw V<. (2.38)

Since the dual cantilever design is somewhat geometrically complex, the behavior
is analyzed usindANSYS finite elementsoftwarein addition to the analytical model
above.Furthermorethe multiphysics capability of ANSY $s exploited in order to carry
out the piezoresistive analysithat is, transforming the mechanical strain to electrical
resistance change. &lfinite element simulatiomcludes:

1) Static analysis

The resistance change of tipgezoresistoas a function ofvind velocity will be

analyzed. The sensor sensitivity will be calculated using simulation results and

compared to thexperimental results dhe previous single cantilevéiow sensor

In addition, thestrain distribution on the cantilever under certain wind &adl

beanalyzed

2) Modal analysis

Themodal analysiss done to malyze the natural frequenciesthe sensqmwhich

is an mportann parameter for determimg the sampling rate in the vibration

amplitudemeasurement method.
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Geometry modeling and loading

The device being modeled is a thin film composite consisting of three layers
composed osilicon dioxide Kaptor? film, and a pezoresistive elastomécarbonblack
loadedPDMS). The thickness of each layer(s65, 7.6, and3e m r especti vely,
the dimensions normal to the thiess are 195 ¢ m a n d THe8e3uWtingsaspect
ratio makesboth solid and shell analysis apprage. Appropriateelementtypes include
SHELL281, and SOLID186/226 The SOLID186/226 elements alloior the use of
piezoesistive propertiesind requireelectric potential boundary condition§herefore,
the geometric modes$ built with SOLID186/226 elemnts.The dimensions and maikir
orientations relevant to thmodel are shown ikigure46. Each material layer is divided
into two elements in the thickness directigkll models utilized the vertical axis of
symmety that the loading, material, and geometry possess, enabling finer mesh densities

and more rapid analysis.
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Figure 46. Overview of sensor geometry with relevant sections, layer orientation, and dimensions

21.25um

The nodeswhich will be rigidly fixed, are located =0 in the model, and rigid
supports are illustrated on the solid modefFigure47. One plane of symmetry exists in
the device, thereforg-directional symmetry was applied accordingly, as shbowrihe
supports with rollers irFigure 47, generating a condition di=0, where Uy is the

displacement along x directiofar all nodes at this boundary
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Figure 47. Solid model and mesh with mechanideboundary conditions applied

In addition to mechanical boundary conditions, it was necessary to also apply

electrical boundary condition3.he electri

c potential along the plane of symmetry within

the piezoresistowas set to 0.5 V while the base of fiezoresistor was set to 0 ¥n

illustration of these boundary conditions can be seéigare48.
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Figure 48. Solid model and mesh with electrical boundary conditions applied.

Loading Conditions

Normal operating loads of the device are produced by laminar flow of air around
the UAV airfoils. Snce the focus of this study @ piezoresistive reggnse and material
behaviortwo approximations of the wind loadeconsidered.

The first approximations to apply a constant pressure load distributed evenly
over the surface of the devick.is then decided that the equivalent force of the wind be
equally distributed among the surface nodes of the device. The formulation of how the

load was applied fadiws. The pressumue to the wind was determined to be:
P= % r.V? (2.39)

whereP is the applied pressure under wind loading of densityandflow velocity V.

The total force applied can then be calculated by multiplying by theArea,
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F=PA =y2rv2 A (2.40)

whereF is the totéforce applied to the devic&he force F was dividel by the total
number of nodes and appliesthe loadsAn illustration of the appliedolading can be

found inFigure49.
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Figure 49. lllustration of wind loading conditions

Material Modeling

All materials modeled in this study were treateshomogeneous and isotropic in
both mechanicahnd piezoresistive behaviorAll materials were first modeled using
fundamentaproperties such as densify),(modulus of elasticity), and Poisson's ratio
(3). ThecarbonloadedPDMS was also modeled with a piezoresisteasitivityto relate
strairs to genera&d resistancelhese are the fundamental properties to conduct the static
and modal mechanical analgs as well as producing a resistance response under static

loading conditionsThe mechanicaimaterial properties used for this set of anedyis
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shown inTable5 [63, 64, 70, 71]. The piezoresistiveensitivity used forthe carbon

black loaded®DMS is shown iTable6 [3§].

Table 5. Linear -elastidty and other fundamental material properties

Material Elastic Modulus Poi ssond Density
(GPa) (kg/m°)
SiO, 72 0.17 2650
Kaptor® 2.5 0.34 1420
PDMS 0.0019 0.49 1120

Table 6. Piezoresistiveproperty of the carbon black loaded PDMSfor electrical analysis

Gauge f Piezor eg
s ensi(tPthv
7.2 2.74

Static analysis

In static analysisthe resistance changef the piezoresistorat specifiedwind
velocitieshas been analyzedlable7 shows the analysis types and element types used in
this simulation.

Table 7. Analysistypes and element types

Analysis type Static,nonlineargeometry, lineaelastic analysis
Material Piezoresistor Kaptor?® SiO,
Element type SOLID226 SOLID186 SOLID186

In the multiphysics analysisnly half of the Wheatstone bridge is considered due
to symmet ry:Whlemttsh ion ednkrasistioesiamentvgries due to the
wind-loadinginduced stress on the piezoresistive matecamprising the element
(Figure 50). The purple volume is modeled as constant resior. After applying the
boundary condition andhe wind load, ANSYS runs the simulation and extracthe

voltage valuesitthe interfe of the constant resis. The piezoresistor, locatet top of
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the purple volume, changes its resistantenthe windoad varies. The change of the
resistance results in a changeMa, with which DR/ Rc can be calculatedin the
simulation, different flow rateareapplied andhe sensor resistance variation is derived

from Vo.

Figure 50. A half-Wheatstone bridge with one constant element and one variable piezoresistive
element for sensor resistance simulation

Figure 51 shows the simulation resultd the dualcantilever flow sensoiBoth
the relative resistance change as a function of flow ratdlaw rate squared are plotted.
With ANSYS simulation, ie sensor demonstrates a sensitiigfficient of 7.2 x10*
(m?/s?). The sensitivity coeffi@nt with theoretical modeling is slightly ley because
the flow pressure on the thin dual cantilevers has not been taken into ad@hla8
compareghe geometries and sensitivity coeffici&ibetween the single (measuredgda
dualcantilever sensors (simulatedfhe duaicantilever design demonstrates1&7®%6
increasein the sensitivity coefficientThis result shows that the deedntileversensor
performswith higher sensitivity even with a shat cantilever lengthThe smulation

resultsof the strain distribution alonthe y-axis Figure 52) shows that the maximum
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strain is located at the bottom of the cantilever, whictoissistentwith the theoretical

resuts.
0.14 0.14
0.12 . _ n 0.12 2 ]
ANSYS simulation S$=7.2 X 10 2
0.1 a 0.1
- s ANSYS -
0.08 ;
o N N N
o 0.06 ] 0.06 ] <
2 004 S Theoretical
A 0:02 u Theoretical 0:02 [ S=5.7 X 104
Om . om®
0 5 10 15 0 50 100 150 200
Flow rate(m/s) Flow rate? (m?/s?)

Figure 51. Simulation results of the relative resistance change of the sensor as a function of flow rate
(left) and flow rate squared

Table 8. Comparison of the geometries and sensitivity coefficient between the single and dual
cantilever sensors

Singlecantilever Dual cantilevers

Dual cantilevers:
Geometry Singlecantilever: 0.7mm () x50e m ( W
3.5mm (I) x 06mm (w) Flapper:

0.4mm (I) x1.2mm (w)

S(m?/s?) 4.3x10* 7.2x10*
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Figure 52. Simulation results of thestrain distribution of the dual-cantilever sensor

Modal analysis

Modal analysisvascarried out in order to fohout the sensor resonant frequency
Shell elemerg wereusedinstead of solid elements to saeemputational timeThe

simulated sensoratural frequency is 243.61Hz.

