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1

MEMS for passenger safety in
automotive vehicles

J. SWINGLER, Heriot-Watt University, UK
DOI: 10.1533/9780857096487.1.3

Abstract: Passenger safety is a high priority for vehicle manufacturers and
over recent decades many advances have been made in a number of
technologies to more effectively implement protection devices. This chapter
starts with an overview of the rationale behind safety systems, introduces the
protection systems employed against crash and rollover events, and then
focuses on three sensing devices used in such systems, which have been
implemented adopting MEMS technology. Much research and development
effort continues to create novel safety systems. This chapter finishes by
reviewing progress in the three distinct areas of passenger monitoring systems,
vehicle monitoring systems and environment monitoring systems.

Key words: crash, rollover, occupant, accelerometer, angle rate, strain gauge.

11 Introduction

MEMS (Micro-electromechanical systems) implemented in automotive
electronics began in the early 1980s with pressure sensors for engine management
systems. In the early 1990s, this technology was introduced to safety systems with
the implementation of accelerometers (Fleming, 2001, 2008). Over the decades,
MEMS technology has found many applications within the motor car, enabling
innovative electronic systems and the reduction of production and assembly costs
of safety systems.

Passenger safety is a high priority for the vehicle manufacturer, often making it
a selling feature for the vehicle. Many advances have been made in a number of
technologies to more effectively implement protection devices to ensure the safety
of occupants in a crash event.

The World Heath Organisation reported in 2007 that Western Europe, Canada,
Australia and Japan have some of the lowest death rates per annum caused by vehicle
crash events. These are between 4.8 per 100 000 persons for the Netherlands (UK
5.4) to 10 per 100 000 persons for Iceland. The USA has a death rate of 13.8 per 100
000 persons compared with Eastern Europe, for example with Bulgaria at 13.2 per
100 000 and Poland of 14.7 per 100 000 persons. Some of the worst death rates are
in North Africa, with around 40 per 100 000 persons per annum. Causes of such crash
events are made up of a mixture of road and vehicle conditions, and driver behavior.

Road fatalities in the UK started to decrease in the early 1970s, from 7500
deaths per annum, with the introduction of speed limits, annual vehicle testing

3
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4 MEMS for automotive and aerospace applications

(the MOT) and other measures, to less than 6000 death per annum in the early
1980s. Further reductions have occurred during the introduction of the compulsory
use of seat belts and the development of vehicle safety systems to less than 2500
deaths per annum in recent years. The UK Department of Transport reports that
1850 persons were killed on the roads in 2010. This reduction is mirrored in other
countries with the US Department of Transportation reporting that 32 788 persons
were killed in 2010, which is a death rate of 10.6 per 100 000 persons.

The reduction in deaths cannot simply be explained in terms of one or two
improvements in road conditions or vehicle performance, but consists of a
complex mixture of many factors. An important factor is the development of
vehicle safety systems and along with this are the developments in MEMS sensors.

Frontal crash, side impact and rollover are the main events that a safety system
has been developed to deploy protection devices. MEMS sensing devices are used
in such systems to detect the condition of the vehicle in terms of undesirable
accelerations and angular rate changes, as well as the detection of the position of
occupants. Research and development effort continues worldwide on creating
novel safety systems by monitoring passenger position and behavior, vehicle
behavior and environmental conditions.

The main suppliers of MEMS for the automotive industry are identified in the
chart in Fig. 1.1, showing their market share in terms of sale value worldwide.
Bosch dominates but there are multiple companies involved in MEMS production
as illustrated by the chart, which is not an exhaustive list of players.

