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Abstract

The objective of this thesis is to develop a muttdtional MEMS (Micro Electro Mechanical
System) sensor system for the simultaneous measuaterhpressure and temperature inside a
hydraulic system, more specifically a hydraulickeraystem for automotive applications. The
multifunctional pressure and temperature sensaesypresented in this Thesis was designed to be
installed in a new brake-by-wire system that rezgithe simultaneous reading of pressure and
temperature per wheel cylinder. This system nemdsiitrol and monitor these parameters at each
wheel cylinder to adjust the pressure for optintaking. Current sensing systems installed in ragula
brake systems use a single pressure sensor thagitioned in the main cylinder and they do not
include a temperature sensor. Numerous methodsheareused to control and monitor the pressure
in a brake system real-time. However, no MEMS seggstem has yet been reported that can

monitor pressure and temperature real-time in bsgkéems.

In a representative automobile hydraulic brakeéesysthe pressure and temperature can be as
high as 4 Mpa and 120 °C, respectively. These tiondi are developed in an oily environment with
a pH ~ 11. The multifunctional sensor system priegskhere is based on the two sensors, one for
pressure and one for temperature, working withénsdime packaging. These two sensors are glued
on the surface of an adequate Transistor Outli@ @ase using a temperature resistance adhesive.
The substrate with the two sensors is coveredgr@ene layer for dielectric protection, protentio
from the corrosive medium and protection from tha@sture inherent in the brake fluid. The interface
of the sensor system to the hydraulic brake syst&s a commercial 1/4 18 NPT fitting customized
to serve as an interface as well as a metal saeliden the sensor and the hydraulic cylinder. TBe T
base and the metal shell were joined by micro-batth minimize heat-affected areas and ensure that

critical components are unharmed.

A finite element model to understand the effedhef parylene layer on the performance of the
sensors was developed using COMSOL Multiphysicd® model was validated by testing many
prototypes of the developed sensor system usingtam made hydraulic hand pump which pressure
is monitored by a digital hydraulic pressure gaddes sample fitting is covered by a coil heatet tha
includes a type -T Thermocouple positioned clog¢éosample to monitor the temperature. The
complete apparatus allowed characterization ofdbiesensor from room pressure (13 psi) to 500 psi

over a temperature range of 25 to 120°C. Thestasples were characterized from atmospheric
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pressure to 450 psi over a temperature range tf 280°C. The experimental data shows a reduction
in pressure sensitivity of 18.2 % due to the pamgliayer which closely agrees with the model
predictions of a reduction of 21%.

In summary, a multifunctional sensor system has loeweloped that can be used to control and
monitor the pressure and temperature of a hydraylinder real-time. The sensor system is novel in
that it measures both parameters at a single peaitime with good sensitivity and accuracy making

it ideal for applications in brake-by-wire systems.
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Chapter 1

Introduction

1.1 Overview of a Brake system

The brake system is one of the most important ®ibsys in the vehicles, and has drastically
changed due to the progress in sensor technologyat systems, hydraulic and electrical
systems, and the increased importance of safetjitbtmms. Nowadays, brake systems have the
ability to be compatible with different control $gms such as the Anti-lock Brake System
(ABS), Traction Control System (TCS), Vehicle StiypiControl system (VSC), and
regenerative braking system. To have such compstjki is necessary to control the braking
pressure of each wheel independently. The prodge®wading the brake force for each wheel
independently through the vehicle stability consgdtem as opposed to the driver input is

called differential braking.

On the other hand, the use of electrical componrtegsncreased in braking systems and has
led to a group of smart braking systems calledétakwire systems. Contrary to standard
systems, the process of making the braking for¢kese systems is not entirely mechanical, or
conducted by the driver; it is created by electramanponents, or in some cases from the
cooperation of the electrical and hydraulic compaseA new cost effective brake-by-wire
system is being developed at the University of Wadethat can control each wheel braking

force independently. The general form of this bnglksystem is shown in Figure 1.1.

Master Cylinder

ﬂFrontleft U Rear left DFront right D Rear right

Figure 1-1. Conceptual diagram of the brake-by-wiresystem being developed at the

University of Waterloo.

In this Electro Hydraulic Brake (EHB) system, atuator is used to change the trapped oil

volume inside the caliper cylinder to control thrake pressure directly. Each wheel has a
1



cylinder andan actuator, thus making it possible to controllifeking fore of each whee
independently. The trapped braking oil in the alipylinder is used to transfforce into
pressure, and to amplify brakiforce.

Most brake fluids used today eglycol ether based with a pH~11 [1]. The systeanks
because thedmuids are not appreciably compress sincein their natural state the compon
molecules do not have internal voids and the mddsgpack together well, so bulk forces
directly transferred to comess the fluid's cherral bonds. In operatiotthe brake fluicis
subjectedo very high temperatur, up to 120 °Cespecially in the wheel cylinders. “se high
temperaturesan cause vaporization of the brake fluid, which fgoblem becauswvapoi is
highly compressible relative tmuid, and, thereforeegates the hydraulic transferthe
braking force. Figure 1-8hows the typical temperature profilea lrake system obtaine
during awind tunnel experiment at Volvo Ci[2]. On this vehicle, therntmuples are attache
at different locations of the caliper, at the fi- and backside of the brake pad and within
brake fluid.

g

8

8

B

Temperature (C)

8

. T
e
e

e PR SRS BREPRe e S

0 500 1000 1500 200 250 00 30 4000
time (seq)
Figure 1-2.A typical temperature profile of a brake systemmeasured by Volvc extracted
from [2].

In addition to the high temperature in the hydmadtllid, the brakingperformance of a vehic
can be significantly affected by the temperatuse m the brake compone themselve. High

temperature during braking may cause brake fadengture wear, bearing failure, therr
2



cracks, and thermally excited vibration [3]. Moreovbraking distance is directly affected by
the brake system temperature. The higher the tetyyerof the brake system, the longer the
braking distance. In these facts, reside the inapae of monitoring the temperature of the
brake fluid.

1.2 Overview of existing problems and research obje  ctives

Operational data from automotive hydraulic brak&tems is typically taken at the main
cylinder leading to one pressure signal for allliheke system [4]. Additionally, current sensor
systems monitor just pressure but not temperatire prime peculiarity of this new brake-by-
wire system is the fact that each wheel cylindexdn® receive individual readings. Using
current commercial sensors individual feedback mekkd four pressure sensors, four
temperature sensors and eight different sensotnagioas in the brake system which could
result in big disturbances to the braking systemminimize intrusiveness and obtain
temperature and pressure readings at a single, pagaiod approach is to use Micro Electro
Mechanical System (MEMS) sensor systems. While mongeapproaches have been taken to
address the control and monitoring of the presisueeelectro-hydraulic brake system, no
MEMS sensor system has yet been reported thatasapna@ut simultaneous real-time
measurements of pressure and temperature in autenet¢ctro-hydraulic brake systems. In
this Thesis, a mechatronics approach is usedegrate two different MEMS sensors, one for
pressure and one for temperature, in one singlkagac In this approach, the pressure signal is
used as the main controlled variable of the EHBesydeing adjusted according to the driving
conditions, while the temperature sensor is usedfmitoring and potentially compensating
the pressure signal due to the effect of the teatpes on the performance of the brake fluid. In
addition, having both MEMS sensors integrated exdame package also reduces the price of

fabrication and implementation.

The working conditions inside a wheel cylinder tpkace at relatively high temperatures, up to
120°C, and in an alkaline chemical environmenttéf4i1. The pressures can reach up to 4
Mpa due primarily to the glycol ether based comjpmsiof the brake fluid. The brake fluid is
hygroscopic [5] and thus the water percentage éntdid brake fluid is high. While this increases
the boiling point and reduces the viscosity of ttheke fluid, the humidity levels in the brake
fluid can damage any sensor system that operatesiact with it. Hence, proper selection of

the protective packaging is needed.



The main objective of this work is to successfdéfiver a constant and reliable measurement
of pressure and temperature for all operation mofles electro-hydraulic brake system using
one single MEMS sensor system. The main criteréal tis develop such a system includes (1)
compatibility to current sensor fittings used irdhgulic brake systems ; (2) resistance to the
harsh environment of the brake fluid; (3) compditibwith automotive electrical conditions;

and (4) low cost.

1.3 Organization of this thesis

This thesis is presented in an introductiony fmain chapters, and a conclusion chapter.
Chapter 2 presents a literature review on curremtitoring sensor systems for hydraulic brake
systems, and a comprehensive summary of MEMS sefmopressure and temperature
measurements in a hydraulic brake system environriée chapter concludes with a

discussion of current multifunctional MEMS senspigtforms.

In Chapter 3, the working conditions inside the alteylinder of an EHB system are discussed
first. The internal environment of the brake sysmesents several challenges that guide the
design of the proposed MEMS sensor system. Theeladithe sensing mechanisms for
pressure and temperature is examined in termshidwdng the design objectives. Additionally,
the fabrication process of the sensor is preseriddietailed. This chapter concludes with a

summary of the sensor system design.

Chapter 4 presents the modeling and analysis ahtligfunctional MEMS sensor system. The
sensor system was modeled to account for the effébe packaging on the performance of the
sensors. The numerical modeling was done using felement (FE) simulations carried out by
the commercial FE software COMSOL Multiphysics®©.

In Chapter 5, experimental results of the fabridatevices are presented. Details of the test
bench used during the experiment are describegeRies of the sensor, such as sensitivity,
accuracy and linearity are discussed. Finally gtkgerimental results are compared with the

model presented in Chapter 4.

Conclusions to the Thesis are included in Chaptehigh also a list of the main contributions

and suggested future paths for the continuatighisfresearch.



Chapter 2

Literature Review

This chapter discusses existing research and cocrahproducts on monitoring systems for
braking systems. It also discusses MEMS sensozréssure and temperature applications. The
chapter starts by reviewing current monitoringeyss for brake systems and their importance
and continues on by reviewing different multifunctall MEMS approaches to measure pressure
and temperature. A review of current multifunctibMEEMS sensing platforms and their

packaging methods is presented last.

2.1 Monitoring systems for automotive brakes

The introduction of advanced functionality suchebetronic stability program (ESP), drive-
by-wire, and more sophisticated actuators and semdfer both new opportunities and
requirements for more accurate and flexible confralutomotive brake systems. The brake
system is no longer a stand-alone system whosepompose is to generate stable and efficient
braking but it is seen as a subsystem where eaeblwhn receive individual brake commands
from higher level control systems. Several compahgeve included those kinds of systems in
their cars. In the following; this section presamesdifferent approaches that have been taken by

a few manufactures:
Mercedes-Benz Sensotronic Brake Control

Sensotronic Brake Control (SBC) is the name giweant innovative electronically controlled
brake system that Mercedes-Benz developed in 2000the future passenger car models.
With Sensotronic Brake Control electric impulses ased to pass the driver’'s braking
commands onto a microcomputer which processesussensor signals simultaneously and,
depending on the particular driving situation, akdtes the optimum brake pressure for each
wheel. The primary requirements of a pressure séas®@rake-by-Wire applications as this
one, are high precision and reliability as welhasgti-functionality and flexibility, features
strongly desired in modern sensor design. Theadreygents have heavily influenced the
design choice made by Mercedes. In order to enhifwecgrecision it has been conceived a
silicon micromachined piezo-resistive pressure @ecsip with two different sensitivities: a
higher one in a low-pressure range (0 to 30 bangrevoften an elevated resolution is required,
and a lower one at higher pressures (up to 250 Bans, with one single membrane chip,



practically two sensors are obtained. Fig 2-1 shitvgrofile of the sensor designed by
Mercedes.

Membrane

Silicon bulk

Figure 2-1 Diagram of the sensor chip profile usetly Mercedes modified from [4].

The transduction of the physical quantity, presgutis particular case, into an electrically
measurable value is performed through piezo-resigiements implanted on the surface of the
silicon chip. This type of transducers is sensitivéhe stresses in the two coordinates defined
with respect to the plane where the elements go&aimted in the chip [6]. The stresses on the
piezo resistors induce changes in their resistratecan be detected with rather a high
accuracy as unbalance of a Wheatstone bridge. BBeissan example of a successful case of
monitoring of pressure in an EHB; however, thigeysdistributes the pressure to each wheel
from a central unit and the pressure monitoringeigormed in the same unit but not
independently as is required. Moreover, this systees not monitor the temperature, just

pressure.
Volvo In-Vehicle Brake System

In 2012 Neys [2] reported an In-Vehicle Brake Sysfeemperature Model developed with
Volvo Cars. The primary goal of this system is stimate the temperature of the different brake
system components, particularly the temperatutbebrake fluid, in order to detect dangerous
situations that can arise due to overheating obthke system. Neys approached the problem
using the sensors signals readily available irBitadke Control Module (BCM) and on the
vehicle CAN-bus instead of use a temperature seRrgp@-2 shows the model flow of this
system. The system was capable to estimate tlietémperature with a deviation of plus or
minus 30 K. Due to the complexity of the modelstiwias used just for Alpine descent but not

for normal daily braking.
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Figure 2-2 Brake System Temperature model flow chardeveloped by Volvo Cars

extracted from [2].

The system was finished until prototype level jostone type of cars. However, a better
temperature model, a new Heat Generation modeladnidndly and more efficient Human
Machine Interface is necessary to implement theesyinto production vehicles. Another
major drawback of this system is the deviation®K3to predict the brake fluid temperature.

European Autonomous Braking system

In 2010 the European New Car Assessment ProgranoEZAP) required that the
automobile makers include in their cars an Autonasnémergency Braking (AEB) to obtain its
highest safety rating. The Autonomous EmergenckiBgasystem uses different radar and
sensors to identify potential obstacles aheadetdr. If a potential collision is detected, AEB
systems will apply bigger pressure to the brakesdoce the speed and avoid the collision.
These systems use a pressure sensor to regultiie pliessure in the system. Examples of
systems using the pressure signal to control tHerdmous Emergency Braking are: FIAT
City Brake Control [7], Mitsubishi Forward CollisiaMitigation [8], Ford Active City Stop [9]
among others. All these systems use a centralymeesensor to control the braking force of the

car; however, these systems does not include thsumement of temperature.



Although the previous cases show the importandgweiing monitoring of temperature and
pressure in a car, to the best of our knowledg®#etls not a commercial monitoring system that

includes both signals. In that fact, the importaoicdeveloping a multifunctional sensor resides.

2.2 Multifunctional MEMS Sensors and Packaging

Sensors detect and convert a physical phenomenaputr(e.g. pressure, heat, etc.) into a quantity
or output that is readable by an instrument. Sermod their data acquisition systems are crucial
for any industrial process. There are as many serRsothere are different physical quantities to be

detected.