Table 9. Analysis types and element types

Analysis type Modal analysis
Material Piezoresistor | Kaptor?’ | SiO,
Element type SHELL281
Result 243.61Hz
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2.2.2Device Fabricationand Characterization

i J= R
d ok

i J= R
(a) (b)

(c) (d)

Figure 53. Fabrication sequenceof the dualcantilever air flow sensor

The fabrication processhewn in Figure 53 (left) results in simultaneous
fabrication of multiple array elements usitinge laser micromachining process, as well as
a reduction of process complexity through elimination of several previous processing
stepsin the fabrication process of the singlantilever alpolymer flow sensorThe
sensor is fabricated directly on7a 6 -thiak Kaptor? film. The filmis patterned using
an LPX2000 series excimer laser (Lambda Physikbrm anin-plane cantileverKigure
53 (a)). Table 10 lists the parameters of the excimer lad@ing micromachiningof the

Kaptor®® substrate
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Table 10. Parameters of the excimer laser

Pulse Pulse Pulse

Length Frequency Energy Demag Bursts Spot size
(ns) (H2 (mJ (um)
20 90 200 10 30 30

A carbm-blackloaded conductive composite elastomer that displays high
piezoresistivityis thenprepared 38]. The conductive elastomer isarbonblackloaded
PDMS, which isa two-part mixture with azery high viscosity (7,00@asec). To prepare
the piezoresistor, equal volumef Part A and B are placed on a glass slide and mixed
with a razor bladeThenthe elastomeis coatedover the cantilever surface using an
inking process through an aligned stencil. Removal o$téecil results in aall-polymer
microcilia array(Figure53 (b)).

The inking process iglescribedin Figure 54. A benchtop lamination tool
distributespressureevenlyon the three layers illustrated igure55. The bottomlayer
(Figure55 (left)) is the lasepatterned?.6 pmthick Kaptorf substrate. The middle layer
is the inking masknade out ofhe 7.6 pmthick Kaptorf film. Thetop layer isagain the
same Kaptofi film, with the pezoresistive elastomer spreaith a blade With pressure
around200 psi and duration of @ seonds, a thin piezoresistive elastomer (around 16
um) is printed on the KaptSrsubstrate evenlyThe inking mask isnicromachined with
aCOz laser (Gravegraph NewhermekS500XL serig). One of headvantagesf a COz
laserover the excimer laser is spedte maximum cutting speed the CQ laserreaches
200mm/s However, the preciesn of a COz laser is low because @ large spot size
around 160u During the inking process, no special alignment tools such as a jig
described i 38] are necessary becauskthe selfaligned nature of the duahntilever

design.
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Top Plate

Piezoresistive

S N

Kapton® Substrate

Bottom Plate

Figure 54. Inking process for theprinting of elastomeric piezoresistor

Piezoresistive
Elastomer

Kapton® substrate Inking Mask
Figure 55. Layers in the inking proces
Figure 56 shows the principle of the selfalignment Since the cantilever is
designedo be covered with the piezoresistive elastooarits entiresurface, as long as
the cantilever is fully exposed to the elastomer through the mask, the alignment error
between the inking mask and senssructure will not have any effect on the
piezoresistive materiadeposition On the leftside of Figure56, even though there is an
alignment errormlongthe x-axis, the elastomer still covers thatiresensor structure. In

other words, thalignmenterror will not affect piearesistor patterninglhis statement is
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still true if the alignment error islongthe positivey-axis. However, if the alignment
error is alonghe negative jaxis, the error may result in a short in the piezoresistor as
illustrated inFigure 57 (left). A slight modification of the sensor desigresolves this

issue(Figure57(right)).

AX: Alignment Error Along X Axis

AY: Alignment Error Along Y Axis

Figure 56. Self-alignment principle

Short in piezoresistor due to  Slightly changed sensor
miss alignment in Y axis structure (No short anymore)

Figure 57. Design modification for avoiding short in piezoresistor

After the inking process, the Kapfdrsubstrate with piezoresistive elastomer
patterned ilaced in an oven for curing. The curing temperature is around 130°C and

curing time last® hours Copperelectrode3000A) arethen ebeam evaporateat a rate
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of 3A/sec(Figure53 (c)). A shadow mask is usddr patterning the metalhe shadow
mask is fabricated using th@0;laseron a 12%um thick Kaptoff film. By covering the
substrate and expasj the area to be metalized, the KafStshadow mask will transfer
its pattern onto the sensor substrate.

Finally, the outof-plane cantilever s realized by a streggadientinduced
curvature using?ECVD of silicon dioxide film deposited on thelectrale areas of the
devicelayer Figure53 (d)). The fabrication rape is shown inTable 11. With 16mins
deposition time, a 0%um thick oxide is deposited on the sensor backside.

In previous chapterginissue of sensor structure curling was described. This issue
is solved bylimiting the oxide deposition within thareashown inFigure 58 with a
shadow maskThe sensor shows a bending around 90 dsgvébout thetwo cantilever
beams and the flappeeing curledHowever, the time dependent bending of the sensor

structure still happens because of the viscoelasticity of the Kafibon

Table 11. Fabrication recipe for silicon dioxide deposition

Gas Flowv (sccm ) Pressure Power Deposition rate
SiH 400 (mTorr) (W) (A/min)
N,O 900 900 25 400
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Area for S10, deposition

Figure 58. Oxide deposition using a shadow mask

Figure 59 shows a fabricated sensor array mounted @uraed surfacewith a
zoomedn picture demonstratingthe sensor structurayhich comprises aaptort
substrate (yellow), aoutof-plane Kaptofi microcilia coated witta carborblackloaded
PDMS elastomeric piezoresistqblack), and copper metal intercortiens (shining

brown).

Out-of-plane cantilever coated
with elastomeric piezoresistor

Figure 59. Fabricated dualcantilever all-polymer flow sensorarray
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The fabricated sensor is tested in the wind tunnel setup descrilbeguie 37.
Figure60 shows theneasured sensor resistance as a function of flowFapere 61(left)
compares the measurement res(dtamond and the ANSYS simulation resulfsquare)
of the relative resistance changpR / & Yhe sensor as a function of flow rafhe
experimental results and the simulations results fit well, which demonstrates a higher
accuarcy of the model in the ANSYS simulation than the simplified model of the-single
cantilever sensoFigure61(right) replotsFigure61(left) with flow rate squamrin the x
axis, which allow us to extract the sensitivity coeffici€htThe experimental results
show that the sensitivity coefficieBtis 7.6x10* (m?%/s?), 177 times higher thathat of

the single cantilever flow sensor with a cantilever length of 3.5mm.

o]
S
o

(o)
N
o

*

Resistance (kOhm)

0 5 10 15
Flow rate (m/s)

Figure 60. Measured sensor resistance as a function of flow rate
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Figure 61. Simulation (square) and measurement results (diamongof the relative resistance change
(pR/ & dhe sensor as a function of flow rate (left)/flow rate squared (right)

Table 12 shows thestatistics of the baseline resistariRe and the sensitity
coefficientS of 6 fabricated sensors. These sensors show a $éageard deviation dhe
sensombaselineresistancdr,, which is because the printing of the elastomeric material is
not well controlled.Figure 62 shows themeasurement results of the relative resistance
change @R/ d® § fabricated sensors as a function of flow rate squared. The scattered
data points show that the process control of the polNpasediow sensor is challenging.

To make identical sensors, improvements in process and/or sensor design are required.

Table 12. Baseline resistances and sensitivity coefficietof 6 fabricated sensors

Sensor number Ro S
(kOhm) x10-4(m?/s?)

1 491.2 7.16

2 356.8 8.15

3 801.4 8.04

4 728.2 7.77

5 851.0 7.12

6 602.6 8.31
Average 638.5 7.76
Standard éviation 190.8 0.51
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Figure 62. Measurement results of the relative resistance changep® / & b sensors as a function of
flow rate squared

2.2.3A Large All-Polymer Air Flow Sensor Array

With laser nicromachining, an eigkdensor array ds been successfully
fabricated.However, ifthe array size is to be expanded, the time consumption of lase
micromachiningraisesan issue. Laser cutting ia seral process,and can be time
consumingwhen a large numberof senses are needed. Takéhe previously fabricated
eightsensor arrgyfor example. The laser micromachiningthe sensor structutakes
aroundl hour 15 minute. If an 88 sensor array is to be fabricated tabrication time
will be 10 hours Therefore, to achieve a large sensor array, a parallel fabrication process
for fabricatingsensor structusgas needed to repladaser micromackiing.