Delphi
Schneider VTI P

Infineon
Panasonic

Bosch

ADI
Sensata

Denso
Freescale

1.1 Market share of automotive MEMS in 2009 (source: Marek 2011).

1.2 Passenger safety systems

A vehicle manufacturer, such as Daimler AG (Mercedes-Benz), has classified
their safety systems into several technological domains. ‘Prevention’ technologies
help the driver to become more aware of road conditions, as well as minimizing
driver distractions and stress. For example, radar and cameras improve visibility.
‘Response’ technologies assist the driver when things start to go wrong. For
example, anti-lock breaking (ABS) improves breaking and steerability. ‘Protection’
technologies are designed to mitigate the consequences of accidents for the

© Woodhead Publishing Limited, 2013



MEMS for passenger safety 5

passenger and other road users. For example, restraint systems minimize injury to
the passenger. The final domain is ‘rescue’ technologies for helping the emergency
services.

1.2.1 Passenger protection systems

Electronically controlled passenger protection systems are commonplace in most
vehicles to some degree. These consist of various airbags, seat belt pretensioners
and rollover protection devices, all controlled by an electronic control unit(s)
(ECU). These systems are typically integrated into one centrally controlled system
made up of the following component parts:

e Sensors:
— for indicating an event, which may require action.
e The ECU:

— for signal processing to identify the critical event that requires action;
— for supplying the appropriate signals to deploy the protection device;
— for system diagnostics to ensure robust behavior.

e The protection device:
— for delivering the appropriate protection.

Figure 1.2 illustrates this system consisting of a sensing part, a control unit and an
actuation part. Three types of protection devices are shown in this example, for
airbag deployment, pretensioner firing and rollover protection. Also three types of
sensing devices are shown, each of which is the focus of this chapter concerning
crash sensing, vehicle rollover and occupant detection.

Crash . .| Airbag
sensors oL "|  deploy
c
=}

°
€ ~
Angular > 88 > Prg-
sensors om tension
3
=
[$]

@

w
Occup. . . Roll
sensors i’ "I protect

1.2 The protection system.
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6 MEMS for automotive and aerospace applications

1.2.2 The crash event

A vehicle in a crash event is usually undergoing a rapid change in velocity in some
direction caused by contact with an external obstacle. In a frontal collision of the
moving vehicle, there is arapid deceleration of the vehicle, whereas an unrestrained
occupant continues to move forward until abruptly stopped by contact with a rigid
part of the interior of the vehicle (such as a steering wheel or windscreen). Any
protection system employed looks to ensure smooth deceleration of the occupant
to minimize injury. Pretensioned seat belts and airbags are designed specifically
to achieve this.

Pretentioners on seat belts are fired by igniting a pyrotechnic charge in the
frontal crash event to maximize the restrain of the occupant with the use of the
seat belt. This tightens the seat belt to prevent the occupant from jerking forward,
which typically takes between 5 and 10 ms (Jurgen, 1999).

Depending on the specification of the vehicle, there are numerous arrangements
of airbags and curtain systems. The frontal airbag is the most standard, which is
placed in the steering wheel or dashboard to restrict frontal motion of the occupant.
Pyroelectric igniters activate gas generators to inflate the airbag within around
30ms (Jurgen, 1999).

Rollover protection such as roll-bars (Wanden and Kinnanen, 2001) and
headrest-bars (Hehl and Remm, 1999) are usually spring-loaded and released on
command. They maintain a volume of space in the occupant’s head area during a
vehicular roll to minimize injury. Convertible are the typical vehicles with these
devices fitted. However, non-convertible vehicles are also considered to require
rollover protection devices (Bozzini et al., 2010).

Depending on the crash event (see next section on frontal, oblique, offset, pole,
under-ride and side crash events), the firing of the different protection systems is
crucial to allow the displacement of the occupant to be within certain limits to
ensure time to activate the relevant devices.

1.2.3 Classification of crash events

A passenger vehicle has 6 degrees of freedom, 3 translational movements with
usually only the longitudinal translation as desirable, and 3 rotational movements,
which are usually all undesirable. Figure 1.3 shows these translational movements.

Forward longitudinal crashes have been classified into different types (Fig. 1.4)
(Iyoda, 2001). The frontal crash is where the impact has equal force along the
front of the vehicle, whereas the oblique crash exhibits a gradient of force level
from one side to the other. The oblique crash may cause a yaw rotation. Pole
and offset crashes concentrate an impact force at particular areas at the front of
the vehicle. The under-ride crash is where forces are concentrated at the upper
parts of the vehicle’s front, whereas the interference crash affects the underside of
the vehicle.