2.2.1 Pressure MEMS Sensors

Pressure sensing is the second largest sensortraftdeetemperature sensing, representing a 15
billion dollars global business that is growing svgear [10]. They are also one of the most widely
used MEMS sensors for automotive applications. MEdessure sensors usually use a diaphragm
as a force collector to measure a change in diaideflection) generated due to the application of
a force over the area of the diaphragm. The chandeflection is captured by a measurement
system integrated with the sensor with the outypitally given by an electrical signal whose
amplitude is proportional to the pressure differshetween the upper and bottom sides of the
diaphragm. In the following, different MEMS sensimgchanisms are discussed with the objective

of selecting the best one for the brake application
Capacitive Pressure Sensor

A pressure sensor is comprised of two major pajtan element that is affected by pressure
changes, and 2) the associated electronics. Tlisyreesensing element in a capacitive pressure
sensor is a pair of parallel plates which form pacitor. One plate is fixed to a ceramic diaphragm
that flexes in response to a change in pressws,dhanging the gap and the capacitance between

the two electrodes (Fig 2-3).
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Figure 2-3. Schematic of a capacitive MEMS pressurgensor. The diaphragm is shown

deflected under pressure difference.

As described in [23], capacitive pressure sensibes several advantages over their
piezoresistive counterparts because of their Igogrer consumption [11], smaller temperature
sensitivity [12], and higher pressure sensitivitg][. However a major drawback is their
excessive signal loss from parasitic capacitantgls This has hindered the development of
commercial capacitive MEMS pressure sensors fdr teégiperature applications until high
temperature on-chip circuitry is available [16].dddtion, the change in capacitance is normally
non-linear with pressure [17] unless a bossednd&pm or a contact mode (touching
electrodes) is used for linearization. Capacitikespure sensors are therefore not widely used in
automotive or commercial applications mainly beeailre complicated circuitry that is needed
to get the signal. Table 2-1 shows some capagitigssure sensors for high-pressure and high-

temperature applications.

Table 2-1 Comparison of capacitive pressure sensolsiilt for high pressure/temperature

applications.

Model Pressure Range Temperature Chemical Resistance
Resistance against corrosion

(4>pH>09).

K. Karsten, et al. [18]| 0.1 - 3.8 MPa 25-250°C oN

Production Motorola | 0.5 - 0.9 MPa 25-125°C No

MPXY8040A [19]

SENSATA [20] 0.5-5 MPa 25-250°C Yes

Optical Pressure Sensors



Optical pressure sensors are based on opticaldraenetry and usually consist of a pair of
parallel mirrors separated by an air gap. Thisrgreanent is known as a Fabry-Perot cavity or a
sensing interferometer. A semi-reflective mirrofdemed by depositing a dielectric layer at the
end of an optical fiber. The second mirror is fodniy a diaphragm mounted at a certain distance
in front of the optical fiber end. Exposing themliaagm to pressure changes the gap between the
mirrors which can be directed correlated to thdiaggpressure. Different pressures ranges can be
accommodated by appropriately selecting thicknedsdgameter of the diaphragm to keep the
maximum deflection and maintain a linear relatietween pressure and deflection.

Optical sensors offers some advantages as: enfiaglyive: can be used in an explosive
environment, immune to electromagnetic interferenegistant to high temperatures and
chemically reactive environment, small size, amigh degree of biocompatibility. However,
aligning the optics and calibrating the sensorsbmnhallenging and expensive because of the

high sensitivity [21].
Piezoresistive Pressure Sensors

First discovered by Lord Kelvin in 1856, the piezsistive effect is widely used as a sensor
principle. In piezoresistive MEMS pressure sengties pressure changes the resistance by
mechanically deforming the diaphragm shape, engltia piezoresistors in the diaphragm and
connected in a bridge circuit, for example, to depeessure as a proportional differential voltage
across the bridge. The change in resistance isodie physical change of the structure because
of its deformation [22]. This effect provides arsgand direct energy-signal transduction

mechanism between the mechanical and the eleatiocahins.

Nowadays, micromachined silicon-based pressureosease commercially available for many
applications such as automotive, biomedical, andspace [16] and are typically offered as
piezoresistive devices. Piezoresistive pressuressethave advantages in their robustness,
linearity, simple measurement circuitry, and imntyind electromagnetic noise. However,
difficulties in temperature compensation and fadtran control (that would affect sensor offset)
are the two major drawbacks of piezoresistive sesnsampared with capacitive sensors.
Piezoresistive pressure sensors typically havddwgitudinal piezo resistor®{ andR; ) and two
transverse piezo resistof®,(andR,) forming a Wheatstone bridge on a silicon diaphraghe
piezoresistors measure strain at the diaphragnsestgbgenerate an electrical output proportional

to the diaphragm deflection.
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Figure 2-4 Schematic of a piezoresistive pressurerssor showing the (a) top view and (b)
side view; as well as its (c) piezoresistive stragauges connected in a Wheatstone bridge
configuration. Figure extracted from [23].

Figure 2-4 presents an schematic of a piezoresiMEMS pressure sensor and its electronic
circuitry provided by a Wheatstone bridge. Theiimdisadvantage is their temperature dependence,
which makes them susceptible to changes in amtgergerature. A temperature compensation
method is used to eliminate this undesired effgaiding a second sensor that measures the
temperature independently to correct the pressadimg using a more sophisticated signal processing
unit. Temperature compensation can be used uéoenhe resistance value of the piezoresistors

starts to significantly drop (around 600 °C foicsih [24]).

2.2.2 Temperature Sensors

The measurement of temperature is extensivelyipegtand can be achieved using several

different principles. A brief review of these serssand their applications is presented next.
Thermocouple

A thermocouple is a temperature-measuring deviosisting of two dissimilar conductors that

contact each other at one or more spots, whemagetr@ature differential is experienced by the

different conductors (or semiconductors). It pragkia voltage when the temperature of one of the

spots differs from the reference temperature aragtlarts of the circuit. Thermocouples can usually

work between -200°C to 2300 °C, depending on t@figuration [25]. Any junction of dissimilar
11



metals will produce an electric potential relatedemperature. Thermocouples for practical
measurement of temperature are junctions of speifiys which have a predictable and repeatable
relationship between temperature and voltage. Surtiee advantages of Thermocouples are their
wide variety of physical forms, wide temperatureg®, inexpensive and rugged. However, the
thermocouples are not linear, a reference temper&uequired, are least stable and less senditive
addition, the deterioration of their junction oviene requires that the thermocouple gets frequently
calibrated [25].

Thermistor

A thermistoris based on a ceramic material whosistance varies with temperature. Ceramic-oxide
compositions are manufactured to exhibit NTC or RiEQative, or positive, temperature coefficient)
resistance characteristics, where resistance afghsors decrease, or increase, several orders of
magnitude as temperature is increased [26]. Theorsigixhibit a high and fast output, and although

very sensitive, their output is non-linear, andrthmaterial is fragile.
Resistive temperature detector (RTD)

Resistance thermometers, also called resistanqeetemnre detectors (RTDs), are sensors used to
measure temperature by correlating the resistahitee RTD element with temperature. It is similar t
the thermistor, but with a sensing element madeethl. Most RTD elements consist of a length of
fine coiled wire wrapped around a ceramic or gtase. The element is usually quite fragile, sgit i
often placed inside a sheathed probe to proteth&.RTD element is made from a pure material,
typically platinum, nickel or copper. The matetals a predictable change in resistance as the
temperature changes, and it is this predictablagdn¢hat is used to determine temperature [27]. The
RTD is one of the most accurate temperature seridotonly does it provide good accuracy, but it
also provides excellent stability and repeatabilitys one of the most used temperature sensors in
MEMS applications [27], [28] , [29].

Infrared (IR) sensor

IR sensors (detectors) detect temperature bgumieg the thermal radiation emitted by an object.
The main problem of using IR sensors in an oilyiemment, such as the one exisiting in brake
systems, is the presence of contaminants in th@rggmedia which could affect the surface finish of

the sensing object.

2.2.3 Multifunctional MEMS Sensors

The goal of this project is to develop a fast-resgomultifunctional MEMS sensor system for the

simultaneous measurement of pressure and temperiatan electro-hydraulic brake system. There

12



are two main approaches to deal with multifuncti@essors: a discrete and an integrated approach.
The discrete approach to implementing a multifuor@l sensing platform consists in combining
several single-parameter MEMS sensors in a sirgg&aging or chip. The integrated approach is
based on the design of a single MEMS device thegnsitive to several parameters at the same time.

This approach itis more complex but it allows foradler and more accurate MEMS sensor systems.

In the following, a review of some recent effortsaeveloping multifunctional MEMS sensors

according to the aforementioned categorizatiorresgnted.
Discrete approach

As described in [23], the Berkeley Sensor and Actu@enter (BSAC) at the University of California
developed a discrete multifunctional sensor thatianeously measures temperature, acceleration,
pressure and strain (TAPS) for IC engine, geothkramal power generation applications. This
multifunctional TAPS sensor has been built in sficarbide (SiC) and includes single parameter
MEMS sensors such as resonant strain gauges, redanang forks, accelerometers and temperature
sensors all fabricated in the same chip and intednaith, high temperature electronics on a single
SiC chip. The TAPS sensor has been designed to atdemperatures up to 600 °C, pressures up to ~
7 Mpa, high g-shock and corrosive and oxidizingshanvironments [30].

Abdolreza Rashidi Mohammadi at the University aitiBn Columbia developed a discrete
multifunctional MEMS sensor that measures presssigg a Silicon-based MEMS capacitive sensor
and temperature using an platinum RTD. [31]. Tepwof the sensor is shown in Figure 2-5. To
compensate for thermal effects in the capacitiesgure sensor, an additional reference pressure
sensor with a fixed diaphragm was added to theosilchip. For chemical protection, the final device
was embedded in epoxy. The multifunctional sensas successfully tested up to 170 °C and and 2

Mpa inside an environmental test chamber.
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Figure 2-5. Multifunctional MEMS sensor for harh environment applications reported by

researchers at the University of British Columbia .Photo modified from [31].

Oiler and Shock [32] reported the design, fabicatand application of a temperature and
electrical conductivity multifunctional sensor aysgor studying the harsh environments of hot
springs at Yellowstone National Park. Their designsisted of an array of resistance temperature
detector (RTD) and conductivity sensors. The RTayawas conceived as a linearly arranged set
of meandering resistors of nickel, while the coriity sensors were designed as four-point
probes with electrode spacing optimized for theyeaof conductivity of their application, the four-
point-probe configuration utilized two outer electes to pass a current and two inner electrodes to
measure the voltage drop. Both arrays were faledcan a fused quartz substrate. For protection
purposes, an electrically insulating epoxy (H770XpTechnologies) was placed over the solder
connections, and the entire array was coated wsdttand layer of 10 um Parylene-C to provide

additional protection.

Zongyang Zhang et al, [33] packaged an engin®IBMS pressure sensor inside a metal chamber
filled with silicon oil and covered by a corrugatgidphragm. As the silicon oil has many excellent
properties, such as smaller temperature and vigooséfficients, higher heat resistance, good
insulation performance, non-corrosive to metal,towic, etc, it has obtained a wide applications as
a transmission medium in the area of sensor pacRdug approach protected their sensor while
keeping almost the same pressure stimulus duetietkibility of the corrugated diaphragm.
Although this option accomplishes the objectiveaitection, the main drawbacks are that it needs
expensive packaging equipment, and it is verydiffito keep the silicon oil clean before puttibg i

inside the metal chamber.

Integrated approach
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Mertens et al. [34] used the fabki the resonance frequency of a silicon microcantilév
inversely proportional to gemperatur incresase due to a decrease in Young's modilsgicon
and the elongatioaf the microcantileve caused by this increase in temperattitee authors als
reported a shift ithe resonance frequency mainly due to varying dageffectat different

ambient pressures.

More recently Najafi et al. [35]eveloped a multifunctional sensor for simultanemessuremer
of pressure and temperature. The cn includes elastic membranes anddyer beams as presst
and temperature sensing bodies, respectively, apacgance readout for transduction. Tt-
layer beams are placedch that their o-of-plane displacements due to different coeffici of
thermal expansion change the capacitances betwei sets of electrodes. Finite elem:
simulations and post-processirggults verify the applicability ¢he design techniqueroposec
by Najafi in the measuremeaot pressures up toMpa and temperatuighanges up to 250 °t
Later on, the same research group developed afumgitional sensor based amultifunctional
membrane with a step located in the middle, whidpondsimultaneouslyo both pressure ar
temperature variations [23]. Theiew desigruses standard membrabased pressure a
thermostatiddased temperature sensing princi found in MEMS devices and outputgo
capacitance values. Although the sensor was fabdda prototype level and through simulatir
and experimentnctionality turned out, a final design requiree manufacture of the membre

in Silicon Carbide, a material whose manufactupngcess is highly expensi
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Figure 2-6. Biimaterial pressure-temperature sensitive membrane proposely Najafi et
al. [23].
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Chapter 3

Multifunctional Sensor system design

This chapter first presents the working condititound inside the wheel cylinder of the
EHB. The design requirements for the new multifioral MEMS sensor are then defined and

followed by a detail explanation of the fabricatjmmocess.

3.1 Working Conditions

Sensor location

In current applications of EHB systems, the pressensor is located in the main cylinder
and from this position the pressure of the compbesdke system is monitored and controlled.
Therefore, one pressure sensor is more than eriougintrol the pressure of the system (refer
to Fig 3-1).

Master Cylinder

Uniform pressure = P Pressure sensor

Front left Rear |eft Front right Rear right

Figure 3-1. Conceptual diagram of current brake sytems

As it was described in section 1.2, for our appigrathe sensor system will be part of an EHB
system with differential pressure braking capasitieach wheel cylinder will receive an
independent pressure from the other wheel cylindéoseover, as each wheel cylinder will have a
different pressure this will cause a different p@mature in each sub-system, mainly because the
thermal interaction between the brake fluid andcilger will be different in each case, refer to

Figure 1-1 that shows a conceptual diagram ofrthis system. For this reason, is imperative to
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have a pressure and a temperature sensor per eyfieder, and the location of this sensor system
should be as close as possible to the wheel cylintiere the higher temperature is present [2] [3].

Operational requirements

The brake pressure at the EHB system goes up Wileadriver increases the force exerted on
the pedal, stays constant while he/she holds ttal pand finally drops when the brake pedal is
released. During these phases, the pressure a@gnupdo 4 Mpa (580 psi). Figure 3-2 shows the
pressure profile of the EHB system. In the EHBeaysused for this application, an actuator is
used to change the trapped oil volume inside thiperecylinder directly to control the brake
pressure. Each wheel has an actuator that is $efeven the other wheels, thus making it possible
to control the braking force of each wheel indegenky. The trapped braking oil in the caliper
cylinder is used to transfer force into pressung, @ amplify braking force. It works because
liquids are not appreciably compressible (in tinaitural state the component molecules do not
have internal voids and the molecules pack togetiedlr so bulk forces are directly transferred to

compress the fluid's chemical bonds).
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Figure 3-2. A typical pressure profile of an Electo-Hydraulic Brake System extracted

from [36].