RIE was reported for the micromachining pdlyimide films [72]. The reported
etch rate of ¥4 pm/s makes this technology appeg compared to the laser
micromachining process for large array fabrication. The time consumption for making an
nxn array will be independent of the array size, assuming the chamber is large enough
placethe substrate, bueliant onthe substrate tlukness andhe etch rate. The thickness

of the allpolymer flow sensor is 7.6umwWith an etch rate around 1pm/min, the

72



fabrication time consumption will b&.6mins. The RIE process isleveloped in the
PlasmaThermRIE machingPlasmaTherm Inc.) Table13 shows the fabrication rgxe
for Kaptorf etching. Figure 63 presentsthe fabrication results of a duehntilever

structure on a Kapt&hsubstrate with RIE.

Table 13. Fabrication recipe for Kapton® dry etching

Gas Flow (sccm ) Pressure Power Etch rate
O, 100 (mTorr) (W) (um/min)
Sk 20 200 300 1

Figure 63. Fabrication results of a duakcantilever structure on a Kaptor® substrate with RIE

To seletively etch theKaptorf substrate for sensor structure release, a mask on
the substrate is needed. Al is proven to be a good mask matetiddant etching in
RIE. The Al maskis patterned though lift-off process, whichs described in detail in
Appendix A. During the liftoff process, a descum with, @lasma is critical prior to the
Al deposition. The tool used for this descum process isahee tool usetbr Kaptor?

etching with a redpe listed in Table 14. Figure 64 shows a comparison between masks
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on the substratafter lift-off, with and withoutthe O, plasma descum, which removes

photoresist residues and cleans the substrate.

Table 14. Fabrication recipe for the descum process

Gas Flow Pressure Power Time
(sccm) (mTorr) W) (min)
02 50 200 200 1

Figure 64. Al masks on a Kapton® substratewith descum (left) and without descum(right) before Al
deposition

Once the implane cantilever smictures are released by RIE, the rest of the
fabrication processes are identicalthe fabrication process die lasetrmicromachined
dualcantilever sensofigure 65 shows the fabricatelirge sensor array arklgure 66

shows the fabricated array mounted on a fH&B with a multiplexer for flow mapping.
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Figure 65. An all-polymer air flow sensor array.

- W ——

Figure 66. Sensor array on a Flex PCB with a interfacing IC

2.2.4Interfacing Circuit

In the previous sectigriarge sensor arrays with high sensitivity are successfully
fabricated. To use this sensor array for UAV control application such as flow mapping,
sensolinterfacing circuit isnecessaryA block diagram ofthe sensormreadout circuit for
themeasurement of the gllolymer flow sensor is shown Figure67. The piezoresistor
in the flow sensors connected to a singkdemerntvarying voltagedriven Wheadtone
bridge which is composed of thremn-variableresisbrs andthe piezoresistive sensor as

the varying element. The output of the bridgéed toan instrumentation amplifier as a
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gain stage. When there is a resistance variapdtin the piezoresistor with an initial

resistance oR, the output of the instrumentation amplifier is given by:
14 DR 0
V,=— g ol 241
aezi \65 =G (241)

whereVsis the supply voltage of the bridge a@ds the gain of the amplifier. In order to
convert the resistive output to a voltage output, a microcontroller or a Labview setup is
used fordata acquision and signal proceiss).

The sensor interface circuitry introduces noise into the whole system. The sources
of noise include thermal noise of the resistansl the piezoresiston the Wheatstone
bridge thermal, shot, and 1/f noise frotransistors inthe amplifier multiplexer and
microcontroller; and the quantization noise during the analog to digital one A
low noise sensor interface circuit will result in a sensor system with high signal to noise

ratio.

Vee

? ] Using a Wheatstone bridge to convert resistance to voltage

Multiplexer
t Microcontroller
""" Or Labview setup
Channel
Flow sensor array selection

Figure 67. Schematic of the sensor array reagut circuitry
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2.2.5Large Sensor Array Measurements and Applications

A fabricated allpolymer flow sensoarraywith the readout circuitrgescribed in
Figure 67 is tested inthe bench top wind tumel. In order to demonstrate the array
mappingfunctionality, a multiplexed 44 cilia sensor arrawas placed on a flat plate in
the benchscale wind tunnel. Nominally uniform flow of varying velocity was passed
over the sensor arrafigure 68 shows flow mapping over a 488mnf area using the
sensor array with the multiplexed array read circuitry. Measurement results
demonstrate the flow mapping capability of the array with the multiplexed arraypuead

at different flow rates.

Normalized sensor resistance vs. flow rate

Figure 68. Flow mapping over a 4040mnY area using 16 sensors with array reawut circuitry

Flow 30m/s,”

,i""ﬁow SensoArray

4 4

~ Top synthinc jet a Bc’tt!m'%

.
/
¥ »
hetic'jet actuators

Figure 69. Wind tunnel setup: airfoil attached with actuators and a flow sensor array
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The flow sensor/sensor array has also been tested on airfoils to verify its
capachility for flow sensinglhe measurement setigogdemonstrated iRigure69, that is,

an airfoil with both sensors and actuators mounted on its ssrfac

Flow pass

/-_\)

Actuators (ON)

Actuators (OFF) Actuators (OFF)

Low angle of attack High angle of attack High angle of attack
Attached flow Detached flow Reattached flow
Thin Boundary layer Boundary layer thickness increases Thin Boundary layer

Large sensor output Small sensor output Large sensor output

Figure 70. Measurement Principle

The measurement principle is shownFigure 70. Assuming a typicahir flow
velocity of 30 m/sif the sensor is placeat x=10 cm away from the leading edgine
Reynolds number of the flow based on sensor position from the leading edge is
approximately 200,000. At this Reynolds number, the flow over the airfoil results in a
laminar boudary layer[68], with a boundary layethickness given by the Blasius

eqguation and estimated as:

g (242)
X

gl
®

whered is the boundary layer thickness. From this equation, the boundary layer thickness
exceeds 1mm,ssuming the substrate is a flat plate. With a total lengdppfoximately
1mm, the sensor is withimé¢ estimated boudary lay#tickness Whenthe airfoil is at a

low angle of attack, air flow attaches to the air foil with a small boundary layer thickness
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resulting in a large flow rate across the sensor structure; therefore, sensors exibit a large
bendirg as well as a large vibration amplitude, which translates to a large sensor output.
When the angle of attack increases, the dam layer thickness on the fail surface
increases which results in a decrease in flow velocity around sensors mounted on th
airfoil [73]. As a result, the sensor output decreases until flow separates. The actuators
are able to reattach the flow by providing flow with extra rmatam. Once the flow is
reattached, the boundary layer thickness decreases again, which results in an increase in

flow velocity across sensors. Once again, the sensor output will increase.

40 T T T T T

Angle of attack(Degs)
N
o o
>
1 1

20 r r r r r
0 50 100 150 200 250 300

40 T T T T T

20~ *

Lift force

o
1

20 r r r r r
0 50 100 150 200 250 300

Secs

Sensor output(Volts)

0 50 100 150 200 250 300
Secs

Figure 71. Sensor output vs. angle oattack

The sensor output as a function of the angle of attack is shomigure 71. We

can observe that as angle of attach increases, sensor output decreases. Furthermore,
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according to the lift force measured by an externadaensor, stall occurs at an andle o

attack of 18~20 degrees, which can be detected by the sensor

Actuator status

30 40 50 60 70
Secs

T T T T
Vop actliator on, wind yelocify increases

Senosr output(Volts)

Top actuator UPF wind 'eloc,' decredse .
10 20 30 40 50 60 70

Figure 72. Sensor output vs. actuactor statg (ON/OFF)

Figure 72 demonstrates the sensor output daretion of actuator status, which

shows that as actuators are ON, sensor output increases indicating that the flow rate

across the sensor increases.

f70u*S%gsorAbvuy

AT R

Figure 73. Actuators and sensor array with array read out circuitry on an air foil .
A sensor array with interfacing circuitig also placedn a smaliscale airfoil,

which is shown irFigure73, to map the flow.
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4 degree angle of attack 12 degree angle of attack
Attachedflow actuator OFF  Attachedflow actuator OFF

18 degree angle of attack 18 degree angle of attack
Detachedflow actuator OFF  Reattachedflow actuator ON

40%40mm areawith 16 sensors (Output: Volf)

Figure 74. Flow mapping of a 40X40mnt area with 16 sensors vs. anglof attack.