© Woodhead Publishing Limited, 2013
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1.4 (a-f) Forward longitudinal crash types.
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8 MEMS for automotive and aerospace applications

Side or latitude crashes and rear longitudinal crashes can similarly be described
as depicted in Fig. 1.4. Understanding the types and likelihood of each type of
crash is important to identify the requirements of the sensing device of a safety
system.

1.3 Accelerometers for crash sensing systems

1.3.1 Background to crash sensing systems

One of the first crash sensing systems was the ‘distributed front airbag sensing
system’ based on electromechanical discrimination sensors fitted in the front
crash zone of the vehicle (Jurgen, 1999). Positioning these sensors at the front of
the vehicle enabled early detection of deceleration during the first stages of a
crash event. One major disadvantage of using these sensors today is the cost of
manufacture and installation.

Two types of electromechanical sensing units are used in these early crash
sensing systems, based on the ‘ball-in-tube’ and the rolamite principles. The ball-
in-tube sensor relies on a ball being held by a permanent magnet or a spring
mechanism until the ball experiences sufficient force acting on it due to
deceleration of the vehicle. When the ball is released, it travels along a narrow
tube (Fig. 1.5a), to close a mechanical switch at the end of the tube to close the
electric circuit.

Tube Magnet
Switch

(a)
Cylinder

it

(b)

1.5 Schematic diagrams of early types of sensors: (a) the ‘ball-in-
tube’ sensor; (b) the rolamite sensor.
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MEMS for passenger safety 9

The rolamite sensor consists of a metal cylinder with a sheet metal spring
wrapped partially around it to stop it from rolling (Tyebkham, 1991; Jurgen,
1999). Given a sufficient force, the wrapped spring unwinds, allowing the metal
cylinder to roll and make an electrical contact to indicate the crash event
(Fig. 1.5b).

The macroscopically manufactured piezoelectric-based accelerometers came
after these electromechanical type sensors for simplicity and reduced costs of
manufacture and installation. An important advantage is that these sensors are
robust against electromagnetic interference.

1.3.2 Principles of operation for the MEMS sensors

The principle of operation of the accelerometer in MEMS application is similar to
macroscopic applications. A seismic mass is restrained by a spring, appropriately
damped, and sensed using one of many different techniques (Turner, 1988). When
a MEMS device undergoes acceleration or deceleration, the seismic mass moves
relative to the device housing. Removing any acceleration applied to the device
results in the mass returning to its original position. This is illustrated in Fig. 1.6,
where the position of the housing is identified with y and the position of the mass
is identified with x relative to some external reference.

The dynamics of this system can be described by a second-order differential
equation, the mass-spring-damper system:

mxX =—c(X —y) —k(x —y) [1.1]

where the seismic mass has mass m, the damper is damped with constant ¢ and the
spring has a spring constant k.

A
v

Damper Spring

Housing

y

1.6 The mass-spring damper system.
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The sensing element will detect the position x or force mx, using one of the
following effects:

Piezoelectric effect

The piezoelectric effect causes an electrical potential difference to occur across an
appropriate material, when it is put under strain or deflected with an applied stress.
This type of material has symmetrically distributed positively and negatively
charged forming unit cells, which contribute to domains of a particular alignment
of polarity. Normally, these domains are arranged randomly with a net zero
polarity of the material. Once the material is compressed, a proportion of domains
start to align resulting in a polar material and the development of a potential
difference. The polarization, P, is given by Eq. 1.2 for the applied stress, o:

P=k,o [1.2]

where k;, is a piezoelectric constant of the material. The developed voltage, V,
across a length of the materials, 1, is related to the polarization, P:

av =La [1.3]
£

where ¢ is the dielectric constant (permittivity) of the material.