These pressure conditions inside the wheel cylitader place in an alkaline chemical
environment with a pH ~11 are due primarily to ¢iycol ether based composition of the brake
fluid. Heat generated under braking, especiallyenigavier breaking or prolonged breaking,
may affect the brake fluid that can only work ifstliquid and not so hot that it has become
vapor. In this operating condition, the brake fliscubjected to very high temperatures,
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especially in the wheelylinders Figure 1-3 shows the typical temperatprofile on one brak
system [2]. Figure 3-3 displayise detailed temperature profile obtained fiFigure 4.
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Figure 3-3. The temperatureprofile of the wheel cylinder onan EHBS modified from [2].

Considering that the pressure inside the wheehdgliis the same due to
incompressibility of the brake fluid, as was ddsed before, and that the temperature doe
have a spatial gradient due to the high condugtofithe wheel cylinder matial and thevery
largecontact area between the fluid and the wheel cgli[2], it is possible to use a discre
approach using two different and independent MEMSsducers close to each other and ir
same packaging. Thiapproach will permit evaluate the concept of ig¥wo sensors at tt
same substrate, and in future projects joint betisars at the same ct Table 3-1shows the

summary of the working conditions of the sensotesy:

Table 3-1. Working conditions of the sensor

Paramete Range

Pressur 0.4 to 4.0 Mpa (50-580 psi)
Temperatur | -20 to 120 °C

pH ~11
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3.2 Development of the sensor system

3.2.1 Requirements

Monitoring of the brake systems is typically talk&rthe main cylinder leading to one general
pressure signal for all the brake system. In cansitbn of the formerly discussed, the presumptive
use of commercial sensors will cause to have eliffférent sensors and eight different sensor
penetrations in the brake system resulting in Btudbances to the system. To lessen the intrusion
caused by the sensors, and to obtain the temperatdrpressure signals at the same time, the best
approach is to use Micro Electro Mechanical SyqelEMS) sensors. A mechatronics approach
was used to integrate with one packaging two diffeMEMS sensor, the pressure, and the
temperature one. The sensor system must be: (1patdste with the current sensors fitting used in
hydraulic systems ; (2) support the harsh envirmof the brake system ; (3) capable to obtain
the pressure and the temperature readings usihgrjasnterface; (4) compatible with automotive
electrical conditions ; and (5) low cost.

3.2.2 Selection of the sensors

MEMS silicon-based pressure sensors are commereiadilable for many applications such as
automotive, biomedical, and aerospace [16]. Pietsiiree MEMS pressure sensors are very
common and have been chosen for this applicatien MEMS capacitive sensors due to their
robustness, linearity, simple measurement circaitry immunity to electromagnetic noise.
However, difficulties in temperature compensatiad &abrication control affect sensor offset and
performance. Thus, a MEMS temperature sensor aitdcnext to the MEMS pressure sensor
should provide temperature readings as well agmns for temperature compensation. For this
project, a unpackaged commercial MEMS piezoresigihessure sensor manufactured by BCM
sensors was selected, refer to figure 3-4. The h®E&03 is designed for absolute pressure
measurements (refer to figure 3-5). As a piezatigsisensor die, the SE103 is based on MEMS
technology and was purchased unpackaged or inra-tha” configuration. The die has a footprint
of 2.45 mm x 2.45 mm for the pressure range uséhisrproject. The SE103 die has a silicon-on-
glass structure that permits to create a vacuurgegeavity and it is offered in with five solder
pads for both adjustment and temperature compensatizero offsets. The SE103 have a time

response o< 2 ms.
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Figure 3-4.BCM MEMS Pressure Sensao bonded to the Transistor Outline (TO) headel

7k

glass constraint_/

Figure 3-5.Schematic cross section of the BCM sensor, glassistraint for absolute

pressure measuremen extracted from [37].

The temperature measurement is performed usingnaneccial resistance temperature dete
(RTD) manufactured by US Sengsee Figure 6). This type of sensor measures temperatul
correlating the resistance of the RTD element ¥athperature and it is known to be one of the r
accurate and used MEMS temperature set[27]. Not only does it provide good accuracy, but it ¢

provides excellent stability and repeatab, while having a time response of 1 second.
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Figure 3-6.Platinum RTD sensol use for the manufacturing of the proposed MEMS

sensor system

3.2.3 Packaging and chemical resistance to the  harsh environment

To prevent sensor malfunction or degradation duwdhénical attack, MEMS devices expose
chemicalenvironmental conditions must be protecfrom the media with a protective coati
applied to the exposed area [3Bdr our application, we need to consider that rake fluid is
hygroscopic that means it attractnd soaks up wateAs it was mentioned before, whthis
directly increases the boiling point of the braked and reduces the viscosity of the brake fl
the humidity levels in the brake fluid can damduge ¢ensor systel, especiallythe wire bond:
connections. Parylene coating leeen extensivelused in electronic components [3Sgvera
types of Parylene materials with slightly differehiemical structures are available various
applications. The benefits of Réne coating include room temperature conformabdgion,
pinholefree, excellent adhesion to most substrates, higistare impermeability, chemic
resistance and it has a maximum operating temperaf225°Cat oxygen free environmel.
Parylene was useas a coating material 1 this project at high-temperatuoperation in alkalini
conditions. The Parylene layer wassigned to offer (1) dielectric protection; (2pfaction of the
wire bonding (electrical connections); (3) protenifrom the corrosive medium (brake fluid); a

(4) protection from the moisture in the brake fl

3.3 Fabrication process

The prototype watabricated gluing botsensors on the same substrateommercial Transistc
Outline (TO) Header was selected and purcd from Spectrum Semiconductdrsfer to Figure
3-7). This TO Header includes the lead pins neededaicerthe electrical connections to
sensorsWhile the TO header makes sure that the encapdutataponents are provided w
power, the upper surfagermit the interaction of the MEMsensors with the sensing media

provides a mechanical basis for the installation of the ME8&8&sors while at the same ti
21



providing power to the encapsulated components tivéghaid of pins Humidity, in particula, can
cause the MEMS sensors to corrode rapidly, leatdirigilure of the entire systerThis is why
these TO header components require reliable amdgreant protection, a topic ttwasexplored

deeply before in this thesis.
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Figure 3-7 TO Header39 manufactured by ELECTROVAC usedas the substrate for the

MEMS sensor system.

Figure 3-8shows the MEMS pressure sensor and the RTD sehsat tp the surface of the T
Header using ABLEBOND® 844 MI, a die atach adhesive designed for microelectronic
bonding. This adhesive is resistant enough to stipipe specified high pressure and h
temperatureTo cured, the adhesive was exposed to a thermillepod 60°C for one hour an

130°C for two hours.
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MEMS pressure sensor

RTD Temperature sensor

Figure 3-8.TO substrate showing the MEMS and the RTD sensor glued on

Once the adhesive is curete leads of the RTwere solderetb the TO Header lead pil
using paste SynTECH-LF Leddee. The MEMS pressure sensor was then oreded to it
respective TO lead wireshe MEMS pressure sensis based on an opé&iheatstone bridge
thereforefive connections are needto power up the sensor and obtaitiesl signal. ‘he wire
bonded waslone according to the diagram of the MEIsensor; Figure 3-8hows the termin
pads LAYOUT of the MEMS sens:

EXC +

SIG + 4 2 51G-

5 1
EXC-

Figure 3-9 Terminal pads Layout of the MEMS pressure sensc extracted from [36].
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The wire bonding procesgas don at the Toronto Nanofabrication Cen(feNFC) of the
University of Toronto using &PT HB16 Wire Bonde. Figure 3-1Ghows the MEM¢

piezoresistive pressure sensor electrically comaetet the TO header through wire bond

MEMS pressure sensor
bonded to the Header

Wires from the
sensor to the Header

Figure 3-10MEMS piezoresistive pressure sensor wire bonded the TO heade..

After the connections wefished the parylene protection layer was deposited owe
sensors using a vapor deposition process at rompet@ture. £ Parylene coatemodelSCS
2010(Specialty Coating Systems, IN) was L at the Nanofabrication Centre of the Univer:
of Torontoto coat packages witr-um thick Parylene C filmsThe coater has a tolerance c-
10 % of specified thickness:or covering a um-thick film, 1.55 g Parylene material was us
The material was heated 150°C under a vacut (1 Torr),and the Parylene started
vaporize. The gaseous material was then pyrolyzé8@fC under a vacuum (0.5 Torr) il
furnace to form Parylene monomers. The monomwere then polymerizeat room
temperature undé0 mTorr as a conformal coating on the sensarstailless steel depositic
chamber [40]. The threstep deposition process includes:vaporization of solid dimmers-
gaseous ones; (2ymlysis of gaseoudimmers to monomers; and (3) Parylene deposition (
Figure 3-11 [41])One of the advantages Parylene is that as thisasgaseous monomthat
builds from the surface outwarThis produces pinhole free (pinhole free @ .6 micromete
higher) conformal layer of uniform thickness. Sagdension causing the pulling away of st
edges, bridging or thin out when conventional cagtare usedn the curing process does |
occur with the parylenprocess. Due to ttfact that the parylene coatingderformecat room
temperature, there is no nded a high cure temperature cycle and there ipresence ¢
thermal or mechanical stre3$he high flexibility of the coatinalso prevents theires from
detaching from the pads due to thermal expar
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CH, CH,

CH, CH,

Vaporization Pyrolysic Polymerization

Figure 3-11. ThreeStep Vapor Deposition Process of Parylene with chéoal chains

Figure 3-12hows an schematic the parylene-covered wire booldemical proce:. Being a
vapor deposition process, all the surface of tmearsystemjncluding the wire bonds, we

covered withan even layer of paryler

,‘..

Figure 3-12.Microscopic picture of the sample covered by the pglene layer.

The last packaging step consists of building aerfate of the sensor system to the b
system. Such aimterface should be compatible with the curreniniys of the brake system. F
this purpose, a commercial 1M8 NPT fitting (Future Hydraulik part M12810-@&8) was
customized to be use an interface and a metal shell. The TO base and metal sneed to
be joined forming sealed chambfor the sensor system. Several joining preaessts tc
create the sealing ; however, a very important@to consider for this steig the temperatur
that will be reached during the weld processthe integrity of the TO Header and the MEI
sensors should be kept itmdng thes methods, resistance welding, micro-brazevgdmicro
laser weldinghave been used to jcthe steel of the metal shell to the KOVAR alloytloé TO
substrate [42]. Figure 3-lshowsthe metal shell used as an interface with the bsg&een.
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Figure 3-13. Steel ase used as last interface with the Brake Syste(left), Steel case ant

TO Header subassembly (right

Different suppliers were evaluated to choose thedygson that can guarantee a seal witt
leaks, which is primordial for the correperformance of the sensors. Figure 3shdws thefirst
set of samples welded by tEeole Polytechnique de Montr.

Figure 3-14.First set of welded samples made of the Polytechnig of Montreal showing
the detail of the poor joint between the TO Headeand the metal shel.

The samples were tested a hydraulic hand pip to evaluate if the weldinigne can resist u
to 580 psi (4 Mpa)which is the biggest pressure of the brake systdmase set of sampl
failed the test &0 psi, presenting a big leakaAfter analyzingthe samples and the way tl
the welding process was performr further machining of the steel case wagded tseat the
healer flush inside the steel casthe modification consisted on widenittge openin (refer to

figure 3-15) and try the micriaser welding again.
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Old: Non-ideal  ~ Modified: Widen
contact betwean opening for better
header collar and contact

steel

Figure 3-15. Modification of the seating of TO Header and Steel Cade improve the

contact area of the su-assembly.

The second set of samples w tested. ldwever, the samples leaks at 150 and 30!
respectively (refer to figure 3-L6After these results, two suppliers were contatiedb the
welding process (refer to figure17), Grand Valley Specialty/elding at Cambridge Ontari
and Whitfield Welding aOldcastlt Ontario. The sample of Grand Valley Specisdgks at 40(
psi. The sample was analyzead sore cracks were observed the welding line of thsample
(refer to figure 3-18yvhile the samplerom Whitfield Welding resistedp to 650 ps However,
while the welding line resistedis highpressure, some leaks were observed on the glassne
of the TO Header at 480 gfsir sampli #1 and 520 for sample #2.

Figure 3-16Second set of samples from the Polytechnique of Meal (left), Leak of

second trials of samples from the Polytechnique d®flontreal (right).
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Figure 3-17Sample from Grand Valley Specialty Welding (left). Sanple from Whitfield
Welding (right)

Figure 3-18Crack on welding line of the sample from Grand Valey Specialty Weldin¢

observed under Microscope.

The process used by Whitfield Welding was mr-brazing. The joint was filledith silicon

bronze wirelt is important to comment thehe minimum temperature reached in the melt

for the alloy to flonwas about 11( °C, but this would only be in the vicinity of the lasgot
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thatis under a millimeter in diameter, and only fomaedi fraction of a second (-10 ms) So
the temperature that the devieached (away from the joint) was not much highantroorr
temperature. The micro-brazipgocesgesulted in small heat-affectednes and ensid that
critical components wenenharmec The figure below shows the schematic of the f
packaged sensor system.

Hole to permit the
access of the ol

Metal shell

ISteel 3130) Zoom

Seal Assembly of TO Header

points with metal shell
Substrate (TO

Header) with
pressure and
temperature sensors

Figure 3-19Schematic of the final packaging (left) excerpt showingdetails of the sealing
points (center); and physical sample (right

After the welding processhe samples were inspectunder amicroscope to ensure that the MEI
sensor wasot damaged during the welding procen particular the wire bonds weckosely
inspected as they atiee most delicate parts of the MEMS ser Figures 3-20 and 3-2how the
wire bonds properly connectéalthe MEMSpressure sensor.
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Wire bonded to the
Header.

Figure 3-20.Bond Pads and wires on the MIMS pressure sensor of sample #2 aftthe

micro-brazing welding process

After inspection, wires were soldered to the TO dtgainsto facilitate further tegtg. Figure
3-21shows the sample # 1 ready to be te

Figure 3-21Sample # 1, fully connected and ready to be test
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Chapter 4
Modeling

This chapter investigates different performanceattaristics of the proposed multifunctional
MEMS sensor through the use of numerical modelitile the adhesion of parylene described in
previous chapters will protect the sensor systemmfthe conditions of the brake fluid, this also

will affect its performance. Adding an extra lapéipolymer on the surface of the RTD sensor will
create an additional thermal mass that will beted&®etween the sensing media and the RTD.
This potentially can affect the response time ansiivity of the sensor, and should be considered
for the final sensor system design. Concerningptkessure sensor, the adhesion of the parylene
over the deflective diaphragm, will make it morgidi and may cause a dampening effect, this
directly will affect the stress response of theptiimgm and hence the sensor sensitivity. The sensor
system was modeled to account for the impact op#tekaging on the performance of the sensor.
The numerical modeling is based on finite elemEf) @nalysis and it is performed using the
commercial FE software COMSOL ©.