Figure 74 showsthe sensor array outpats the angle of attack changde

sensor output is considerably smaller at an angle of attack of 18 degrees compared to the

sensor output when the angle of attack is 4 degoeel2 degrees, while lift coefficient

(CL) measured by an external force sensBigre 75) shows that stall occurs at

approximately 18 degree angle of attack.

CLvs. a x
14 4 -
CL Acutator ON

12 4

08 4

0.6 1

Lift coefficient

Stall happens around 18
degree angle of attack

04

0.2 4

0 2 4 6 8 10 12 14 16 18 20 2

Angle of attack(degree)

Figure 75. Lift coefficient vs. angle ofattack.
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In order to reattach the flow to increase the lift force, the actuators mounted on the
airfoil are turned ON. A dramatic increase in sensor outputs shows that the flow has been

successfully reattached, which is confirmed by lift sensor data &s wel

2.3 Active Wireless Sensor System

The focus of thissection is an active wireless sensor systemmhich is
demonstrated irFigure 76. Compared to the microatrollerbased sensor interfacing
circuit described inFigure 67, a 4-turn coil with a diameter aroundcm ©.5pH) is
connected with an 1/O pin (P3.0, r#drail) of the MSP430 microcontroller
(msp430FG4618 Texas Instruments) with a 3.3V single supply for emitting the
frequencymodulated signal. A K resistor is used for limiting the current passing the
inductor. A 6-turn coil with a diameter of around 5c(BuH) is conneted with a
spectrum analyzer (HP 8591Ltor signal detectionfigure77 shows the wireless sensing

setup fo the altpolymer airflow sensor. The wind tunnel is the samiha®nedescribed

in Figure37.
Receiver: spectrum analyzer
Vee (with inductor as antenna)
[ﬁ i] Active wireless sensing
| Gain via inductive coupling
Multiplexer x
i Mi troller I* Antenna
..... SETOCOn e (Inductor)
Channel
—_ Flow sensor array selection

Figure 76. A block diagram of the active wireless system
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Figure 77. Wirelesssensing setup

An algorithm described ifrigure 78 is implemented in the microcontrollésee
Appendix B. The principle of the algorithrehown inFigure78is to convert the sampled
sersor voltage value into a del@, which controls the frequency tie microcontroller
output.In the experiment, the deldyis set to b&20% of the voltage outputWhen flow
rate increasg the microcontroller detest large sensor output, which resuit a large
delay. The larger delayn turn, reduces themicrocontrolleroutput frequency, whicls

then detected by thepectrum analyzer
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" Gain Vin [ Sample Vin 7 time]
j |
[ Calculate V_average ]
Flow sensor |
) [ Convert V_average into delay D]
Receiver | !
(spectrum| g = [ Set Vout high with delay D J
analyzer) 1592 I
Vout
r Set Vout low with delay D
AN /

Wireless

Microcontroller (TI MSP430)

Figure 78. Algorithm for wireless sensing

To understand the relationship between dé&agndthe output frequency, signal
and noise power in the receivengtmicrocontroller is programmed to vary the ddlgy
and the spectrum analyzer measures frequeaggtionwirelessly. The distance between
the coils is 5cm. The noise level is arout@Bdbm.The relationship between del&y
and frequency is

f’ (2.43)

1
D’
which is demonstrated ifigure 79. The induced voltage in a colil is proportional to the
field frequency.

(VAR & (2.44)
Then we have the following relationship

Pom 40logf. (2.45)

m
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This relationship is also shown Figure 80. Figure 81 shows the wirelessly measured

frequency as a function of flow rate
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Figure 79. Output frequency as a function of delayD
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Figure 80 Detected signal power as a function of frequency
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CHAPTER 3

POLYMER -BASED METAL PIEZORES ISTIVE FLOW SENSOR

In the previous chaptera dualcantilever sensor design results in a higher
sensitivity, therefore, a loweflow-velocity-referred drift. In this chapter, another
direction will be takerto resolvethe drift issue. Sincehe root causef the drift in alt
polymer sensors is the instalyjlivof the polymer material, a more stable sensing material
Pt, will be used aghe sensing elemenEurthermore, by introducing Pt in the sensor

fabrication, the fabrication processremendoushsimgified.

3.1 Device Design and Sensing Principle

If we replace theelastomerigpiezoresistomwith other piezoresistive materials in
the allpolymer flow sensqrthe material hato beflexible, sensitive(high gauge factgr
and stableAmong different materia, slicon is a great choice in teswf stability and
sensitivity; however silicon is rigid and brittl&letal piezoresistive strain gges are
widely used in stress/strain detectiom.MEMS, thin film metalsare often patterned as
piezoresistorsThesemetal piezoresistorare flexibleandhavea moderate gauge factor.
Among the metal piezoresistors,Hts a gauge factor aroudnd, as a noble metdljs
resistive to corrosion and oxidatioftherefore, the Pt piezoresistor will replace the
elastoméc piezoresistor in the new sensor.

As illustrated inFigure 82, the sensor comprises two layers: a flexible Kapton
substrate and a PBiezoresistive layer, which sputteredon the Kaptofi substrate @.a
sensingnaterial The sensing principle is the same as that of thpdiimer flow sensor:

when air flows across the microtuft, th@crotuft deforms. e deformationin turn,
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induces strain in the Pt piezoresistor. The resistahttee piezoresistor therefochanges

as afunction of the strain inducday the air flow

Flow

\ Kapton

i

Figure 82. Front view and side view of the metal piezoresistive air flow sensor as well as the sensing

principle

3.2 Device Fabrication

The block diagranin Figure 83 demonstratesiow the processs simplified by
introducing Pt as a sensing elemdtitst, he man fabrication steps of theolymer flow
sensor are shown on the Isitleof the figure Sep lis thedeposition of Al mask on the
Kaptorf substate.Step2 is the RIEfor Kaptorf etching After the RIE, the area without
Al will be etched and am-plane cantilever is formed. The Al mask will be etched after
the RIE.Step 3 is tk piezoresistor deposition ane 34 is the oxidedeposition resultig
in an outof-planecantilever.

In the polymetbased metal piezoresistive flow sensor, Pt will replace the

elastomeric piezoresistorhe piezoresistive material covetitse entirecantileverwith the
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dualcantilever designSincePt is a noble metalt canbe used as the RIE mask as well.
Therefore, step 1(mask deposition)and step3 (piezoresistor depositionfan be
combined Furthermorebecause of th& EC mismach between Pt and Kaptdfilm and
a deposition temperature higher than room temperatheePt layer will introduce a
stress on thenicrotuft andthereforeform an outof-plan structureFor this reason, step

(back sideoxide deposition) caalso be eliminated.

( ) o )
Al mask - , Pt :
mask/Piezoresistor

\ J \_ J

4 N e N
RIE (in-plane Cantilever) RIE (Out-of-plane Cantilever)
Al mask etching At-mask-—etehing—

N 4 N J
Piezoresistor deposition L Prezoreststordeposttion J
Backside oxide deposition ( Backside oxide depositionw
(out-of-plane cantilever) L (out-of-plane cantilever)

(a) (b)

Figure 83. Fabrication process simplification from (a) all polymer flow sensor to (b) polymerbased
metal piezoresistiveflow sensor
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(a)Pt Patterning (b)Substrate Patterning

Figure 84. Fabrication sequence of the metgbiezoresistive sensor

The simplified two-step fabrication process described irFigure84. First the Pt
piezoresistors are sputtered and patterned on7 . 6 ¢ Kaptorthsheetksing a liftoff
process Figure84 (a)). In thelift -off process 1000 APt is sputtereéh a unifilm sputter
(PVD300, Unifilm Technology) with a rate of 100 A/miAfter the metallization, the
Kaptorf substrateis immersed in acetone aral swab is used taently swipe the
substrate to help the ktiff. Figure85 shows the Pt pattesmon the subsate after the lift
off process. Tie Pt thin film bends with the KaptBsubstrag, showingthatthe Pt thin
film satisfies the flexibility requirementn the second step, the substrate under§iEs
with a Kaptorf shadow maskRigure86), which is lasemicromachinedthe CO2 laser
described in Chapt&) (Figure84(b)). After the RIE,anout of-planemicrotuftis formed
by thermallyinduced stress gradierdsd the sensor fabrication is completEajure 87
shows the fabricated flow sensors, whicbnsist & a microtuft comprising two
cantilevers with 0.7mm inlengthand= m i n wi dth and a 1. 1mm

flapper at the end.
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Figure 85. Sensor array after fabrication stepone