As an example, a block of piezoelectric material with an area of 1 x 1 mm,
which has an applied stress across its thickness of length, I = 0.1 mm, can be used
to produce a potential difference. The force can be calculated to require an open
circuit voltage of 10mV, given the typical values of:

e the piezoelectric constant of the material is 289 pC/N;
e the dielectric contact is 8.85nF/m.

Rearranging Eq. 1.2 and Eq. 1.3:

Ve
O=—
k1
P

gives a force of 3mN (where the applied stress is force per area).

Piezoresistive effect

The piezoresistive effect occurs in materials such as silicon, which gives a change
in electrical resistance due to changes in its physical geometry (as with metals)
plus changes in the material resistivity due to modifications in charge carrier
mobility. The charge carrier mobility, u, is determined by the charge per carrier, q,
mean free time between carrier collisions, t, and the effective mass of the carrier
in the lattice, m*, as in Eq. 1.5 (Geyling and Forst, 1960; Liu, 2005):

u==2 [1.5]
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The mean free time of carrier collisions and the carrier effective mass are both
influenced by the strain applied to the material. When the material is put under
strain or deflected, the electrical resistance will change accordingly, remaining at
the new value until restored back to its original geometry (Turner, 2009).

If a rectilinear piezoresistive member has length, 1, the change in resistance, R,
along its length is given by:

arR _, a4 [1.6]

where k is the sensitivity of this example member (or gauge factor).

Capacitive effect

The capacitive effect involves the detection of changes in capacitance of sensing
elements, which are brought into proximity. These changes are caused by a seismic
mass moving due to external effects. This seismic mass is supported on a substrate
and is able to move in one direction (Fig. 1.7). One part of the sensing element is
anchored to the substrate, the other is fitted to the moveable seismic mass.
Equation 1.7 governs the output for the sensor, where the capacitance, C, is
related to the distance, s, separating the plates of the sensing element of an area, A:

cecd [1.7]
S

where ¢ is the permittivity of the air gap between the plates.

1.3.3 Implementation of the MEMS sensor

The electronic airbag control unit (ECU) requires an accelerometer sensor, which
will monitor decelerations for frontal collisions in the order of 35 to 100g and
accelerations for side impacts of up to 250 g.

Capacitive
sensing
element

Seismic
mass
Support

Anchor

1.7 Schematic of MEMS capacitive sensor.
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Technical details of typical devices

One of the first MEMS accelerometer devices on the market is the Analog Device
ADXL50, which uses a capacitive sensing principle. The sensing element consists
of many differential capacitor units with the center plate of each unit joined to a
movable beam. The two outer plates of each unit are anchored to the device’s
substrate to form two series capacitors (C, and C,) with the center plate. The
moveable beam responds to positive or negative acceleration in the sensing
direction. During no acceleration, the center plate of each unit is positioned
equidistant between each outer plate. During positive acceleration, the moveable
beam will position the center plate of each unit closer to one of the outer plates,
and further away from the other, depending upon the magnitude of the acceleration.
The result is that capacitor C, will increase in capacitance, whereas capacitor C,
will decrease in capacitance. The outer plates of the two capacitors are driven
deferentially with a 1 MHz square waveform, so that the outer plate of C, sees a
positive signal when the outer plate of C, sees a negative signal, and visa versa.
When there is no acceleration, the capacitors C, and C, are equal in value, resulting
in zero voltage on the center plate. When a positive acceleration occurs, the
voltage output from the center plate is in phase with the original waveform. When
a negative acceleration occurs, the voltage output on the center plate is 180° out
of phase with the original waveform. The magnitude of the voltage output is a
function of the magnitude of the acceleration. The signal from the center plate is
demodulated to give a differential output from the device of £0.95V for a +50 g of
acceleration (Analog Devices, 1996).