4.1 Thermal modeling

The FE model developed in this section is usedhf@ranalysis of the effect of the packaging,
punctually the parylene layer, on the performarfdd® Resistance Temperature Detector (RTD)
in terms of loss of sensitivity, offset in thersdd, etc. The sensor system considered in the
following simulations consists of:

> A steel chamber that works as the last interfatk thie brake system and creates a sealed

chamber where the sensors and substrate will be.

» A TO Header made of KOVAR; that works as the sutbstfor the MEMS Pressure sensor

and the RTD sensor.
» The RTD Sensor, which is the central element ofitedysis.
> A Parylene layer, which works as a protective layer

Figure 4-1 shows the schematic diagram of tlokamging.
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% The Metal shell , inits bottom part will
receive ambient temperature, and inits inside
part will receive the heat hot brake fluid.

% The TO Header and the RTD sensar covered
by parylens will be in dire:t contact with the
hotbrake fluid.

Matal shell

(Steel 3130) Substrate (TO Header)

with Panylene

Figure 4-1 Schematic of the find packaging with the RTD, TO Header and Steel Cas

To obtain the effect of the packaging on the penfonce of the sensor, we neecetthe final
transfer function thadescribes the behavior of the RTD sensor. Fance thermometers, al
called Resistance Temperaturetéctors (RTDs), are sensors used to measure tetupeby
correlating the resistance of tR&D sensing element, usually made of metath temperartur.
The material has a predictable change in resistasitee temperatuchangesand it is this
predictable change that is used to determine teatyrer Figure -2 shows the conceptual diagr:

of the transfer function of the RTD sen:

Electrical
Resistance

Temperature

Figure 4-2 General transfer function ofan RTD sensor.

For this thermal model, as this is@mmercial RTD sensor and not a fabriceone, the mode
will not focus on the change of the resistivity of platinum beestings property is not changi
due to the packaging effect, the model is goinconcentrate on the changeebéctrical reistance
on the patinum when constant curreis appliedand the sensor is stimulated by the sensing n
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Two distinct polynomial equations describe a platinRTD transfer function [27] ,[43]: one for
temperatures below 0°C and another for temperatlmege 0 °C.

The equation fot < 0°C is

Rprp(t) = Ro(1 + At + Bt? + C(t — 100°C)¢t3 (1)

The equation fot > 0°C is
Rprp(t) = Ro(1 + At + Bt?) (2)

In equations (1) and (2):
tis RTD temperature (°CRg7p (t) is the RTD resistance as a function of RTD tenipeeat) ;R is
the RTD resistance at 0 °@ ;= 3.9083 x 1073°C ; B = —5.775 x 1077°C, and € = —4.183 X
10~12°C,
For this first model, we will consider a constaatrent of 1 mamp, and the resistance vs. temperatur
curve given by the supplier. In normal conditiotg temperature (t) that the RTD would read, would
be the one that is on its surface; however, wighRarylene layer covering the RTD sensor, the
temperature that the RTD would read could be difier To understand the temperature that the RTD
will read, a thermal analysis is needed in the @esgstem. The sensor system will have two inputs:

» The Brake fluid temperature profile coming from thrake system (refer to figure 3-5).
> The transfer of temperature coming from the ambiemiperature through the steel shell.

Using the Heat equation on the domain describetidgensor system is possible to obtain the
temperature profile that would reach the RTD. Hesveconsidering this is a 3D problem an
analytical solution is not feasible due to the getrynof the elements. An approximation method such
as Finite element method is needed to apply thei€érdaw to the domain. The analysis will be

applied to the domain considering a time-depensgelution, that is, not a steady state.

ar

pCpS2+ pCott VT, = V- (kVT,) +Q (3)

Cp, is the specific heat capacity, C, = kg_*K

p is the density.
k is the conductivity.

oT,

ot

with respect to time

is the partial derivative of the temperature

Q is the internal heat source.
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Now that the PDE of heat conduction has beemsetieed to include the boundary conditic
that, for agiven point in time, specify the behavior of théusion on the border of the dome
T(x,t) =T, (x,1t)
The temperature on the boundary of the body iscpted by T (x, t),= T,, (x, t), whereT,, is a
known function. In our case there are idifferent boundary conditions, the temperature ije aif
the brake fluidand the temperature profile of the packagilnstead of considering the TO Hea
to a constant ambient temperaturdéts external area, the metal shell was consatlar¢he
padkaging. The steel case would be in contact withTi®eHeader, and through its thickness
ambient temperature will be conducted to the TOddean after that to the RTD Sensorigure

4-3, showing the cross section).

Tewt = 20000

—>

Tewt = 20 "0

<—

Figure 4-3.Cross section athe metalshell in contact with the TO Header

To do this simulationa geometric model of the real packaging was desi{The Geometrit
model consists of 4 main parts : The TO Headerchvhiorks as a subste for the RTD; the RTI
sensor, in this case the RTD sensor is considestdg one block of ceramic material; the pary
layer, which is 4 um thickness and is applied ®T® header and RTD surfaces; the steel ¢

which dimensions are taking frotine real one (refer toigure 4-4)
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Steel Case

RTDsensor

L

TO Header with
parylene layer on it

Figure 4-4 Geometric model of the packaging

In this modeling, the RTD is not considered asmplex element (that is a ceramic laye
platinum layer, a glass layer, aagharylene layer) instead just like a solid bloEkeramic
material , which is the substrate material of ti@®Rsensol This isdue to two main reasor

> The purpose of thimodel is obtained the thermal input to the TO Heatle apply this
thermal input to the model of the R1

> Includes the RTD and its complete geometry willseaa very long timsimulatior, and
the meshing will be cumbersome leading to a nadlvkd reult.

Figure 4-5shows the boundary conditions applied to the pankg

Brake Miid temperature appried to the internal face of the Steel
shell and to the TO Header faces,  TBrakeFluid(t,=variable,

Ambient temperature applied to the external face
ofthe steel case. Text=20 2C

Figure 4-5Boundary Conditions applied to the Packaging Modt
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Once that the geometry, materials, and boundarglitonshave been defined, the discretion
of the model was performed. The phy-controlled mesh sequence of COMSOL was used.
tool select the meshing according to the physieslired in the problem. Figure-6 shows the

meshing of the geometry.

Pav—avr=—
Lo

e
——

—
=

Figure 4-6.-Discretization scheme of the TO Heade- Steel case mode

Using the Fourier law with a timéependent solution to the model, temperature degpe
properties and the boundary conditi@s shown in pages 34 to,3the following temperatul
profile is obtainean the TO Header lateral faces, fig4-7. The temperaturabtained il the
simulation of the packaging will be used in the R¥Mbdel as a boundary condition applied to

substrate instead afconstant temperature, this will lead to a moadistc resull

36



100

]
L
Y

&0

Termpeerature [C)
!
!

i -

o

——Temperatue TO Header

Figure 4-7 Temperature of the lateral face of the TO Heade

Modeling of the RTD sensor

In each wheel cylinder, the temperature doeshave a gradient. Overdhe brake fluid in th
wheel cylinder the temperature is the s{2]. For the sake of the modeling, the geometr
the RTD was built in COMSOitself, and not exporteflom other software, this wounot
affect the model (refer toigure 4-8).

Figure 4-8RTD Sensor Model in Solidworks and Model in COMSOLincluding the TO

Header

The dimensions of the RTD were modeled considdhiegsupplier drawin¢gHowever, as the fine

geometry of the RTD is a desigrformatior protected by the supplier, the drawing does nat
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details about the dimension of the Platinum layestead this data was obtained averaging
value of several papers about desigRTD [28], [39], [44]. The values at the literatufor the
thickness of the platinum layer vefrom 0.8 to 1.15 um, for the modeling, a value @frt was
used. The model assumes ttieet final geometry of the platinum la' (which is unknowr is
planar (see figure 4-9).

Farylene layer

5

TD element

Ceramic Carrier

TO
Hoadar

Figure 4-9 Cross section view of the Model.

Following the steps of the previous modelithe RTD sensor was modeled with the follow

boundary conditions (see figurelg).

i
t

Temperature profile of Brake Fluid Temperature prefile of the TO Header
E lateral faces .

Figure 4-10.Boundary conditions of the substrate with the RTD ensor.

The physicssontrolled mesh sequence of COMSOL used to define the discretization of -
model. Figure 4t1 shows the meshing of the geomk

38



i N

2
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Figure 4-11.-Discretization of the RTD Model(left), detail of the RTD sensor (right)

After applying the Fourier law ith a time-dependent solution, Figure 4-&Rows the temperatu
of the RTD sensor compared with the temperatutheobrake fluid with 4 um parylene laye
applied over the RTD sens®ifferent element sizes were used on simulation to obtain a
accurate result and validate the meshing. 74-1summarizes the elements used on the |

model.

Table 4-1.-Summary of elements used on the RTD mod

Property Value
Tetrahedral elements| 32529
Pyramid elements 0
Prism elements 0

Hexahedral elements 0

Triangular elements 9249

Quadrilateral elements0
Edge elements 1238

Vertex elements 64
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Figure 4-12 Brake fluid temperature versus RTD Temprature.

Analyzing the figures 4-12 and 4-13, it can beenbsd that the maximum temperature difference
between the brake fluid temperature and the terperthat the RTD will read is 1.7 °C.
According to the simulation result, this is locatddse to the point of highest temperature during
the braking cycle. We can conclude that the efféthe parylene layer is minimum, mainly

because the rate of temperature increase is v@ny eh this application is O.d)ﬁ/sec.
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Figure 4-13 Maximum difference of temperature betwen the brake fluid temperature and

the sensor system with a four um parylene protectiolayer.

Once that we have the temperature profile thaRhB sensor will read considering the parylene

layer, we can calculate the output of the sensdrcampared this output with the output of a no
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protected sensor. Usingjiation 1 and 2 and a constant current mAmp we carobtair the

characteristic curve of the comercial RTD. Figureé-14 shows this curve.

2.500

2.000 o
':E'.‘ 1.500
5
(=N
-
& 1.uu

0.500

0,000

o 25 S0 75 100 125 150
Temperature (°C)
—Qutput RTD

Figure 4-14Voltage vs Temperature curve, at 1 amp of constarturrent.

As was described on page, 38e resistivity of the sensor is not affectedtoy parylendayer, the
direct effect inthe performance of the sensor is in the fact tiatémjerature that the sensor w
readwithout reaching steady state will be slightly diént that the one that the brake fluid
have. Figure 4-15hows the differencin the output between the RTD with and without pguoha
effect from 20 to 120 °C.
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Figure 4-15Voltage output with and without Parylenevs. Temperature, from 0 to 120

Celsius

The results of FE numerical simulations in thistisecprovide useful information on the aver:
temperature and temperature variation of diffeoemponents of the sensor during its work
cycle.

4.2 Mechanical modeling

In this section, a FE model is\adoped for the analysis of the effect or impacthef packaging
punctuallythe parylene layer, on the performance of the pesistive pressure sensor in terms
loss of sensivity, change in linearity, etc. For the mechanical model, the stepslavba very

similar to the ones followed ke thermal mode
» Constructiorof the geometry of the pressure ser
> Definition of governing equatior
» Definition of materials and propertit
» Definition of Boundary conditior

For this case, the Piezordisis MEMS Module of COMSOL Multiphysic©was used. Figur4-

16 show the conceptual diagram of the principle offitezoresistive pressure sens
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Figure 4-16Principle of a piezoresistive pressure sens

First, a model of the piezoresistive pressure gemgbout Parylene layer will be addressed,
later on one with the Pdene layerThe reason of this to obtain and understand the comp
performance of the sensor without any proteclayer, andhen have a core model that is poss
compare with analytical solutions, such t that a validation is feasible. Once thislane, the
addition of theprotection layer is possit, and therperform a comparison of the models

analyze the effect dhe protection layer on the performance of the ce
Mathematical Analysis

The analysis is dorfer square shape diaphragm deflection, which is#s® of our sensor. Ir
pressure sensor, the pressure is applied unifawmtpp of the diaphragm/ple, normal to the
plane of the plate in thedirection. The governing differential equation &two-dimensiong

plate with a uniform pressure load, P, subjecéteral bending can be expressed3s.

94w 04w 94w
b [ax"' +2 0x209y? T 6_3/4 - P] @)

whereD = Eh3/12(1 — v?) is the flexural rigidity of the diaphragm, and wthe deflection of te
diaphragm at (x,y). E is theoting modulus of silicon, h is the thickness ofdrehragm , anv is
the Poisson's ratio of the silicon. The above eéqoas called the plate equation. In order to 1
the deflection and the stress distribution in ttgkragm, the above equation must be solved
appropriatdboundary conditions. Once the expron for w is obtained by solving the abc

equation, the value of the surface stresses idigghragm can be obtained using the follow

equations:
Eh 2w o%w
9% = T 207 (ﬁ + Va_yZ) @)
Eh %w %w
Oy = T 202 (ﬁ + Vc’)_yz) (3)

whereg, ando, are the x- and yhrected surface stresses, respectivEquationg2) and (3

provide the surface stresses on the top of thenchgm. Considering the fact that the piezoresis
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formed by implantation/diffusion exists on the sid (top 1um) cthe diaphragm, the

piezoresistors may be assumed to be experiencsgshstress [45].