Figure 86. Kapton® mask for releasng the microtufts
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Figure 87. Fabricated polymerbased metal piezoresistivlow sensor

3.3 Device Characterization

A fabricated sengds tested in thbenchtop wind tunnel (ST 180 Scanteck 2000)
The thermal anemometer (Omega FMA5I1) is used as a reference sensor for
measiring the mean free stream wind velocity. The resistance chafgles sensor are
measured by theligital multimeter (Keithley) The measured sensor resistance as a
function of wind isshown in Figure 88. As wind increasg the ®nsor resistance
decreases as a result of compressive strain in the Pt piezoredishar sensorThe
sensor output saturates around 6m/s. Thisaturation is probably due tbe increased
base areétwo rectangular pieces underneath each narrow eaetibeamsdf the device
which is designed ending angelhe saueatioh of ¢he semsars or 6 s
output is also observead a transient response of the sensor showkigare 89. Figure
90 showsthe simulation (square) and measurement results (diamond) of the relative
resistance changep(R / d® the sensor as a function of flow rate (left)/flow rate squared

(right). The experimental results show a higher sensitigggfficientthan the ANSYS
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simulation resultsA possible cause of this discrepanisythe mechanical property

change of the cantilever beams after Pt spogemnd RIE.

62.7

62.6

*

62.5

62.4 *

Resistance(Q)

62.3 ‘ \

Flow rate(m/s)
Figure 88. Sensor outputresistanceas a function of the wind velocity
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Flow rate(m/s)
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Resistance(Q)
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Time(s)

Figure 89. Output of the polymer-based metal piezoresistivdlow sensor: reference wind velocity
(upper) and the measured sensaiesponse (lower)
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Figure 90. Simulation (diamond) and measurement results (square)f the relative resistance change
(pR/ & dhe sensor as a function of fler rate (left) and flow rate squared (right)

Experimental results of 5 polyméased Pt piezoresistive flow sersare plotted
in Figure91. The figure shows the relative resistance chaggR /afka function of flow
rate square The experimental results show averages of 1.2%10*m?/s?), which is
muchsmaller than theesults of theluatcantileverall-polymer flow sens&(S=7.76x10
*(m?/s?)). However, the sensor results show a better consistency becadabribation
of the Pt piezoresistor is better controlled than that of the elastomeric piezorekiditar.
15 shows the initial resistanc®, in the piezoresistor anthe sensitivitycoefficientS of
the sensor, which shows a standard deviatiod.@f920hm in the baseline resistances
and 0.126m™?/s?) in the sensor sensitiviynuch smaller than thosef the altpolymer
flow sensor as a result of better processtrobrduring the piezoresistor depositiof.
sensor baseline resistance drift im@ursis also measured to calculate the sensor wind
velocity-referred drift (Table 16). Despite the S e n s gansors | ow
demonstrate a low windvelocity-referred sensor drift because of its low resistance drift.
In the end of this chapter, a summary of the piezoresistivenbiwetic flow
sensors with different is shown Trable17. The three polymebased bw sensors show
a higher sensitivity than their silicon counterpart, which is because ohtiee ofsensor

material, design, and geometry.
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Figure 91. Measurement results of the relative resistance changepR / & b sensors as function of
flow rate squared

Table 15. Baseline resistance and sensitivity coefficiel@of 5 fabricated Pt piezoresistive flow sensear

Sensor number R S
(Ohm) (x10°m?s?)

1 62.614 141

2 62.618 141

3 62.547 1.26

4 62.680 1.25

5 62.647 1.11
Average 62.621 1.29
Standarddeviation 0.0492 0.126

Table 16. Baseline resistance drift of the sensor and its wind velocieferred drift

Initial Resistance | Resistance Sensor Sensor
resistance | after 6hrs drift sensitivity drift
O MU O MU (%) (%/(m/s)) (m/s)

61.0197 61.0536 0.056 0.062 0.9m/s
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Table 17. Summary of piezoresistive biemimetic flow sensors with different designs and gometry
(the sensitivity coefficients are calculated from given references)

Sensing Cantilever Cantilever Sensitivity
material material geometry coefficient
(um) (x10"m?#s)
Siliconbased
flow sensor
Fanet. al.[3]] 308
(in liquid flowy
Si Metal/polymerg 820-1100 equivalent to
(Boron lon) permalloy x100200 308/ i | I iquig
x10 =0.4in air flow)
Chenet. al.[32] Si Su8 600 0.44
(Boron lon) x80
Wanget. al.[27] Pt SiNy 4000 0.79
x4002000 (Whean=1200
um)
Zhanget. al.[74] Si SiQ 100400 438
x2040 (in liquid flow,
equivalent to
0.57in air flow)
Polymerbased
flow sensor
Aiyaret al. [38] Elastosi® Kapton® 1500 0.14
x400
This work: 4.3
Improved Elastosil® Kapton® 3500
sensitivity x600
singlecantilever
Dual
This work: cantilevers:
Duatcantilever Elastosil® Kapton® 700 x50 7.6
Flapper:
400x1100
Dual
This work: cantilevers:
Metal Pt Kapton® 700 x50 1.25
piezoresistive Flapper:
400x1100
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CHAPTER 4

DRIFT REDUCTION IN A N ALL POLYMER AIR FLOW S ENSOR

In previous chaptersye saw thaincreasing sensitivity of the sensor or applyeng
sensing material with less drifeducel the sensor drift These approachesart be
summari zed as.Ifina gbeentletttearde ssobfmEates to0 higher cost or
higher fabricatiofdesigncomplexity, and longrtime for research and development.

In this chapteran approacHor drift reductionotherthamia bett er sensor
discussed. The approach called vibration amplitude measurement method, which
measures flow rate byliscriminating the amplitude of theflow-induced vibration
(&lutterd of the flow sensor. The chapter starts with a review of the work in the- flow
induced vibration of cantileve structures. Then the principle of the vibration
measurement method and how this method redseesor drift will be explainedfter
the theoretical discussiomnplementation of the measurement method and test results

will show the dift reduction capaitity of the method.

4.1 Flow-InducedVibration
Flow-induced vibration is everywhere. When wind passetant branches and
leaves will move back and forthyp ard down; in other words, vibration happelfsit is
a breeze, the vibration is often small aah only be observed if we take a close look at
the plant. However, if it is a storm, the vibration becomes large and ob\Roas.
William Wordsworth i n hi s f a mo u s despribesthre fléwBnalfcddo d i | s ©

v i br ata host of @dldeniiDaffodil 0 fFustering and dancing in the breézén

97



fact, the fiflutteringo effect is a term to describe the flamducted vibration of a structure
anequi v al eguallopingg6e, itb, 76]s O

The flow sensor, or the cantilever structure, also vibrétethe wind tunnel test,
flow-induced vibration of the sensor structure is observed, which is also reflected by the
sensor respons8y closely observinghe sensor outpuesponsga fluctuating resistace
is seen(Figure 19) [38]. Could we exploit this aerodynamic phenomenon and use the
vibration as a way to measure flow rate? Before anegehis question,wo questions
should be first investigated

1. What kind of structure will vibrate in a flow?

2. Is the vibration amplitude propmonal to flow rate?
The answer to the first questiontigt if a structue has a necircular crosssection, it is
susceptibleto flow-induced vibration[75]. Different geometry demonstrates different
stability in flow. The cantileverfor instance becomesmore and more nstable as its
length over widthratio increaseq75]. In [77], the authors analyze the flewduced
vibration of a slender cantilever plaltistrated inFigure92. The equation of motioof

the cantilever plates given by

4

2 a
m%+ B2 =w ® WP Py (4.1)

wherem is the mass per unit length of the cantileer, s t h e modalush ig thes
moment of inertiay is the width of the plate, argh Fs the pressure difference between
the top and bottom of the plate, which is decomposed tecimonlatory pressureP(,),
goverred by Bernoulld sequation and circulatory pressur®,)( because of vortex
shedding at therailing edgeqd77]. The authors state that the structure starts fluttering at
flow velocity above the critical flutter velocityJ¢), with the scaling law ofJc given by
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3
U - Eh3
r.L

, (4.2)

whereEi s t h e mydolusrofgh® platd) is the thicknesd, is the lemth, andj is
the density of the fluid77]. With the geometry of the single castrker flow sensor in
Chapter 2, Buation(4.2) yields 5.3m/s, which is close to the erpimental resulbf the

Uc around 5m/s.