Later versions of this type of sensor from Analog Devices include the ADXL7S,
which has built-in filtering techniques for delivering robust output signals. During
a crash event, the sensing element can generate signals with high amplitudes and
high frequency components, which are of no use for detecting the crash event. In
addition, these signals might interfere with the proper operation of the system.
Therefore, a 2-pole Bessel filter is fitted into the ADXL78 at the output stage to
remove these undesired signals (Analog Devices, 2010).

Comments on manufacturing processes

The Analog Devices DXL50 is a single-chip monolithic integrated device
consisting of a polysilicon micromachined sensing clement and a signal
conditioning circuit on the same substrate. The conditioning circuit is fabricated
first using bipolar junction transistor and complementary metal oxide
semiconductor technologies (BiICMOS). Following this high temperature stage,
the polysilicon MEMS structure is deposited. A low temperature metal and
passivation process is finally employed (Martin, 2007).

The Bosch fabrication processes also combine BiCMOS with the MEMS
structural deposition. Offenberg et al. (1995) gives a comprehensive description
of the process, where the polysilicon MEMS structure is deposited earlier in the
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fabrication. The MEMS structure is embedded in the epitaxial layer by depositing
it simultaneously with the growth of the epitaxial layer of the BICMOS fabrication
process.

Integration as a system

Figure 1.8 shows the approximate position of these sensors in the vehicle, the
airbags located on the dashboard and inflatable curtains for side impact crash
protection. This type of sensing system is generally called a multi-point sensing
system. The single-point system has no satellite sensors and the sensors are
integrated into the ECU package.

In the typical crash detection systems used today, sensors communicate to the
ECU by one of the standardized sensor buses, such as the Peripheral Sensor
Interface 5 (PSIS), see http://www.psiS.org, or the Distributed System Interface
(DSI), see http://www.dsiconsortium.org

Systems that are currently available are, for example, Bosch’s 4th Generation
CG101, CG102 and CG103 airbag chip set. Inputs include buckle switch sensors,
seat position sensors, and for each module, two analog inputs and two external
sensor interfaces (PSIS). Outputs include four firing channels for each module to
activate protection devices.

A
Airbag

/

Curtain

Satellite frontal

crash sensor ———,

Crash sensor Satellite side
and ECU crash sensor

1.8 Schematic of vehicle showing sensors.

1.4  Angular rate sensors for rollover
detection systems

1.4.1 Background to rollover detection systems

Passenger vehicles can undesirably roll and pitch and in the late 1980s the first
protection system of its kind was developed for convertibles to protect the
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occupants against such events. The activation time for these first systems was
approximately 200 ms to detect the roll event and a further 300 ms to activate the
protection devices.

Initially, several sensor types were used based on an on/off switching
mechanism. The tilt switch was employed to identify a greater than £22° angle
around the roll axis. These switches consisted of a rocker cylinder fitted
with a permanent magnet within the housing. A Hall effect sensing element was
used to identify the position of the rocker to indicate tilt. The axle switch was
employed to identify when an axle became unloaded due to the wheels leaving the
ground. This was a switch that opened during this event. The spirit level
switch used a bubble in a liquid to identify the level. This required a light
source from typically an LED and a photo transistor to identify the position of the
bubble. All these types of devices are complex to manufacture and assemble in the
vehicle. MEMS bring great advantages in this regard for mass production vehicle
systems.

1.4.2 Principles of operation for the MEMS sensor

The principle of operation of the angular rate MEMS sensors is based around the
Coriolis phenomena of oscillating structures (seismic masses) moving in an
inertial frame of reference.

Oscillating structures

An oscillating structure or seismic mass tends to continue to oscillate in the same
plane or direction, even though the supporting structure is perturbated orthogonally
to that plane or direction (Fig. 1.9). Figures 1.9a and 1.9b show a mass oscillating
within a housing (started by some means not shown on the diagram). Once the
housing is rotated with an angular acceleration, a_;, the mass tends to continue
to oscillate within the same plane of the inertial frame of reference external
to the housing. Viewed relative to the housing, the mass has the tendency to
move toward the bottom right of the housing and the top left of the housing as
is oscillates (Fig. 1.9¢). This is exhibiting the Coriolis effect. In addition, from
the housing reference frame, the springs apply a force to the mass to give it an
angular acceleration, a_, due to the roll of the housing in the inertia frame of
reference.