\rl
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/] /
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-b/2 7/ L/
SIS
-al2 af2

Figure 4-17Schematic of a square plat extracted from [46]

Considering a square plate with all the edgamped as shown in the Figure 4-17. &squar

diaphragm a = b. The boundary conditionsa square plate are given by:

a

W(x=+%y)=0 (4

N

W(x;y=i§)=0 (5)

W(emt£)=0 0

Z—‘;V(x;y == %) =0 (7)
It is assumedhat the diaphragm bending is elastinature and the deflection is small compal
to the thickness of the diaphragFor the square diaphragm, no exact solutionseagable, bu
many approximate solutions arsecin literature [44]. The Loadeflection relationships fc

square diaphragmith Length L, thickness H are given bel{47]:

Pa* 42 [w] 1.5 [w

3
EHY  1-v2lH] T 12 E] (8)
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‘P’ is measured in Pascal (Pa); ‘W’ is center déifsecof diaphragm, ‘a’ is half the side length, ‘E’
is Young’s Modulus and ‘v’ is Poisson’s Ratio. Tedp deflection in range above formula is

reduced to:

Pa* 4.2
EH* 1-v2

o

Maximum deflection at center of diaphragm is gitgn

_ Pa*
Winax = 3 oppe

(10)
Maximum stress at center of each edge is given by:

Omax = 0.308 [%]2 (11)
It is clear from above relations that maximum detfen is directly proportional to the square of the
length of the diaphragm and inversely proportidoahe thickness of the diaphragm. Once that the
maximum stresses are obtained, it is possiblegdhesm to obtain the piezoresistive change. The
phenomenon by which the electrical resistancerofterial changes in response to mechanical
stress is known as piezoresistivity. In stresskabsi, there is a change in crystal potential
distribution due to deformation. This in turn casisechange in the band diagram and the effective
mass of the holes and electron. This changes thiercaobility that leads to a change in the
resistivity/resistance. Consequently, a resistbri€ated using a piezoresistive material will
undergo a change in resistance when subjectetegs§@15]. The mathematical analysis of the
piezoresistive effect of the silicon is out of @pe of this thesis. With the current analytical
formulation of the maximum stress and deflectiothef pressure sensor, it is possible to validate

the further mechanical FEM modeling.
Construction of the geometry of the pressure senso

The first step in any FEM simulation consists & fabrication of the geometric model, in this
particular case just the diaphragm section wiliimelel due to this is the part that include the iez
resistors which in turn convert the mechanical glira (pressure) on an electrical one (voltage). As
was described in chapter 3, the pressure sensofasthis project was one purchased from BCM
Sensor Technologies. As this is a commercial sensamy of the design parameters are unknown;
therefore, some of these parameters were seleased lon the literature while other were obtained

directly from the sensor.
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One of the MEMS pressure sensor was selected dritiquuthe Probe Station to obtain a picture
of the sensor in its superior part, which is theezthat includes the diaphragm, the connectors, and

the piezo resistors. Figure 4-18 shows the imadbkisfensor.

Figure 4-18. Picture of the MEMS Pressure Sensor

Using the picture taken with the probe station, lemolving the total length of the MEMS Die it is
possible to interpolate the rest of the dimensafrthe sensor, that is: diaphragm's length , the
width of the connectors , the size, position arapshof the piezo resistors, the size of the bond
pads among others. Figure 4-19a shows the picfuhesossensor with the label of the dimension of
the green square, which is the silicon die withbetglass coating. Using this information together
with an On-screen digital photo editor measurert@oitis possible to obtain the dimensions
needed. For this purpose, the free software GdRidio was used. Figure 4-19b shows the
software Golden Ratio being used to get the dineensf the diaphragm.
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Figure 4-19(a)Known Distance of MEMS of the MEMS Pressure Sems, (b) Use of
Golden Ratio to obtair the length of the diaphragm

With the same principle and same software, butguaibigger zoom on the probe station, '
possible to obtain a picture of the piezo resistorshe diaphragm, and get in this way their sh
their dimensions and their positidfigure 4-20 shows the pictuoé one of the piezo resistors
the diaphragm. It can be seen igu¥e 4-20,the piezo resistors have a serpentine stTo bring
the complete piezo resistors within the I-stress regionsneander shaped piezo resistors
shown in Fig. 4-2@re used. These types of piezo resisgenerallyconsist of a piezoresistive a
a connecting arm. The number of turns in the pieacstor is dependent upon the particsensor;
the serpentine shape is preferfedbetter sensitivity than any other configurat [45], [48]. The
total length of the piezo resistor ais divided between the different armsgiet the sam
resistance as a resistor withoutien.
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Marked on white the
shape of the piezoresistor.

Figure 4-20.Picture of the Piezoresistor element of the MEMS Pressureedsol

Regarding the resistor's size, from the technopmggt of view, larger resistors can be matc
with the highstress regions easily but at the same time laggéstors lead to a reduced sensiti
due to the stress averaging effgii]. Concerning to the placement of the piegsistor, when the
diaphragm is considerex$ a thin plate, clamped at the four edges, thémuam stresses exist
the center of edges. Therefogenerall) the four piezo resistors are placed at the cafitidre four
edges of the diaphragrccording to this general design principle, wa cétain the length of tt
diaphragm based dhe position of thqpiezo resistors. Figure 4-2hows the diaphragm of t|

pressure sensor marked on red.

Figure 4-21Marked on red, diaphragm of the MEMS pressure senst
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Once that the information of the length of theptillagm of the sensor was obtained, the thickness
of the diaphragm can be inferred using the outpateedefined by the supplier and the design
principle of small deflection for thin platesidtgenerally desirable to have a deflection scheme
that is linear with pressure as such sensors aseteaalibrate. For a small deflection of the
diaphragm, the diaphragm deflection is directlygamdional to the applied pressure. Usually, the
diaphragm in a micro pressure sensor is modeladotete clamped at the edges. A plate can be
considered to be “thin” if the ratio of the thiclaseof the diaphragm to the smaller span length is
<1/20 [49]. The small deflection theory for bendofghin plates assumes that the deflection of
mid-point of surface of diaphragm must be small pared to thickness of the plate and the
maximum deflection must be <1/5th of thicknesshef diaphragm. The Table 4-2 show s the

dimensions of the sensor.

Table 4-2 Parameters of the MEMS Pressure Sensor

PARAMETER DIMENSION
Length of diaphragm 750 um
Thickness of diaphragm 34 um
Width of piezo resistor 6 um
Length of piezo resistor 172 um
Length of shoulder of piezo resistor 20 um
Length of Bond Pad 300 um
Total of traces per serpentine of each piezoresisté

Once that the dimensions have been obtainedpdssible to build the physical model on
COMSOL Multiphysics© using the MEMS Module. The gestry was created using a block (the
diaphragm) with the given values of width, deptid &deight. Two work planes are defined on the
top and bottom side of the block. The next stdp @efine the borders of the membrane on the
work planes. This also sets the frame at the samee Afterward, the remaining geometry of the
sensor, hence the dimensions of the resistorstencbinnections, is defined by a 2D drawing on
the upper work plane. Figure 4-22 shows the motittleopressure sensor. Figure 4-23 displays the

area of the diaphragm and the piezo resistorsedidphragm.
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Figure 4-22Model of the MEMS pressure sensor built on COMSOL Miltiphysics©

I

Figure 4-23(a)Diaphragm on COMSOL, (b) Piezoresistorson the diaphragmr

Definition of the governing equation:

In the following sections, we will gather and thput together the pieces required to complete
analytical description for the output of a presssgrsor. The governing equation cis modelis
the same described before on mh@hematici analysis. The governing differential equation f
two-dimensionaplate with a uniform pressure load, P, subjecaterbl bendincan be expresse
as [34]:

D[‘;%“+ 2%+‘;%’= P] (1)
In order tofind the deflection and the stress distributiothie diaphragm, the above equation n
be solved with appropriateoundary conditions. Once the expression for vbtgiaed by solvint
the above eqtion, the value of the surface stresses in thehdé&ym can be obtained using
following equations:

o = s (Zr+vEY) @
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RED) (ﬁ + vﬁ) ©)

wheres, ando, are the x- and y-directed surface stresses, reégglgc These equations provide

O'yz

the surface stresses on the top of the diaphragmsi@ering the fact that the piezoresistors formed
by implantation/diffusion exists on the surfacep(iauim) of the diaphragm, the piezoresistors may
be assumed to be experiencing theses stresses [45].

Considering a square plate with all the edges atahgs shown in the Figure 4-21. For a square
diaphragm a = b. The boundary conditions for a sxjpkate are given by:

w(x=%%y)=0 (4

a
2

W(x;y=i—)=0 (5)

W=t 2)=0 0

%(x;y= + %) =0 (7)

The piezo resistors must be placed in these regmasperience the maximum stress and thus
provide maximum sensitivity. The piezo resistordamof a diaphragm in pressure sensor
experience no uniform stress, and, therefore, timeumiform stresses must be accounted for by
averaging the stress on the resistors as showguati®ns 8 and 9:

1
Oyave = 1 f f aydxdy (8)
y Jx

1
Oxaqve = Zf f axdxdy (9)
y Jx

wheres, ando, are the x- and y-directed stresses on the diaphm@g,,. ando,,4,. are the
average x- and y-directed stresses at the piestwesication, respectively. A is the area of each
piezoresistor. To get the correct value of relativange in resistance we must use the value of

Oxave @Ndoyq,.. The relative change in resistance can then peesged by:

AR
? = M;0xave T Tt Oyave
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After understanding the relationship between chamgesistance and aped stress, we c¢
now obtain the equations for the output of a piegistive pressure sensor with fpiezc
resistoran Wheatstone bridge configuration. The generabéqus for a Wheatstone brid

circuit can then be used to obtain the outputmicro pressure sensor.

The output of the pressure sensor is calculateappyoximating the stresses on piezc
resistors The maximum stress regions of the diaphragm la@glacement of the resistors

the diaphragm are shovimfigure 4-24.

Figure 4-24. Placement opiezoresistor«and stress distribution on the diaphragm surfac

extracted from [46]

Each resistor experiences both longitudinal amsirerse stress. Lo; ando; denote the
longitudinal and transverse stress experienced2ogi®l R3. Then, the stress experienced b
and R4 can be approximated as longitudinal stg; and transverse stress, (which is rotated b
an angle of 90°, compared to ses in R2 and R3). Initially, R1 = R2 = R3 = RRG When Rz

experiences stress duedioand oy, the relative resistance change is givel

_ AR,

a; = _R = mo; + m0¢
2
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wherer; andm, are the longitudinal and transverse piezoresistadficients of silicon,

respectively. Similarly, the relative resistancaroye for R1 is given by:

AR,

a, = _R =m0, + T 0
1

wherea,, a,> 0 (a4R, >0 anddR;< 0). Also, by symmetry‘;ﬁ =a and% = —a,. The
3 4

output voltage of the sensor can then be given by:

RiR3 — R1Ry
Vour = ( )V
(Ry + R3)(Ry + Ry)
v ( aq + a, )
out ™~ 2(1 + 0(1 - 0(2)

By knowing the piezoresistive coefficient and stesson the resistors, we can estimate the output

of the sensor.
Definition of the materials and properties

The material of the whole diaphragm (membrane eatd) is single crystal, lightly doped n-
silicon. The material of the piezoresistors isillg doped p-silicon. Aluminum is used as a metal
strip to connect between resistors. Table 4-3 shibevslifferent materials and properties for the

MEMS pressure sensor.

Table 4-3Materials and properties used on the model

Materials and properties

Component of model| Material Property Value

Diaphragm Silicon Young modulus 166 Gpa
Poisson's ratio 0.26
Density 2330 kg3
Electrical NA
Conductivity
Piezoresistivity NA
Matrix
Heat Capacity 712 Joules
Coefficient of linear | 2.6 « 1076°C~1
expansion.
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Piezoresistors

P-doped Polysilicor

Young modulus

Poisson's ratio

Elasticity Matrix
0.26

Density 2330 kg3
Electrical COMSOL function
Conductivity

Piezoresistivity COMSOL function
Matrix

Heat Capacity 712 Joules

Coefficient of linear | NA

expansion.

Connections Aluminum Young modulus 70 GPa
Poisson’'s ratio 0.35
Density 2330 kg3
Electrical 35.610° S/m
Conductivity
Piezoresistivity NA
Matrix
Heat Capacity 904 Joules

Coefficient of linear | NA

expansion.

Definition of boundary conditions

The lower side of the frame is defined a fixed artessure applied on the upper side of the
membrane as boundary load. The areas within thedaoies of the connections are determined as
thin conductive layers with a thickness of 400 nrd the areas bordered by the geometry of the
resistors are defined as thin piezoresistive layds® with a thickness of 400 nm. The electrical
properties are determined by setting a ground aedhainal at the edges of two connection pads

for each sensor and a voltage, usually 5V, is edgh them. For easier analysis of the terminal
current an average has to be defined by these adgesll as over the relevant edges or boundaries
at the remaining connection pads where the voltagie device output is supposed to be
measured. The mesh for the FEM analysis is buithbysoftware on the base of the defined
physics. The element size is defined as "finertdse of the simple geometry and the

consideration of only a few physical effects, tbenputer-generated mesh is sufficient and does
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not have to be optimized by user controlled settingrder to decrease the time that is needed for
the numerical analysis.

Results of core model

Once that the geometry, materials, and boundarglitons have been defined, the discretization of
the model was performed. The physics-controllednsegiuence of COMSOL was used. This tool
select the meshing according to the physics inebimehe problem. Figure 4-25 shows the

meshing of the model. It can be seen in the Fi§ 4t#at the denser mesh is located on the

piezoresistors area, which are the ones that wiliubjected to the highest stresses.
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Figure 4-25.- Discretization scheme of the piezoristive pressure sensor model.

To validate the meshing, different sizes of elemevere used to obtain the maximum deflection at
a pressure stimulus of 100 bar, and using the maxigteflection value obtained theoretically a

comparison was made to validate the discretizaiiable 4-4 shows the result of this validation.

Table 4-4.- Comparison of meshing size versus maximm deflection value.

Maximum Difference respect to
Element size # Elements deflection value theoretical value
Extremely Coarse 1603 4.8 pm 25%
Coarser 3260 5.2 um 19%
Coarse 13553 6.09 pm 5%
Normal 20523 6.31 um 2.3%

55



Fine 3483: 6.385 um 0.4 %

Finer 4852! 6.39 um 0.0%

Theoretically the shear stress should be maximieamidpoint of the edge of the diaphray
Figure 4-26shows the shear stress along the edge in the nThis showsa maximum magnitud
at the center of each of the two ec along which the plot is mad8&tress has its maximum val

close to the piezoresistaith a valueof approximately 897 Mpa.