— Lnlf
_
y| |

=

Figure 92. A flapping plate studied in[77]

The answer to t he s the ohration gmpksle ofdhe | s
fluctuation is proportional to the wind velocify6]. In [76], the flowrinduced vibration

of a squaresection cantilever beanFigure93) is both theoretically and experimentally

studied.
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Figure 93. Dimensionof the cantilever beam for the study of flow induceévibration in [76]

The equatiosof the motion of the cantilever are given by

ww W wol ol

mE—+c = +El— =rUbC(=wW U V U g)
e xh 2 2 ’ (4.3)
TSVANP S B RO TR

mm2+c y +EI < 2rU bCY(ZW uvu g),

wherem is the masper unit length of the cantilever,is the dampingEk is the Young s
modulus,|l is the moment of inertig, is the density of the flowq is the size of the square,
C; andCyare the force coefficien{g6]. The authorsus€&a | er k i ntd solvertleet h o d

equations andive the vbration amplitude of the beam:by

a/u® [(1/ u -Z)]/1.761Z ', (4.4)
with the minimum low rate for the onset of the fluttering as

u=%x4

2rb (45)
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where Z; (positive) and Zz (negative)are the coefficiemstrelating to the lift and drag

coefficients of the structu@6]. As u increases;L/U becomesegligible Equation(4.4)

becomes

alu {[( -2))/1.761Z}"> (°2/1.761| Z > (4.6)
SinceZ; andZ; are constants dependenttbie geometry of the structureqiation(4.6)
suggests that the ratio of amplitude tdoegy is also a constant, or the amplitude of
vibration is proportional to the flow velocity (above the threshold velocity)76], the
proportionality between vibration amplitude and flow ratshiewn not only theoretically
but also experimentally.

In order toverify this phenomenoim the sensors in this researdhe resistance
change in the adbolymer flow sensor i€mprically characterizedvith varying wind
velocity. As shown inFigure 94, the amplitude of the vibratioinduced resistance
increasesas the wind velocityincreases. This confirms the validity of the proposed

vibration amplitude measurement method.
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Figure 94. Sensor output of the polymerbased flow sensor using direct resistance measuremenith
different wind velocities applied: wind velocity profile (upper) and sensor output (lower).Note that
the vibration amplitude increases as the wind velocity increases.

4.2 Vibration Amplitude Measurement
Based onhe observationn Figure 94, the sensor readout scheme~ajure95is
proposed.As shown inFigure 95, the amplitude ofchanges inthe vibratiorinduced
resistancencreases when the wind velocity becomes largelependent of the absolute
value of esistanceTherefore, thebaseine drift can be reduced by filtering out low
frequency signals from theensor output, followed by signal processing for pegbeak
amplitude calculationit is assumedhat baseline drift is slow compared to the time scale

of the flowrinduced sensor bration
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Flow e FElastomer
— piezoresistor
Resistance drift l z

Low flow velocify High flow velocity
Small wbriggiltamphtudc Large vibration amplitude
Flow — T
—-

Reduced resistance drift

Low flow velocity High flow velocity
Figure 95. (Top) Conventional piezoresistivebased airflow sensor. (Bottom) ©ncept of the proposed

vibration -amplitude measurement method usindlow-induced vibration.

In order to extract the pedk-peak vibration mplitude of the sensor output and
convert the resistive output to a voltage outputierocontroller (MSP430F2012, Texas
Instruments) with built-in  10-bit successive approximation (SAR) anatoedigital
converter (AD(Q is used fodata acquision and signal processy. A block
diagram ofthe sensoreadout circuit fothe vibration amplitude measuremerftthe alt
polymer flow sensor is shown ifrigure 96. The piezoresistom the flow sensoiis
connected to asingle-elememtvarying voltagedriven Wheatstone bridgewhich is
composed of threé00kOhm nonvariableresisbrs andthe piezoresistive sensor as the
varying element. The output of the bridgded toan instrumentation amplifi§iNA122,
Texas Instrumes} with a gain of6.

An estimation of the resonant frequency of the sensor is around 100Hz; therefore,
the sampling rate of the microcontroller is configured as 508Her the microcontroller

has sampled and stor@@® sampdd datapointsin its internalmemory, the peato-peak
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vibration amplitude of the output voltage is derived fritms data set bygeterminingthe
difference between the maximum and minimum valodle storedlata. Seven of these
peakto-peak measurements are then averaged to peoithecfinal output of the sensor
readout circuitry, which indicates the flomduced vibration amplitudeThe average of
the autput will filter the noise while preserviripe signal A digital or analog band pass
filter with center frequency around 100ldzn also be added to filter the noise. However,
addtional computation or circuitry iseeded, whictwill result inaddedcomplexity in

either software or hardware.

~

r[ Raw sensor output, n=1 ]

|
ly

Ve [ Sample 20points ]

(sample rate: 500Hz)

l !
Gain [Vmax ] [Vmin ]

[Compute v, and Store]

Flow sensor

Single-element-varying, voltage-driven
Wheatstone bridge

Vs averaged

N\ J/

Micarocontroller (TT MSP430F2012)

Figure 96. Schematic illustration of sensor readout circuit and implementation of vibration
amplitude measurement method
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Figure 97. Output of the all-polymer flow sensor from the proposed vibrationamplitude
measurement method: Reference wind velocity (upper) and the measured sensor resa® (lower).
(The sensor output voltage is proportional to the amplitude of the sensor vibratioj.

A high-sensitivty single cantilever sensor is tedtusing the new measurement
method.Figure 97 shows thesensoroutputresponsefter the readout circuitry and the
reference sensor outpas the airflow is repetitively cycled between Om/s angni/s.
The results show that thbaselinedrift which is observed in conventionalirect
measurement methpshown in Figue 1, has been greatly reducethe maximumvalue
of the sensor output i825mV when the wind velocity is 12m/#&lthough he sensor

exhibits a threshol@hehaviorand is sensitive to velocitiemly in the range of 82m/s
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this range is adjustable lmphangng the geometry of the sensdihe sensor is also tested
without appying wind velocity to characterize tleercinputdrift as shown irFigure98.
The standard deviation of the sensor output fromtmme data aguisition is2.8mV,
which corresponds ta flow-referenceddrift error of 0.2m/s wind velocityper hour
Figure 99 shows the measured vibration amplitudg the allpolymer flow sensor when
the wind velocity variesbetweenOm/s and 16m/s. With an amplifier gain of 6 and a
Wheatstone driving voltage of .BV, the sensitivity of the sensor measures

14.5mV/(m/s)with nortlinearity of 1% over the rangef 5-16m/s wind velocity

250 -

g

< .

245 hd *

= *

: .
2 40 | ¢ l

&

2 20 40 60

Time (min)

Figure 98. Zero-input drift of the all -polymer flow sensoras a function of time using the reduced
drift measurement approach.
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Figure 99. Sensor output as a function of the wind velocity, acquired by thgibration amplitude
measurement metlod

The dualcantilever all polymer flow sensor is also tested with the vibration
amplitude measurement methédgure 100 shows the measured output of the fabricated
all-polymer flow sensor array using the pospd vibration amplitude msarementThe
wind velocily varies betweerOm/s and 12m/s. With an amplifier gain o6 and a
Wheatstone driving voltage .33V, the sensitivityis measured to b&3.2mV/(m/s)
This measured sensitivitg equivalent to a seitiwity of 24.4mV/(m/s) wth an amplifier
gain of 6 and a Wheatstone driving voltage I/, a 68% sensitivity improvement

compared withthe 14.5mV/(m/s) sensitivity othe aforementioned sensdn addition,
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thisimprovedsensitivity results i threslold drop from 5m/s to 4m/as shown irFigure

100. Figure 101 shows thefabricated sensooutput responseand the reference sensor
output when the air flow is repetitivetycled between 4 m/s and 10 m/s. The sensor has
demonstrated reduced baseline da# well as improved minimum affow velocity
detection. Since ensors with different geometries were tested with the proposed

measurement methpd comparison is madie Table18.
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Figure 100 Sensor output as a function of the wind velocity, acquired by thegibration amplitude
measurement method
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Table 18. Performance characteristics of a typical microtuft-based flow sensor