The Coriolis effect

The Coriolis effect acting on a seismic mass can be detected between the mass and
a datum frame of reference, which is rotating in an inertial frame of reference. The
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Spring

Housing

Aroll

1.9 Oscillating mass: (a) and (b) mass oscillating within a housing;
(c) movement of mass due to oscillation.

acceleration of the seismic mass, a

o> With respect to the inertial frame of reference
is given by (Neul et al., 2007):

a0,2 - aO,l + a],z

X
+a1,2 r,
+wo,1 x (wo,l x rl,z)

+2w(l1 XV, [1.8]
where:

* a, is the acceleration of the seismic mass wrt, the inertial frame of reference;

* a, is the acceleration of the datum frame of reference wrt, the inertial frame
of reference;

* a, is the acceleration of the seismic mass wrt, the datum frame of reference;
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* q,, is the angular acceleration of the seismic mass wrt, the inertial frame of
reference;

* 1, is the distance vector from the datum frame of reference origin wrt, the
seismic mass;

* w,, is the angular velocity of the datum frame of reference wrt, the inertial
frame of reference;

* v, Iis the velocity of the seismic mass wrt, the datum frame of reference.

Figure 1.10 illustrates a generalized embodiment of this principle with the Coriolis
acceleration, a_ , given by 2@, * v, , being the term of interest during a roll event
of acceleration a_, = @, * rlwz. Coriolis acceleration, a_, is then sensed in the
device by some techniqﬁe. ’

In Fig. 1.10, the inertial frame of reference is designated as the frame of reference
0 in which the car is traveling, the datum frame of reference is designated as the
frame of reference 1 to which any measurement is compared, and the seismic mass
frame of reference is frame of reference 2 from which measurements are taken.
Figure 1.10 also shows the linear accelerations of a | and a,,, and the centripetal
accelerationa = @, * (@, ¥ r ) restraining the seismic masses during the roll.
Any undesirable perturbation from this system on the sensing technique can be
removed by adopting two seismic mass structures (Fig. 1.10) oscillating in anti-
parallel and then taking measurements from both to give a differential signal.

cor”

Driving and sensing techniques

The oscillation of the seismic masses in the MEMS sensor is driven using similar
technologies to sensing techniques, but in reverse. Table 1.1 shows some
characteristics of a few devices available for the automotive industry.

Systron Donner’s devices use a piezoelectric driving mechanism and a separate
piezoelectric detection mechanism. The design consists of a double-ended tuning

Z4 Zy

Aroll

Yo

1 of 2 seismic masses

ag, 1 (frame of reference 2)

Sensor housing
(frame of reference 1)

1.10 The roll sensor.
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Table 1.1 Driving and sensing in MEMS sensors

Supplier MEMS Driving Sensing
manufacturing mechanism mechanism
technology

Systron Donner Quartz wet etch Piezoelectric Piezoelectric

Bosch Si bulk DRIE Capacitive Capacitive

Silicon Sensing Si bulk DRIE Inductive Inductive

Panasonic Quartz wet etch Piezoelectric Piezoelectric

Analog Devices Si surface Capacitive Capacitive

Source: data from Acar, 2009.

fork being driven to oscillate at 10kHz (Voss ef al., 1997; Sassen et al., 2000).
Bosch’s DRS-MMx devices use an electrostatic (capacitive) driving mechanism
and a capacitive detection mechanism. The design consists of two 11um
polysilicon seismic masses forming a tuning fork structure. This is driven at
15kHz (Neul et al., 2007). Bosch also adopt piezoresistive sensing techniques
(Pan et al., 2008).

1.4.3 Implementation of the MEMS sensor

The rollover protection system requires that the sensor detects a less aggressive event
than compared to frontal or side crash events. This has been estimated at between 3
and 10g in terms of acceleration (Jurgen, 1999). Strictly speaking, the angular rate
sensor detects angular velocity of between 1.5%/sec (noise level) to 300°/sec.