Figure 4-26 Modeling stress results, position of thipiezoresistorson the highest stress zor

Displacement of the diaphragms a result of 1Mpa (100 bar) difference appliedttee membrane
at its center is 6.39 unThe result is in good agreement v the theoreticahnd mathematic:
result. The RED coloshows the maimum displacement at the centérthe diaphragm, similarl
the displacement along the edges are zero as tbdixed,this is shown by BLUEOoIor.
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Figure 4-27Diaphragm deflection as result of an applied presge of 10Mpa

Once that the model has been validated in termsspfacement and stress, a complete cyc
loading was performed, from 0 to 1Cpa in steps of 0.5 My this with the purpose to compi
the simulated output with the expected output ofctramercial sensc Figure 4-28howsthe
voltageoutput resulting from the model at an applied pressf 10Mpa. Figure 4-2%lisplays the
comparison between the model on COMSOL and the @niad sensc.
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Figure 4-28Voltage output as result of an applied pressure (100 bat

as *"L

75

Output[mV)

Ral

0 10 20 30 40 50 60 70 80 a0 100
Pressure (bar)

—#— (ommercialgutput - & - COMSOL Model

Figure 4-29Comparison of COMSOL Model voltage output and Commecial sensor
voltage output The datawas normalizedto a common initial offset of 40 mv
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Table 4-5 Comparison of COMSOL model and commerciasensor spec sheet

Pressure, bar Commercial sensor; COMSOL model
output, mVolts output, mVolts

0 40 40
43 43.2
10 46 46.3
15 49 49.3
20 52 52.4
25 55 55.4
30 58 58.5
35 61 61.6
40 64 64.6
45 67 67.6
50 70 70.6
55 73 73.7
60 76 76.8
65 79 79.8
70 82 82.9
75 85 85.9

80 88 89
85 91 91.9

90 94 95
95 97 97.9
100 100 100.1

Analyzing the data, the COMSOL model follows th@ested sensor output really close, with a
difference of 1 mV at the worst case and an avepageentage difference of 2.4 %. This model
is the core stone for the final mechanical modat ihcludes the parylene layer. As was
previously commented, there is a compliant provediayer on top of the sensor. The following
model has the purpose to understand if this lagerahstrong influence on the performance of
the sensor or not. The FEM with COMSOL 5.0 softwaes used to simulate the mechanical
behavior of the device. A layer of parylene witk ttorresponding material properties listed on
table 4.4 was put over the upper face of the dagrhr Forces were applied as pressure loads at

the top of the parylene layer. The pressure istesired through the parylene to the top of the
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diaphragm and consequentlytte piezoresistors. To obtain a more realistic result,

temperatur@lependent material propert were used (see Appendix 1), and the effect o

thermal expansion was addedthis model using the coupling module of COMS. Figure 4-

30shows the general 3D model of the pressure seritfotive parylene layer on

Table 4-6 Properties of protection layer

Materials and properties

Component of mode Materia Property Value
Protection layer Parylen: Young modulus 2.76 GpaseeAppendix A)
Poisson's ratio 0.4
Density 1290kg/m3
Thickness 4 um
Piezoresistivity Matrix| NA
Heat Capacity 712]/(kg * °C)
Coefficient of thermal | 30 = 10~6°C~!
expansion
> I —— —
/-'z-"- - —i?' - .-}.'.,,."__. -
o —_——
" Mo
J

Figure 4-30.Parylene layer over the diaphragm of thepiezoresistivepressure senso

For comparison, the core mowithout paryleneexplained before, and the model with

parylene layer were analyzed. Fig4-31 shows the result of the comparison. Itlsarseen in

Fig 4-31 thathe output of the sensor ieduced near to a 21 @tie to the effect of the paryle

layer, the sensitivity of the sensor change f0.6 mV per bar to 0.475 mV per bar.
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Figure 4-31. Outputof pressure sensor with and without Parylene laye

To understand the effect of the temperature opén®rmance of the MEMS Pressure sen
the temperature coefficient of Span (TCS) was abthfrom the manufacturer of the MEI}
Pressure Sensor, the TCS is equal to %FS0/°C . (Full scale output)Using this
information the temperature coefficient of Span was addedeCOMSOL Model Figure 4-
32 shows the expected output of the mcat different temperatures .
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Figure 4-32.- Output of the COMSOL model at different temperatures
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Chapter 5

Experiment s and Results

In this chapterthe experimental procedures and their resultstferfabricated prototypeare
presented. The results of tegperimer are compared with the resuttf the mode. Finally,
characteristicef the sensor, such as sensitivity, accuracy argglity are analyz.

5.1 Experimental Setup

The fabricated devicesere teste at the installations of MorHEAT ©, whidk a compan'
dedicated to the fabrication pfemium plastiimelt temperaturand pressure transdus. The

test bench used for the characterization of thedated sampleis shown on Figur8-1.

Digital Pressure
Gauge

] y 3/
Hydraulic Hand ﬂ Temperaturz
Pump. ! Centroller

Figure 5-1.-Test set up for Pressure and Temperature measuremts

The samples were connected 11/4 18 NPT female fitting attachéal a custom ma¢
hydraulic hand pump which pressure is monitored digital hydraulic pressure gau model
HX601 manufactured bMUAXIN INSTRUMENT (BEIJING) CO., LTL. with a resolution o
1 psiand * 0.05%ccuracy of Full Scale Outpland calibrated by the staff of MBEAT ©.
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The fitting were covered by a coil heater thatudes a type -T Thermocouple positioned close
to the sample to monitor the temperature. A HotRurd®A controller monitor and control the
temperature. To limit thermal error being introddiees the fitting was heated, the reference
pressure gauge was positioned away from the saonpliee high-pressure line. The complete
apparatus allowed characterization of the testmdn@m room pressure (13 psi) to 500 psi over
a temperature range of 25 to 120°C. An NI USB-6808logue-to-digital converter (ADC)
captured and stored outputs from the MEMS Pressemsor and the RTD using the Labview
software suite from National Instruments. This pdasts the sensor with the electronics being
external to the apparatus, considering only thecetsf temperature on the sensor, which is the
case in the real conditions of operation.

The samples were individually connected to the egipa, pressurized by hydraulic oil and
connected to the ADC. A DC input voltage of 5 V vegplied to the sensor Wheatstone bridge
and a DC input current of 1 mAmp was applied toRA® transducer using an Agilent E3631A
Triple Output DC Power Supply.

5.2 Sensor Characterization

For the realization of this experiment, the tempeemwas fixed at four different levels: room
temperature (25 °C), 40, 60 and 100 ° C. In eadhede increments and once the temperature
was stable, a stimulus of pressure was applietirgat 25 psi, 50 psi, and thenceforth, 50 psi
increments up to 450 psi. These sets of the ternperpressure stimulus were repeated three
times in each sample. The average temperature nrams ~6.1°C/min, while the average
temperature reduction rate is ~0.9°C/min. Figu&dhows the output of the pressure sensor of
sample # 1 at different temperatures from 25 tog0During the test of first set of samples,
the signal of the MEMS Pressure sensor was log@psi in the third iteration at room
temperature. The analysis of this problem will bdrassed later in this chapter. The MEMS
pressure sensor reported a change of 0.20 % éfuliscale output per Celsius according to the
experiment, which in terms of millivolts is a degse in the output of 1.98 mV, 4.62 mV, and
9.9 mV, at 40 °C, 60 °C, and 100 °C, respectively.
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Figure 5-2 Output of the pressure sensor of samp#l at different temperatures

5.3 Analysis of failure

During the test of the first set of samples, tlymal of the first set of samples was lost at 450
psi during the third iteration at room temperatdieree hypothesis of this failure were
proposed: 1) a loss of connection between the T&lklepins and the cables, 2) a damage of
the bond pad of the MEMS sensor, and 3) a damatfeeafire bond. To walk through the
analysis of the failure, the connections of theH&der pins to the electrical wires were
checked with a multimeter, no issues were found.h&fter that, the sample was put under
the microscope to analyze the bond pads and tleehwinds. Figure 5-3 shows a picture of the
bond pads of the sample under a microscope. Ndqaiytamage was found on the bond
pads.
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Figure 5-3 Microscopic picture of the bond pads of sample # (left), Close up to the bonc
pad #3 of sample #2 (right).

Once the bond pads were cheg, the trajectory of the wires between the TO Headles and
the bond pads were obserweidh the microscor to look for some possible defeBroken wire

bonds were found ithe MEMS sensc Figure 5-4 shows the detail of the brokere of bcnd

pad #3 of sample 1.

ko vt

Figure 5-4 Analyze of wire bonds offirs set of samplesWire connecting the bond pad #3

the TO Header pin (left), Close up at the area of the broken wire (right).

There are two possible reasons for failure by birepthe cable. One of them may be electri
due to a short circuit or an ovewrrent that had burned twire. The other possible reason is
any mechanical event that caused a break in thee Considering thathe power suply used
during the experiment, akgilent E363:A Triple Output DC Power Supplwhich output i<
protected against overcurrentgs beelused to test these same sensors for a e ut

presenting any problenthis possible cause is discarc A potentialdegradation of the parylel
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layer is discardetiecause the parylene is mechanical animally stable up to 220 °C, aithe
presencef a small defect in the Parylefilm or Parylenewire adhesion would caua severe
degradation of the deviceh&n exposing it to the oand, thereforethe electrical measureme
would give an opeiircuit signa since the beginning of the test. Taking@tzount thaduring
the tests of the soldering process some leaks feenal in the glass section of the TO Hee
by applying high pressure, and that during the of sample #% leak was detected on the
Header at 450 psi, a possible leak ¢ cause a lateral flow of the flumler the wir, causing a
rupture. Toprotect the wire bonds, a dam andepoxy encapsulation was usad thenext
samples. For this purpose, tBpoxy EP(-TEK 301 manufactured bigpoxy Technology Ir
was used to cover the wire bonds. This epoxy igrrently used to protect semiconductors
optoelectronics, have a norngdoc adhesion to Parylenand doesn't present thern
degradation until 300 °Qt is important to comment that the encapsul: was done in a wa
that the Epoxy was not appliéathe diaphragm of the sensor, because this woultkbtbthe
access to the pressurerailus of the pressure sens Furthermore, the Epoxy was rapplied

to the RTD sensdrecause this would a thermal mass to the RTD sensor. Figue$hows

the result of the application of the Epoxy over $kasor systel

Figure 5-5 Sample # Zncapsulated by EpoxyA) Detail of the TO Header pins covered b
EPO-TEK 301, b) Detail of the wire bond covered by EP+-TEK 301.

Once the sample was covereith theepoxyand welded at the installations of Whitfie
Welding, the sample was testddhis time, the test was performed up to 120rfSteps of 5(
psi up to 450 psi. The set of ttemperatur-pressurestimulus was repeated three timThe
output of the pressure sensor of sample # 3 ardift temperatures from 25 to 450 are
reported on figure 5-8lhe MEMS pressure sensor reported a change o0.@#the Fu-
scale output per Celsius according to the expetiywgnich in terms of millivolts is a decrea
in the output of 7.26 mV, and 13.2 mV, at 60 °C, &8d °C, respectively.

67



320.00
31000 /l
300,00

Iy .
290,00 / ;
280,00 & : o]
270,00 - -

/ . N

260.00 Fa

250,00 ra ]
i
~ a

230.00

Output [mV)
£
=

220,00
210,00
200.00
190,00 —#-Room terperature (25 °C)
180.00 - B0 Celsius
170.00 #-120 Celsius
160.00
25 LT 1060 160 Fini] 250 300 350 AN AS0

Pressure (psi)

Figure 5-6.-Output of the sample #3 at different temperatures.

Figure 5-7shows the output of the pressure seiof the samplat room temperatu compared
with the output of the sensor without parylene fagported by the supplier. The plot shows
data without offset and gaiThesample shows a sensitivity of 0.490 mV/lammpars with
the commercial output of 0.602V/bar. The reduction of the sensitiviue to the parylen

layer is approximately 18.5 %.
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Figure 5-7.-Comparison between sample data versus output repat by the supplier.The

samplepresents a reduction in the output close to 18.5¢

5.4 Multifunctional characteristic curve.

Figure 5-8 combines thexperimental data of the temperature RTD sensgubwith the
MEMS pressure sensor output aprovides a comprehensive characterigtlot for the
interpretation of theoutputs of the sensor. In the plot, the effectta temperature at ti
output of te MEMS pressure sensor can be observed. In the saypnetheimpect of the
pressure on the output of the RTD temperature semsbserved. he graph shows the rest
in a pressure range from 25 to 450 psi at intergAB0 psi and a temperature rarof 25 to
120 °C in steps of 20 °C.
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Figure 5-8.- Multifunctional sensor characteristiccurve of the sample.
Accuracy, or more descriptively inaccuracy, is dedfl as the difference between the actual
value and the measured value of a given quarfitlyure 5-9 shows the comparison between

70

the RTD temperature reading (once that the trarfisfetion was used to convert the electrical

5.5 Accuracy



output on temperature readings) and the temperegpmted by the controller. The plot was
obtained from the data recorded with LABVIEW, wiétsampling of 1 second. The thermal
response of the RTD sensor agrees with the temperagported by the controller. However,
on the parts marked with a green circle there imamease of temperature with respect to the
temperature reported by the controller. This inseeaf temperature corresponds to the moment
when the pressure of 400-450 psi is applied. Tiuseement is due to the application of the high
pressure over a container with the fluid of constatume (such as the apparatus used),
temperature and pressure are directly proportitmnehch other. This means that as the
temperature decreases, the pressure also decraades the temperature increases, the
pressure increases [50].

For the purpose of estimating the sensor accutheyaverage of the RTD signal during one
second on the zones of constant temperature is takéhe actual value of the signal.

Using the data received from the temperature catrand the one obtained from the RTD

readings is possible to calculate the accurachi@RTD sensor using the formula below [51].

RTD reading — Controller reading
%Accuracy = - x 100
Controller reading

The accuracy with respect to the temperature clbetie 0.83 %. It is important to mention that
the controller have a accuracy of 1 °C, while tiH@®Rsensor has an accuracy of 0.15 °C @
room temperature and 0.45 @ 100 °C [52] and thismiduence the result, given a higher

inaccuracy.
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5.6 Sensitivity

Sensitivity is an important characteristic of aeysor as it is part of the transfer function and
defines the sensor response. Table 5-1 summahieesensitivities of the MEMS pressure
sensor obtained during the experiments. As wasgiestlby the FEM model developed on
Chapter 4, the sensitivity of the pressure seissaifected by the adhesion of the parylene
layer. The application of parylene creates a dolatyler structure that has two opposite
influences: (1) it increases the thickness ( #88) of the device; (2) it increases the mass of
the whole structure. The parylene layer reducestiiess response of the diaphragm and hence

the sensor sensitivity.