Original ggometry

Modified geometry

Devicedimension

Single Cantilever:
3.5mm (I) x 06mm (w)

Dual cantilevers:

0.7mm (I) x50e m ( w)
Flapper:

0.4mm (I) x 1.2mm (w)

Sensitivity 14.5mV/(m/s) @ 5.12V gain § 13.2mV/(m/s) @ 3.33V gain 5
Threshold ~5m/s ~4m/s
Nontlinearity 1%(5~12 m/s) 4.7%(4~12m/s)
Zerainput drift 0.2m/s in 1 hour 0.033m/s in 1 hour

4.2.1Measurement Methods Comparison

Direct resistance measurement method Vibration amplitude

measurement method
045 -
Lo g
G Initial measurement data - Initial measurement data
043 5200
: - R
= .\ * 2120 \-
"50_39 — 2 = < []
P " w = =" \ s 80 ‘—\
=0.37 N = 40 ]
2 Measurement data after 6 hour z a, " .
@ = T Measurement data after 6 hour
[#5] 0.35 T T | % 0 1 T T |
0 5 10 15 0 5 10 15
Air flow (m/s) Air flow (m/s)

Figure 102 Long term drift comparison between direct resistance measurement method and
vibration amplitude measurement method. Blue dots: initial measurement data. Purple dots:

measurement data after6 hours. Experiments are done using an afpolymer air flow sensor with
optimized geometry

In order to verify the improved characteristics of the proposed vibration amplitude

measurement method, the fabricated sensor output is measured using both direct
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resistance measurement method and the proposed method. Then the outputs were
compared as shown ikigure 102 The sensor is measured twice with 6 hours of
measurement intervaBlue dots represent the initiaheasuementdata and the purple

dots represent themeasurementdata after 6 hoursWith the direct resistance
measurement method, the baseline resistancendrsftclearly observedHowever, in the
experimental results using the vibration measurement methedldle and purple dots
almost fully overlap which indicates that the drift isignificantly reduced. Velocity
referenced baseline drift using the vibration amplitude measurement method was 0.033

(m/s)/hr.

4.2.2 Algorithm for Wireless Sensing

The \Jbration amfitude measurement algorithm has also beenrparated into
the microcontrolletbased active sensor system developed in Chapter 2 as shown in
Figure 103 The principle is to convert the vibration amplitude into a delay siBnal
which sets the output frequency of the square wave signal ofCh@nl. The details of
the hardware are described in Chapter 2 Section 3 and the code of the algorithm is in

AppendixB. The experimentalesults of the wireless sensiageshown inFigure104
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CHAPTER 5

CAPACITIVE PRESSURE SENSOR

With benefits of polymebased sensgrssuch as lower material cosind
flexibility, it is appealing to develop an-giblymer absolute pressure sensor for absolute
pressure measurement in the sensor system described in Chapter 1. Howestl,
need ¢ address the drift issues in polyniEsed sensorén previous chapterslifferent
methods reducdrift in polymer flow sensors. Wihe method work in a polymebased
absolute pressure senséi@ the flowinduced vibration amplitude measurement metho
the answer i$i N oUnlike air flow, air pressure will not induceibration, whichcan be
used for drift reductionin the sensomembranesin the altpolymer flow sensor, the
wind velocityreferred dift reduces wherthe sensitivity of thesensorincreasesin an
absolutepressure sensor, witligh sensitiviy redu@ the sensor drifas wel? An analysis
of the gas permeatioinduceddrift the polymerbasedbiodegradableabsolute pressure
sensolin Figure23[51] will help to answer this question

When there is apressure differencbetween the outside environment ahe
hemetically sead sensocavity of the biodegradablesensoythe top and bottom metal
plates will deflectwhich resuls in achange of the capacitance of the MEREpacitor
This capacitor, with the inductor around it, forms an LC resonator cikithita resonant
frequencyf given by

= 1@ (5.1)

wherelL is the inductance of the inductor, a@ds the capacitance of the capacitoneT

f=

pressure differece which results in variation o€ andf, is also a driing force to move
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gas moleculginto thecavity of the sensotJnlessthe pressure inside tloavity is equal
to the pressure in theutside environment, this movement will never stophe
permeability coefficienk describes thability of gas to penetrate through a polymeric

membranes given byEquation(1.4). Rewriting (1.4) gives
1t
=— 52
Dp = 4 (5.2)

If we compae Equation(5.2) with Ohmds lawgiven by

o
V—rZI, (5.3)

whereV is the voltagel is the current, is the resistivity of the aterial,| is the length
of the resistarandA is the area of the materiaf the resistagrwe canmake an aalogy
between these two physigahenomenaln both phenomena, driving force (oltageV or
pressure differencBp ) gererates a flow (current| or gasflow ). The material
conducting this flow has a resistance to the flow, which is proportiorthketiength of

the material and inverlseproportional to the aredherefore, he equivalence igiven by

Dp - >Vi
g- A
1
—- >
k
1t
KA - R (5.4)

Another equivalence we can make is tha tavity of the sensor iequivalent toa

capacitor The integration of flowg is the total volumeol (at atmospherigressureP,, )

that penetrates into the cavidf/thesensomgiven by
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vol = ppdt (5.5)
If we assuméhe temperature does not change

=0l

VOI 3 le cavity IDcavity (5 6)

tm

wherevol ;. is the volume of the cavity ang,, is the pressure gidethe cavity of the

cavity

sensorwe have

pdt
I?:avi S (57)
v VOIcavity
I:?sum
Compaing it with the voltage and current relationship in a capa€itagiven by
1.
C
yieldsthe equivalencas follows
vol_.,
—Pcav”y - XC (5.9)

atm

With these equivalensewe can modethe sensorstructurewith an RC circuitwhen
calculating the pressure changsidethe sensor cavity as a result of gas permeabion
anRC circuit DV (t)/Vin , whereDV (1) is the difference between the input voltage and
the voltage of the capacitas, relatedo the time constanRC as

g /Re (5.10)

Therefore with the equivalence, thBP(t)/ B, whereDP(t)is the pressure difference

Xt
between the pressure exterior to the sejpand the pressure inside the cavity of the

sensor, is related to the time constaré @9

e"Re, (5.11)
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whereR &andC @re the equivalent R and C respectively.

Turning the gas permeabilitpodel into a circuit modéielps us both intuitively
understand the physical phenomenon amdplify the calculation Furthermoreif we
have a more complicated system with méresistors and ficapacitor® this method
allows us to simulate the system with Spiceyell-developedCAD tool for electrical
systens. The modeling proceduref the gas permeation issue of the serisaio 1)
calculatethe equivalentR6andCoin the sensor systerfl) derivethe R&Co6time constant
and 3) derive the pressure differencg(t) with the R 6 @dnstant Table 19 lists the
permeability of N in PLA [54], the sensor dimensipequivalentRdéand Covalues and
the equivalentRC constantsFigure 105 shows the pressure difference variation as a
function of time.The pressure differen@®ntinuouslydecreases with a time constanft
2923 hours

The theoretical pressure difference dnof2.3 hoursis 0.08%, while experiments
measuring the driffo showa 0.26%resonant frequencgrift, which is equivalent to a
pressure difference dropf around2%, around twice theheoreticaldrift value This
discrepancynight be due toleakagepathson the interfacéetweenPLA and metaplates

as a result oimperfectiors in sensor fabricatian

Table 19. Parametersfor gas permeability calculation

K(Barrer)| Radius(mm) Gap(cm)| Area(cnf) | t(cm) RQ C RC(hs)

0.0954] 0.21 0.003 | 0.000415| 0.04 |1.92x10° | 5.46x10° | 2923
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Figure 105 Pressure differenceg Pbetween the exterior and interor of the biodegradable sensor
decreasess a function of time

The analysis results show thatthe polymer pressure sensdhe gas permeation
in the sensor cavity results in a drift. thie pressure differencepPis positive, gas
molecules start penetrating the polymer spacer into the serswity, resulting in a
decrease ithe pressure differencgl with an RC time constanAs more and more gas
goes into theavity, the presure inside the chamber risgdil the pessuralifferenceq P
becomes zerdAt this moment, eveif we have an infinitly sensitive pressure sensor, the
sensor response will still be the blase capacitance.