Technical details of typical devices

The Analog Devices ADXRS612 is an angular rate sensor, which uses the principle
of oscillating structures and the Coriolis effect. Two seismic masses form two
‘dither frames’, which are caused to oscillate asymmetrically at 14kHz in a linear
fashion. An electrostatic means is used to drive the oscillation, which requires
between 18 and 20V to achieve the required amplitude. A charge pump circuit is
included if only lower voltages are available to supply the device. A finger structure
is fitted to each of the outer parts of each dither frame to enable the sensing of
movement orthogonal to the oscillations. This detects the Coriolis movement. The
fingers are positioned between fixed fingers to take a capacitive measurement
similar to that employed in the ADXL50 accelerator. The signal is demodulated to
give an output voltage of 7mV per angular rate °/sec (Analog Devices, 2007).
Figure 1.11 shows the Bosch SMG061 surface mount angular rate sensor. The
cut-open package shows two chips, one being the MEMS sensor and the second
being the conditioning electronics and interface. Again, the principle of oscillating
structures and the Coriolis effect is utilized to sense the angular rate. A single
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1.11 Example of sensor (source: Bosch).

seismic mass is caused to oscillate at 15 kHz by electrostatic means in a rotational
fashion. Any movement orthogonal to the plane of the oscillation (due to angular
rate movement) causes a rocking motion, which is out of plane of the oscillating
seismic mass. This rocking motion is detected with an electrode under the seismic
mass by capacitive means. The signal generated is demodulated to give an output
voltage of 7mV per angular rate °/sec.

Comments on manufacturing processes

Classen et al. (2007) give a comprehensive description of the developments in the
fabrications processes used by Bosch for the angular rate MEMS sensor. These
build on the bulk and surface micromachining techniques employed in the
accelerometer devices. The silicon wafer is deposited with various combinations
of oxide layers and polysilicon layers with an aluminium conductive layer. The
oscillating masses are constructed from these layers by the anisotropic deep
reactive ion etching method, which has come to be known as the Bosch Process.
The formed MEMS structural components are freed by removing the oxide layers
using hydrogen fluoride vapor phase etching.

Integration as a system

Rollover protection technology is often integrated with the airbag crash system.
Rollover events are not the most frequent type of crash; however, they do incur
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the most serious injuries. The most common rollover events are due to a soil trip,
fall over and curb trip (Viano and Parenteau, 2004).

This system is employed on non-convertible vehicles as well as convertibles
for the benefits it brings. Once a rollover event is detected, several protection
devices can be deployed. Inflatable side curtains are the most common in non-
convertible vehicles, for protecting against head and upper body injuries.

1.5  Strain gauges for occupant sensing systems

1.5.1 Background to occupant sensing systems

Occupant classification and position detection have been significant research
areas in intelligent safety systems in the automotive field (Hannan et al., 2006).
The first occupant detection systems were concerned with identifying whether a
seat was occupied.

Occupant sensing has become of critical importance where airbag and inflatable
curtains are concerned, as many child and small adults have been injured and
killed due to their deployment. An airbag can inflate at over 200 mph. In the USA
since 1990, nearly 300 children and small adults have been killed as the result of
airbag deployment (source: NHTSA, The National Highway Traffic Safety
Administration).

Figure 1.12 gives a typical example of an occupant detection and classification
system, which is fitted into a seat. This is Delphi’s ‘Passive Occupant Detection
System — B’, which was launched in the early 2000s. The great advantage of
such a system is that it does not require action by the driver to suppress the
airbag system. The occupancy of the seat is classified by the system and judges
whether the airbag system should be suppressed due to the seat being empty,
the occupant being an adult or infant/child. The seat is fitted with a fluid-filled
bladder connected to a pressure sensor. The ECU processes data from the
seat sensor, and if certain criteria are met, the airbag deployment will be allowed
when necessary.