Table 5-1.- Sensitivity of the MEMS pressure senssr

Samples Sensitivity (mV/50 psi | )Sensitivity (mV/bar )| Reduction (%
BCM sensor (no coating)| 2.05 0.602 NA
COMSOL Model 1.5375 0.475 21%
First set 1.68 0.493 18%
Second set 1.67 0.490 18.5%

The experimental sensitivity loss is 3% smallenttiaat of COMSOL model. Even though, the
experimental data fits well with the simulationrige the discrepancy mainly arises due to the
approximative nature of the finite element metHdeitails as a misalignment in placement of
piezoresistors from the diaphragm edge, the difieeebetween the boundary conditions
assumed when the diaphragm is considered as a(glateped at the edges) and the clamping
in the real case, the fact that in reality thesstes extend beyond the edge of the diaphragm
[53], while the MEMS module of COMSOL Multiphysics@ust consider the stress on the
surface of the piezoresistors over the edge, dantdhe final result of the model. The ideal
built-in edges cannot accurately determine thesstdéstribution patterns found at the edges of
the diaphragm, even a more accurate finite elemente! of the plate will always give a
different value of output voltage than the realecas the stress values are overestimated.
Regarding the instrumental error of the experimtra,manometer used at the test bench have
an accuracy of 0.05% of Full Scale Output, whichld represent an error of 0.6% between the
sensitivity of the model and the sensitivity of tieadings. Further study to develop an
analytical model of the sensor response with alpaeylayer over is required to determine a

more accurate result.
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Figure 5-10.-Comparison betweerfirst and second set of samples with theutput of the
commercial sensomwithout coating and the COMSOL model. The firstset ofsamples
present a reduction in the sensitivity close t18%, and the second setf sample: gives a
decreasdn the sensitivity close to 18.5% due to the effedf the farylene layer The
COMSOL model reported adecrease of 21%.

5.7 Linearity

Non-linearity is defineds the deviation of the specif calibration curve (end point straic
line or least square fiilne) from the experimentally determined outputte# sensor. For each
the read point, there isparticula deviation. The non-linearity error of a particytaintis
defined as the percentadeviatior at that point. The maximum deviation is calted nor-

linearity of the sensor. Ndimearity at a particular poiris defined as [46]:

V. (P,
NL; = VO(Pi) _ Olgmm) fi X 100%
T V(P °

whereP; is pressure a given pointP,, is the maximum pressure thie data set, arV, is

corresponding voltage outpdthe nor-linearity at different values of pressure fol the
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pressure steps is found using this formula. Theimmamx absolute value among the values of
non-linearity calculated at various pressure stgfise non-linearity of the sensor. Using the

data obtained from the experiment, the non-lingadin be calculated. Table 5-2 summarizes

the non-linearity values of the samples tested.

Table 5-2.- Non-linearity of tested MEMS pressureensor samples.

Samples Non-Linearity (%)
First set 0.43
Second set 0.45

It is evident from figure 5-10, that the sensospond quasi-linearly to pressure variations,
which agrees with the expected result, as the faghprs that can affect the piezoresistive
pressure sensor linearity are the topology anceph&nt of the piezoresistive elements,

diaphragm thickness, and diaphragm length [54] .
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, a multifunctional MEMS sensor sgsfer the simultaneous pressure and
temperature measurement within a electro-hydrdméb&e system was developed. An
unpackaged piezoresistive MEMS pressure sensoaianidpackaged RTD temperature sensor
were used due to their robustness, linearity, #mupasurement circuitry and immunity to
electromagnetic noise. The sensor system was fbddy integrating these two MEMS
sensors on a TO header small enough to allow hdottysensors mounted within a single
package. As the properties of the brake fluid caldchage the MEMS sensors, a method to
protect them was developed using Parylene as aqgbia layer. Since Parylene does not react
with the brake fluid chemicals, it is capable totpct the sensor from the pH of the brake fluid
and the inherent moisture of the fluid. Paryleng &lao a maximum operating temperature of
225°C at oxygen free environments.
To test the system under operating brake fluid timms, the TO Header assembly was joined
to a custom machined 18 NPT fitting, which is cotiigea with current fittings used for EHB
systems and it works as the last interface betweesensor system and brake system. The joint
process used during prototyping was micro-brazingesit results in small heat-affected zones
and ensures that critical components such as tHd$/ressure sensor are unharmed. During
testing, the MEMS pressure sensor was excitedd§ aput voltage of 5 V while a current of
1 mAmp was applied to the RTD temperature sendwe.output of both sensors was
continuosly monitored at different stimulus of tesmgture and pressure to simulate the brake
fluid environment. Based on several experimentgs cttimbined sensor output follows the
pressure and temperature cycles of the hydrauiesysetup very closely with a consistent
pattern. The MEMS sensor system response was stwolevery repeatable for all testing
cycles. The MEMS pressure sensor presented angevseasitivity of 0.49enV /bar
compared with the BMC sensor sensitivity of 0.@@2/bar. The effect of the protection layer
on the performance of the sensor system was stadi@@rically and experimentally. The
reduction of the sensitivity of the pressure sews@r to the parylene layer was approximately
18.2% which closely agrees with the 21% reducti@digted by the model. The non-linearity
of the MEMS pressure sensor at the tested rangdouad to be 0.4 % compared to the 0.25%
reported by the manufacturer. The RTD temperatemsa reports an accuracy of 0.83% with
respect to the temperature controller used. Basdle experimental results, the operating
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range of the MEMS multifunctional sensor systemld¢olbie improved to achieve a higher
pressure measurement if a more robust TO Headeei. A better process to protect the wire
bonds could also be used to increase the lifetiiieeosensor.

One of the main advantages of the proposed seysiens resided in having both sensors in the
same packaging and bonded onto the same subsisitg. MEMS technology ensures
reduction of size and cost. Having a pressure aethperature sensor within the same
packaging allows the temperature compensationeopthssure sensor with a temperature
reading that is being obtained within the same wwgrkonditions. Reduction of size reduces
the disturbance of the sensor system to the wiydiatler and in general the brake system. A
smaller size also decreases installation costrapdove life cycle. Moreover, the proposed
MEMS sensor system could be located exactly negatd brake actuator of the electro-

hydraulic brake system with little or no intrusitmthe brake fluid environment.
6.2 Future Work

6.2.1 Wire bonding protection.

Further study is needed to protect the wire bondirnte MEMS pressure sensor to the TO
header. During the experiment, the connection ®MEMS pressure sensor of sample 1 and
sample 2 was damaged. On the second set of sara@#enger and more robust protection
method was used but a better way is needed togibie wire bonding and obtain a more

reliable performance.

6.2.2 Fabrication process

The fabrication process can be improved by inclg@iim O Header that can resist a higher
pressure without presenting leaks. A smaller caméijon can be obtained by fabricating both

MEMS sensors within the same silicon substrate.

6.2.3 Experiments and test setups

The pressure and temperature experiments repaorthisithesis were carried out in a controlled
environment. For the next generation devices, dynaests resembling a real braking process

of an EHB system is needed and would likely begreréd using a real brake system.
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Appendix A

Elements and materials properties of the Mechanical model.

Materials
n-Silicon (single-crystal, lightly doped)
C. S. Smith, “Piezoresistance Effect in Silicon @®fmanium”, Physical Review, vol. 94, no. 1, pp.
42-49, 1957.
C. Jacoboni, C. Canali, G. Ottaviani and A. Albe@garanta, “A Review of some Charge Transport
Properties of Silicon”, Solid-State Electronics|.\2D, pp. 77-89, 1977.

z 500

n-Silicon (single-crystal, lightly doped)

Material parameters

Name Value Unit
Density 2330[kg/m"3] kg/m"3
Elasticity matrix, Voigt notation {166[GPa], 64[GR466[GPa], 64[GPa], | Pa

64[GPa], 166[GPa], 0O[GPa], O[GPa],
0[GPa], 80[GPa], 0[GPa], O[GPa], O[GPa]
0[GPa], 80[GPa], 0[GPa], O[GPa], O[GPa]
0[GPa], O[GPa], 80[GPa]}
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Basic Settings

Description Value

Density 2330[kg/m"3]

Relative permittivity {{4.5, 0, 0}, {0, 4.5, 0}, {00, 4.5}}

Electrical conductivity {{sigma0(nd[m~3]), 0, 0},d, sigma0(nd[m*3]), 0}, {0, O,
sigmaO0(nd[m”3])}}

Functions

Function name | Type

sigma0 Analytic

Anisotropic Settings

Description Value

Elasticity matrix {{166[GPa], 64[GPa], 64[GPa], ORa], O[GPa],
O[GPal]}, {64[GPa], 166[GPa], 64[GPa], O[GP4],
O[GPa], O[GPa]}, {64[GPa], 64[GPa], 166[GPa],
0[GPa], O[GPa], O[GPa]}, {0[GPa], O[GPa], 0[GPa],
80[GPa], O[GPa], O[GPa]}, {0[GPa], O[GPa], O[GP4a],
0[GPa], 80[GPa], O[GPa]}, {0[GPa], O[GPa], O[GP4a],
O[GPa], O[GPa], 80[GPa]}}

Loss factor for elasticity matrix D {{o0,0,0,0,0}{0,0,0,0,0,0},{0,0,0,0,0, 0},
{0,0,0,0,0,0}{0,0,0,0,0,0}{0,0,0,0, 0}}

Anisotropic, Voigt notation Settings

Description Value

Elasticity matrix, Voigt notation {{166[GPa], 64[G#p, 64[GPa], O[GPa],
O0[GPa], O[GPa]}, {64[GPa], 166[GPa],
64[GPa], O[GPa], 0[GPa], O[GPa]}, {64[GPa],
64[GPa], 166[GPa], 0O[GPa], O[GPa], O[GPa]},
{0[GPa], O[GPa], 0[GPa], 80[GPa], O[GPa],
O0[GPal]}, {0[GPa], O[GPa], O[GPa], O[GPa],
80[GPa], O[GPa]}, {0[GPa], 0[GPa], O[GP4q],
0[GPa], O[GPa], 80[GPa]}}

Loss factor for elasticity matrix D, Voigt notation {{0, 0, 0, 0, 0, 0}, {0, 0, 0, 0, 0, 0}, {0, 0, @,
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Description

Value

0, 0},{0,0,0,0,0,0}{0,0,0,0, 0, 0}, {@,
0, 0,0, 0}

Piezoresistance form Settings

Description

Value

Piezoresistive coupling matrix

{{-102.2e-11[1/P&dfea0(nd[m”3])[S/m], 53.4e-
11[1/Pa]/sigmal0(nd[m”3])[S/m], 53.4e-
11[1/Pa]/sigmal0(nd[m”3])[S/m], 0, 0, 0}, {53.4e-
11[1/Pa]/sigma0(nd[m”3])[S/m], -102.2e-
11[1/Pa]/sigmal0(nd[m”3])[S/m], 53.4e-
11[1/Pa]/sigmal0(nd[m”3])[S/m], 0, 0, 0}, {53.4e-
11[1/Pa]/sigma0(nd[m”3])[S/m], 53.4e-
11[1/Pa]/sigmal0(nd[m”3])[S/m], -102.2e-
11[1/Pa]/sigmal0(nd[m”3])[S/m], O, 0, 0}, {0, 0, 4,3.6e-
11[1/Pa}/sigma0(nd[m”3])[S/m], O, 0}, {0, O, 0, 1,3.6e-
11[1/Pa}/sigma0(nd[m”3])[S/m], 0}, {0, O, O, 0, 1,3.6e-
11[1/Pa}/sigma0(nd[m”3])[S/m]}}

Functions

Function name | Type

sigma0 Analytic

Elastoresistance form Settings

Description

Value

Elastoresistive coupling matrix

{{-101.4/sigma0(ndf3])[S/m],
57.6/sigma0(nd[m”"3])[S/m], 57.6/sigma0(nd[m”3])[$/m
0, 0, 0}, {57.6/sigma0(nd[m"3])[S/m], -
101.4/sigma0(nd[m”3])[S/m], 57.6/sigma0(nd[m"3]){th/
0, 0, 0}, {57.6/sigma0(nd[m”3])[S/m],
57.6/sigma0(nd[m”"3])[S/m], -
101.4/sigma0(nd[m”3])[S/m], O, O, 0}, {0, 0, O, -
10.8/sigma0(nd[m”3])[S/m], O, 0}, {0, O, O, O, -
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Description Value

10.8/sigma0(nd[m”3])[S/m], 0}, {0, 0, 0, O, O, -
10.8/sigma0(nd[m”3])[S/m]}}

Functions

Function name | Type

sigma0 Analytic

p-Silicon (single-crystal, lightly doped)

C. S. Smith, “Piezoresistance Effect in Silicon @®fmanium”, Physical Review, vol. 94, no. 1, pp.
42-49, 1957.

C. Jacoboni, C. Canali, G. Ottaviani and A. Albe@garanta, “A Review of some Charge Transport
Properties of Silicon”, Solid-State Electronics|.\20, pp. 77-89, 1977.

p-Silicon (single-crystal, lightly doped)

Material parameters

Name Value Unit
Relative 4.5 1
permittivity

Electrical sigma0(nd[m”3]) S/m
conductivity
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Name

Value Unit

Piezoresistive

coupling matrix

{6.6e-11[1/Pa]/sigma0(nd[m”3])[S/m], -1.1e- m~4/(s*AN2)
11[1/Pa}/sigma0(nd[m”3])[S/m], 6.6e-
11[1/Pa}/sigma0(nd[m”3])[S/m], -1.1e-
11[1/Pa}/sigma0(nd[m”3])[S/m], -1.1e-
11[1/Pa}/sigma0(nd[m”3])[S/m], 6.6e-
11[1/Pa}/sigma0(nd[m”3])[S/m], O, O, O, 138.1e-
11[1/Pa}/sigma0(nd[m”3])[S/m], O, O, O, 0, 138.1e-
11[1/Pa}/sigma0(nd[m”3])[S/m], O, O, O, O, 0, 138.1
11[1/Pa}/sigma0(nd[m”3])[S/m]}

Basic Settings

Description Value

Density 2330[kg/m"3]

Relative permittivity {{4.5, 0, 0}, {0, 4.5, 0}, {00, 4.5}}

Electrical conductivity {{sigma0O(nd[m~3]), 0, 0},d, sigmaO(nd[m~3]), 0}, {0, O,

sigmaO(nd[m”3])}}

Functions

Function name | Type

sigma0 Analytic

Anisotropic Settings

Description Value

Elasticity matrix {{166[GPa], 64[GPa], 64[GPa], ORa], O[GPa],
O[GPa]}, {64[GPa], 166[GPa], 64[GPa], 0[GPa],
0[GPa], O[GPa]}, {64[GPa], 64[GPa], 166[GPa],
0[GPa], O[GPa], O[GPa]}, {0[GPa], 0[GPa], O[GPa],
80[GPa], O[GPa], O[GPa]}, {0[GPa], 0[GPa], O[GPa
0[GPa], 80[GPa], O[GPa]}, {0[GPa], 0[GPa], O[GPa
0[GPa], O[GPa], 80[GPa]}}

Loss factor for elasticity matrix D {{o,0,0,0,0}{0,0,0,0,0,0},{0,0,0,0,0, 0},
{0,0,0,0,0,0}{0,0,0,0,0,0}, {0,0,0,0, O}}
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Anisotropic, Voigt notation Settings