Since the gapermeatioAinduced drift of a polymer pressure sensor cannot be
solvedby either the new measurement method or increasing the sensitivity of the sensor,
the choice left is to use a material that can hermetically seal the sensor lcatfiy.
literature, silicon demonstratesuperiorperformance in maintaingna hermeticallysealed

cavity [52]. In this research,ot maintain the benefit of polyméxased sensors while
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addressinghe permeability issuef the polymer materials in a polymbkasedabsolute
pressure sensor, a tiny silicon pressuferemce will be fabricated andnbelded in a

flexible polymer substrate

5.1 Sensing Principle and Sensor Design

l Pressure induced deflection

Si top membrane
I e ]

Si dioxide spacer
- - Si bottom substrate

Figure 106. lllustration of the capacitive pressure sensor

The illustration and principle of the capacitive pressure sensor is shdviguire
106. The capacitive pressure sensocomprisel of two silicon membranes and a silicon
dioxide spacer. As pressure changes, the silicon membranes deflect, which causes sensor

capacitance change
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Figure 107. Top view (upper) and side view (lower)of the capacitive pressure sensor

Figure 107 shows the top view of the capacitive pressure sefi$w.sensors
square becauseigt more sensitivéhana rectangular sensf78]. Suppose the four edges
of the diaphragnareclamped and the deflectioD(X, y), when a pressure is applied,is
small compare to thicknessh; the following differential equation governs the defection

[78]:

u'D (D ‘D P
24 + 512
px* ' K yf y'u QK (512
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whereU = @GndD®@B4.2GPawith the plate faces <100> arnted and sides <110>

oriented.The boundary conditions are

2 (5.13)
a

In [78], an approximated analytical solution is given by solving the differential equation

usingthe Galerkin method

D(x,y,P)=D(0,0,P) F( X.,Y). (5.14)
where
_0.02126
D(0,0,P) BRI P (5.15)
F(X,Y)=[(1 -x*)(1 %)]2;_;. a'n‘ XY (5.16)

Q Q Q Q Q Q Q Q Q
1 0.233 | 0.233 | 0.252 | -0.00166| -0.00166| 0.13 0.13 | -0.235

The sensor initial capacitance is given by

o 2 _ 2 ~
C(O) =€, ;b—a 8‘%0% (5.17)
¢ 9 +

wherej is the vacuum permittivity (T ygg v pmm "Gd) andX is the relative

permittivity of silicon dioxideX  0&y.
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The totl capacitance under a psaireP is [78]

an*-a> o _ a*'l . daxdy
C(P)=eea— o&——f 5 (5.18)
¢ 9 + 9o01- dhe F(X,Y)

6D,
°0.0212&"

Many tradeoffs existin designing the pressure sensor. Sincestl@n pressure

referance is to beembedded in a polymer substrate, a larger wilemake the sensor

easier to handle and manipulate. However, increasing the size also translates to a higher

cost and smaller yieldThe top plate thicknes$ plays an important role in sensor

sensitivity and linearity. A larger plate thickness brings beliterarity; however, the

sensitivity decreasg&igure108).

135 T T T
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Figure 108 Simulation results of the £nsornormalized capacitanceas a furction of pressure change

(from bottom to top: h=30um, 25 um, and 20 pm)
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The gap distance between the top plate and bottom is also a critical parameter i
designing the pressure sensasithe gap increasethe sensitivity decreases. However,

the linearty is proportional to the gap distan@agure109).

1.08F .

C/Co

0 2 4 6 8 10 12
Pressure (kPa)

Figure 109 Simulation results of the sensonormalized capacitanceas a function of pressure change
(from bottom to top: g=1.2um, 1 um, and 0.8 um)

Table 21. Parameters of the silicon capacitive eference

Parameters a(mm) b(mm) h(um) g(um) hb(um)

Values 1.6 2.2 25 1 550

Table 21 shows the design parametedas the silicon presse referenceThe
design is acompronise between size, linearity, and sensitivity. A 2.2mm square size
silicon reference makethe handlingeasierduring fabricationand embeddingin a
polymer substrate. A pressure reference with a 25um top silicon plekmdss and a

lum gap demonstrates a good compromise between sensitivity and linearfyg(see

110).
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Figure 110. Simulation results of the sensocapacitance variationas a function of pressure chage
with the design parametesin Table 21

5.2 Device Fabrication

5.2.1Fabrication of the SiliconPressureReference

i
]

(a) Oxidation& Patterning (b) Fusion bonding (c) Si etching
‘ — —
(d) Oxide etching (e) Si etching (f) Dicing

Figure 111 Fabrication process of the silicon pressureeference
The fabrication process dhis pressure sensor is shown kigure 111 A low-
resistivity silicon wafer is first thermally oxidized and patternEdyfre 111(a)). Then

the wafer is fusiotbonded to another low resistivity silicavafer Figure 111(b)). The
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top membrane is then fabricated with a sequence of etching steps illustriaiguorel11
(c, d and e). Finallyhe silicon wafer igdiced, resulting in a tiny hermeticallysealed
pressure sensor.

The wafers for the pressure referenchrifaation are <1 0 0> Nype silicon
wafers with a resistivityess tharD . 0 0 4. @HE evaers are first cleaned in the Piranha
solution, which is a mixture of sulfuriacid and hydrogen peroxid&@he wafers are
immersed in the Piranha solution for 20matsl20°C and therthey are cleaned with DI
water Then the wafers arepped in HF solutiorand cleaned in DI wateFhe wafers are
then put ina furnace (Tystarjor wet thermal oxide growth at 1100°C faround2 hours
15minutes, resulting a thermal oxide of around 1lum thicknéssth top and bibom
oxide layers are patteed Karl Suss MA6 Mask (Karl Suss Inc.)aligner isused for
alignment and exposur&he photolithography recige shownin AppendixA.

Sincebothtop and bottom patterns need to be aligned, backside aligriiBeAj)
has been appliedtigure 112 showsthe alignment chunkor BSA. During theBSA, a
camera underneath the holes on the chunk takes a picture of the backsidevafiethe
The mask is then compared and aligngth the pictureof the backside of the water

Figure113shows pictures of patterned oxide on both safe¢he wafer after BSA.
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Figure 112 Chunk for backside alignment

Figure 113 Oxide patterns on both sideof the silicon wafers; left (lower side), right (upper side)

Once the silicon dioxide patterning is dotiee patterned wafer is cuttopieces
and fusiorbonded withother wafer piece The fusionbondingstartswith an RCA clean
of the wafer pieces tbe bonded to guaranteesiduefree surfaces. These wafer pieces
then expeenceO, plasma activation irvision 320 RIE(Advanced Vacuuin Table22
lists the recipdor O, plasma activation. Compare to other RIE process suclxids o
etching or descum processet power is relatively low to minimize the physical damage
and maintain a flat surface on the wafer pieces duringac@ivation. After the RIE

process, the wafer pieces are stacked are$sed using tweezets give an iniial
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bondng. Then the stacked wafer pieces are put on a churiich will be loaded into
SB6 wafer bonder (Karl Suss Ihcwhere the wafer pieces experience pressure of
3000mbar and temperature of 250°C for 8 hodiise next step is to put the wafer pieces
into a furnace (Tystar) to annghlemat 900°C in N ambient.

Table 22. Redpe for the O, plasma activation

PressurgmT) Gas Q(sccm) Power(W) Time(sec)

15 10 100 15

Figure 114 Wafer pieces to be boded on the chunk of SB6 bonder

These annealed wafer pieces are then mounted on a carrier wafer for silicon
etching in the STS ICPThe etched silicon piece is shownHkigure 115 This etching
step defines the thickness of tlo tmembraneRigure111(c)). After the silicon etching
step, the oxide mask is dry etch@dgure 111 (d)) in the Vision 320 RIE. Finally the
silicon pieces with oxide removed are put in STS ICP agaitiofp membrane release
(Figure111(d)). With the top membrane released, the silicon pi€tgufe116) is ready
to be diced For dicing silion pieces, a blue adhesive tape is used to hold the pieces
during diamond saw cutting. Photoresist @620 is coated on the silicon wafer to

protect the top membrane from stkaor vibration duringthe dicing process Figure117
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shows the diced silicon pressure references with photoresisterl andrigure118is an

SEM picture of the diced pressure reference with photoresist removed.

Figure 115 Silicon pressure reference after the first ICP etching

Figure 116 Silicon pressure references to be diced.



Figure 118 SEM picture of a diced silicon pressure reference
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