Description

Value

Elasticity matrix, Voigt notation

{{166[GPa], 64[GR, 64[GPa], O[GPa],
0[GPa], O[GPa]}, {64[GPa], 166[GPa],

{0[GPa], O[GPa], O[GPa], 80[GPa], 0[GPa],
O[GPal]}, {0[GPa], O[GPa], O[GPa], O[GPa],

0[GPa], O[GPa], 80[GPa]}}

64[GPa], 0[GPa], 0[GPa], O[GPa]}, {64[GPal,
64[GPa], 166[GPa], 0[GPa], 0[GPa], 0[GPa]}

80[GPa], O[GPa]}, {0[GPa], 0[GPa], O[GP4q],

Loss factor for elasticity matrix D, Voigt notation {{0, 0, 0, 0, 0, 0}, {0, 0, 0, 0, 0, 0}, {0, 0, @,

0,0} {0,0,0,0,0,0},{0,0,0,0, 0, 0}, {@,
0, 0,0, 0}}

Piezoresistance form Settings

Description

Value

Piezoresistive coupling matrix

{{6.6e-11[1/Pa]/sigbfnd[m"3])[S/m], -1.1e-
11[1/Pa}/sigma0(nd[m”3])[S/m], -1.1e-
11[1/Pa}/sigma0(nd[m”3])[S/m], O, O, 0}, {-1.1e-
11[1/Pa]/sigma0(nd[m”3])[S/m], 6.6e-
11[1/Pa]/sigma0(nd[m”3])[S/m], -1.1e-
11[1/Pa]/sigmal0(nd[m”3])[S/m], O, 0, 0}, {-1.1e-
11[1/Pa]/sigma0(nd[m”3])[S/m], -1.1e-
11[1/Pa]/sigma0(nd[m”3])[S/m], 6.6e-
11[1/Pa]/sigmal0(nd[m”3])[S/m], O, 0, 0}, {0, 0, 038.1e-
11[1/Pa]/sigmal0(nd[m”3])[S/m], 0, 0}, {0, 0, 0, 038.1e-
11[1/Pa]/sigmal0(nd[m”3])[S/m], 0}, {0, 0, 0, 0, 038.1e-
11[1/Pa]/sigmal0(nd[m”3])[S/m]}}

Functions

Function name | Type

sigma0 Analytic

Elastoresistance form Settings
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Description

Value

Elastoresistive coupling matrix {{9.6/sigma0(nd[m){$/m], 1.8/sigma0(nd[m"3])[S/m],

1.8/sigma0(nd[m”3])[S/m], O, 0, 0},
{1.8/sigma0(nd[m"3])[S/m], 9.6/sigma0(nd[m"3])[S/m]
1.8/sigma0(nd[m”3])[S/m], O, 0, 0},
{1.8/sigma0(nd[m”3])[S/m], 1.8/sigma0(nd[m"3])[S/m]
9.6/sigma0(nd[m”"3])[S/m], O, O, 0}, {0, 0, O,
110.0/sigma0(nd[m”3])[S/m], 0, 0}, {0, 0, 0, O,
110.0/sigma0(nd[m”3])[S/m], 0}, {0, O, 0, 0, O,
110.0/sigma0(nd[m”3])[S/m]}}

Functions

Function name

Type

sigma0

Analytic

Al - Aluminum / Aluminium

Al - Aluminum / Aluminium

Selection

Geometric entity leve

Boundary

Selection

Boundaries 10-13, 16, 22, 32—-33, 57-5379-81

Material parameters
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Name Value Unit

Electrical conductivity] 35.5e6[S/m]| S/m

Relative permittivity | 1.8 1

Basic Settings

Description Value

Electrical conductivity {{35.5e6[S/m], 0, 0}, {0,85e6[S/m], 0}, {0, O,
35.5e6[S/m]}}

Coefficient of thermal expansion {{23.1e-6[1/K], @}, {0, 23.1e-6[1/K], 0}, {0, O,
23.1e-6[1/K]}}

Heat capacity at constant pressure 904[J/(kg*K)]

Density 2700[kg/m"3]

Thermal conductivity {{237[wWI/(m*K)], 0, 0}, {0, 23pW/(m*K)], 0}, {0, O,
237[W/(m*K)]}}

Relative permittivity {{1.8, 0, 0}, {0, 1.8, 0}, {00, 1.8}}

Young's modulus and Poisson's ratio Settings

Description Value

Young's modulus 70.0e9[Pa]

Poisson's ratio 0.35

Parylene
The properties were obtained from MATWEB and fréva tlatasheet of SCS
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500

Parylene

Selection

Geometric entity level Domain

Selection No domain

[72)

Basic Settings

Description Value
Bulk viscosity

Density 1290
Absorption coefficient A

Coefficient of thermal expansion

{{0.0000350, 0, 9, 0.0000350, 0}, {0, O,
0.0000350}}

Relative permeability

{{0.08, 0, 0}, {0, 0.08, 0J0, 0, 0.08}}

Thermal conductivity

{{0.0840, 0, 0}, {0, 0.0840},0, 0, 0.0840}}

Electrical conductivity

{{1e-14, 0, 0}, {0, 1e-143}, {0, O, 1e-14}}

Heat capacity at constant pressure

712

Relative permittivity

{{2.95, 0, 0}, {0, 2.95, OXO0, 0, 2.95}}

Young's modulus and Poisson's ratio Settings

Description Value

Young's modulus 2.76e+9
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Description Value

Poisson's ratio 04

Table 6-1. Young modulus of parylene versus tempetare [55]

Temperature Young

(°C) modulus

10 3.5

25 2.67

40 2.17

60 1.05

80 0.826

100 0.671

120 0.601

150 0.503
35 '

Young's Maodulus (GPa)

Hransition
0.5 Glassy region :rcgmn : Rubbery region
b T — L T T
-25 0 25 50 75 10

T T
0 12 150
Tempera fure ‘O

Figure 6-1. Young's modulus versus temperature cue/
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Table 6-2. Young modulus of Silicon versus temperate [56]

Temperature Young
(°C) modulus
10 169
25 167
40 167
60 165
80 165
100 165
120 165
150 165
b 190
185
180
_ 175
£ ean ,
& 170 -_,__________-__.__-

165

160

155

150 t t t t t t
-200 150 100 50 0 50 100 150 200
Ti{"C)

Figure 6-2. Young modulus of Silicon versus tempetare
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Appendix B

Elements and materials properties of the RTD model.

Materials

Borosilicate

Borosilicate

Selection

Geometric entity leve

Domain

Selection

Domain 9

Material parameters

Name

Value

Unit

Heat capacity at constant press

LietL0()[J/(kg*K)] | J/(kg*K)

Density

2230[kg/m"3] kg/m”3

Thermal conductivity

iNtLL() [W/(m*K)] W/(m*K)

Basic Settings

Description

Value

Electrical conductivity

{{0[S/m], 0, 0}, {0, O[S/m]0}, {0, O, O[S/m]}}

Coefficient of thermal expansion

{{3.3e-6[1/K], O}, {0, 3.3e-6[1/K], O}, {0, 0, 3.3e-
B[L/KI}}

Heat capacity at constant pressure

iNtLO(O[I/RY*K

89




Description Value
Relative permittivity {{4.8, 0, 0}, {0, 4.8, 0}, {00, 4.8}}
Density 2230[kg/m"3]

Thermal conductivity

{intLL(OWI(m*K)], 0, 0}, {Q intLLO[W/(m*K)], O},
{0, 0, intLLOIW/(M*K)]}}

Young's modulus and Poisson's ratio Settings

Description Value

Young's modulus 63e9[Pa]

Poisson's ratio 0.20

Pt - Platinum

Pt - Platinum

Selection

Geometric entity leve

Domain

Selection

Domain §

Material parameters

Name

Value

Unit

Heat capacity at constant press

Lieto(O[/(kg*K)] | I/(kg*K)

Density

21450[kg/m"3] kg/m”3
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Name

Value

Unit

Thermal conductivity

int8(0[W/(m*K)]| W/(m*K)

Basic Settings

Description

Value

Electrical conductivity

{{8.9e6[S/m], 0, 0}, {0, 8e6[S/m], 0}, {0, O,
8.9e6[S/m]}}

Coefficient of thermal expansion

{{8.80e-6[1/K], @}, {0, 8.80e-6[1/K], O}, {0, O,
8.80e-6[1/K]}}

Heat capacity at constant pressure

into(O[I/(k§*K)

Density

21450[kg/m"3]

Thermal conductivity

{int8(O[W/(m*K)], 0, O}, {0, int8(®)[W/(m*K)], O},
{0, 0, int8(L)[W/(M*K)]}}

Young's modulus and Poisson's ratio Settings

Description Value

Young's modulus 168e9[Pa]

Poisson's ratio 0.38

Parylene

The properties were obtained from MATWEB and fréva tlatasheet of SCS

Z

;=d

Parylene
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Selection

Geometric entity leve] Domain

Selection Domains 2—6, 10-13

Material parameters

Name Value | Unit

Density 1290 | kg/m”3
Thermal conductivity 0.0840W/(m*K)
Heat capacity at constant pressurél2 J/(kg*K)

Basic Settings

Description Value

Bulk viscosity 1

Density 1290

Absorption coefficient A

Coefficient of thermal expansion {{0.0000350, 0, 9, 0.0000350, 0}, {0, O,
0.0000350}}

Relative permeability {{0.08, 0, 0}, {0, 0.08, 0}, 0, 0.08}}

Thermal conductivity {{0.0840, 0, 0}, {0, 0.0840},d0, 0, 0.0840}}

Electrical conductivity {{1e-14, 0, 0}, {0, 1e-14}, {0, O, 1e-14}}

Heat capacity at constant pressure 712

Relative permittivity {{2.95, 0, 0}, {0, 2.95, 0XO, 0, 2.95}}

Young's modulus and Poisson's ratio Settings

Description Value

Young's modulusg 2.76e+9

Poisson's ratio 0.4
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KOVAR

x10°

KOVAR

Selection

Geometric entity level Domain

Selection Domain 1

Material parameters

Name Value | Unit
Density 8360 | kg/m"3
Thermal conductivity 17.3 | W/(m*K
Heat capacity at constant pressuds9 JI(kg*K)

Basic Settings

Description Value

Density 8360

Thermal conductivity {{17.3, 0, 0}, {0, 17.3, 0},4, O, 17.3}}
Heat capacity at constant pressure 439
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Al203 - Aluminum oxide / Aluminium oxide

Z

;=d

Al203 - Aluminum oxide / Aluminium oxide

Selection

Geometric entity level Domain

Selection Domain 7

Material parameters

Name Value Unit

Heat capacity at constant press

Liet13(0)[J/(kg*K)] | J/(kg™K)

Density

3965[kg/m"3] kg/m"3

Thermal conductivity

iNt12()[W/(m*K)] W/(m*K)

Basic Settings

Description

Value

Electrical conductivity

{{0[S/m], 0, O}, {0, O[S/m]0}, {0, O, O[S/m]}}

Coefficient of thermal expansion

{{6.5e-6[1/K], O}, {0, 6.5e-6[1/K], O}, {0, 0, 6.5¢-
6[1/KI}

Heat capacity at constant pressure int13(t)[J/(RY*K
Relative permittivity {{5.7, 0, 0}, {0, 5.7, 0}, {00, 5.7}}
Density 3965[kg/m"3]

Thermal conductivity

{intL2@[W/(m*K)], 0, 0}, {Q intL2()[W/(m*K)], O},
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Description Value

{0, 0, intL2()[W/(M*K)T}}

Young's modulus and Poisson's ratio Settings

Description Value

Young's modulus 400e9[Pa]

Poisson's ratio 0.22

Steel AISI 4340

x10°

Steel AISI 4340

Selection

Geometric entity leve] Domain

Selection No domain

[72)

Basic Settings

Description Value

Relative permeability {{1, 0, 0}, {0, 1, 0}, {O, O1}}

Electrical conductivity {{4.032e6[S/m], 0, 0}, {G4.032e6[S/m], 0}, {0, O,
4.032e6[S/m]}}

Coefficient of thermal expansion {{12.3e-6[1/K], @}, {0, 12.3e-6[1/K], 0}, {O, O,
12.3e-6[1/K]}}
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Description Value

Heat capacity at constant pressure 475[J3/(kg*K)]

Relative permittivity {{1, 0, 0}, {0, 1, O}, {0, 01}}
Density 7850[kg/m"3]

Thermal conductivity

{44 5[WI(m*K)], 0, 0}, {0, 445[W/(m*K)], 0}, {0, O,
44 5[WI(M*K)[}

Young's modulus and Poisson's ratio Settings

Description Value

Young's modulus 205e9[Pa]

Poisson's ratio 0.28

Temperature-dependent properties

TConductivity Platinum

Function name int8

Function type | Interpolatio

—

nt8(t) (W/ (m*K))

73 1 \
72.8 -
726 -
724 -
722 -

72

71.8 -

int8(t) (W/ (m*K))

716 —
714 -

712 -

71 &

TConductivity_Platinum
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HeatCapacityPlatinum

Function name

int9

Function type

Interpolatio

—

int9(t) (J/ (kg*K))

int9(t) (J/ (kg*K))

40 60

HeatCapacityPlatinum

THeatCapacity_Borosilicate

Function name

int10

Function type

Interpolatio

—

80
t (degC)

100
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int10(t) (J/ (kg*K))

1060
1040
1020
1000
980
960
940
920
900
880
860
840
820
800
780
760
740

int10(t) (J/ (kg*K))

THeatCapacity _Borosilicate

TConductivity Borosilicate

Function name

intll

Function type

Interpolatio

—

int11(t) (W/ (m*K))

int11(t) (W/ (m*K))

TConductivity _Borosilicate
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TConductivity_alumina

Function name int12

—

Function type | Interpolatio

int12(t) (W/ (m*K))

0 0

W B
W U1 = U O
\ \\‘

W
=0 N
[N |
1

;]
I

31 -
30.5

30 +
295 -

29 -
285 -
28 =

int12(t) (W/ (m*K))
[6¥]

TConductivity_alumina

HeatCapacityAlumina

Function name int13

Function type | Interpolatio

—
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int13(t) (J/ (kg*K))

930
920
910
900
890
880
870
860
850
840
830
820
810
800
790
780
770

int13(t) (J/ (kg*K))
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Appendix C

Convergence plots of the models.

Definition of Convergence.- arriving at a solutithrat is close to the exact solution within
some pre-specified error tolerance or other cormeeg criterion. The following convergence
plots shows the error estimate decreasing betwesvidh-Raphson iterations obtained from
COMSOL Multiphysics. Ideally, the error should goveh monotonically if it does converge,
then start investigating ramping the loads, thelinearities, or the Multiphysics couplings. For
the Fig 6-3, the piezoresistive physics and thehaeizal physics converge with an error less

than10~>. For the Fig 6-4 the thermal physics converge witherror less tha1073.
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