The advantages of MEMS pressure sensors in these types of systems are the
relatively low costs and the small physical size of the units. MEMS give the
options for multiple sensor use for enhanced occupant classification.

1.5.2 Principles of operation for the MEMS sensor
Force deflector types

Force deflector types of the electronic pressure sensors use a deflection, for
example in a diaphragm, to measure the applied force on the deflector. This is
illustrated in Fig. 1.13, where an external pressure supplies a force per the area of
the diaphragm to cause the deflection.
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Seat belt
tension
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Bladder w/fluid

Pressure sensor
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(noise reduction)

Electronic /
control unit
1.12 Delphi’s ‘Passive Occupant Detection System — B’

(Figure is property of Delphi and used with permission).

External
pressure, P

Diaphragm

1.13 Force deflection types.
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The deflection of a circular diaphragm, w(r), can be found from the relationship:
Vw(r)V’D(r) = P [1.9]

where D(r) is the bending rigidity of the diaphragm across the plane at radius, .
Assuming a constant rigidity, the deflection of any point in a diaphragm (total
radius a) can be found to be as (Eaton and Smith, 1997; Hezarjaribi et al., 2008):

Pa’ r Y
W(r)=64D 1—(;) [1.10]

Piezoresistive techniques are one of the most frequently used methods to sense
a deflection in a diaphragm structure (Sing et al., 2002; Zaiazmin, 2006).
Piezoresistive components are fitted to the diaphragm and electrically connected
in a bridge arrangement. Capacitive techniques are also often employed
(Hezarijaribi et al., 2008).

Resonant structure types

Resonant structure types use the changes in the resonant frequency of the structure
caused by the applied force on the structure to determine that force. This is
illustrated in Fig. 1.14, where an external pressure applies a force across the arca
of the structure.

The structure can be forced to resonate by various means. Welham et al. (1996)
report an electrostatic driven comb arrangement with a seismic mass, M. A bias
voltage, A\ is placed on the comb and is oscillated at a resonant angular frequency,
w,, with an alternating voltage of magnitude, V . If a sense voltage, V _is applied

External
pressure

Vibrating
structure

\

’

. l,//////////////////////////////////,‘ .

1.14 Resonance structure types.
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to a sensing comb linked to the driving comb, a current can be detected to measure
the movement in the comb. This current is given by:
2
(Y VL
Uo\dx Mo,

where the C/x term is a constant relating to the capacitor dimensions and Q is the
Q-factor of the resonator. Welham et al. (1996) report empirical data relating
pressure to the resonant angular frequency, w,, as in the second-order polynomial:

[1.11]

f=§(CO+CIP+C2P2) [1.12]

where C,=58; C,=3.8 and C,=—0.271 are all constants depending on the device.
Some examples of other structures have been reported in Tang et al. (1989), giving
a good overview of comb type structures. Burns ef al. (1995) report on a microbeam
type structure. Chuan and Can (2010) report on a MEMS device, with double
resonant beams of TiN connected to a diaphragm. This structure is made to resonate
by the passage of a current. Baldi ef a/l. (2003) report on a MEMS device driven by
inductive means, a ferrite core connected to a diaphragm, which is driven by a current
carrying coil. Southworth et al. (2009) report on a piezoelectric resonator device.

1.5.3 Implementation of the MEMS sensor

The USA have developed airbag standards to ensure airbag systems do ‘no harm’
to passengers and thus occupant sensors have been developed specifically to
enable compliance with such standards (Fleming, 2008).

Technical details of typical devices

The Melexis MLX80807/8 is a device that measures relative or absolute pressure.
Piezoresistive material is deposited onto the edges of a diaphragm, which deflects
due to pressure differences between the two sides. Four piezoresistive resistors
are used at the edge of the diaphragm in a Wheatstone bridge arrangement to
modify an electrical signal. Included is a facility to compensate for offset draft
due to temperature variations (Melexis, 2011).

To ensure that the Wheatstone bridge delivers a change in resistance due to
deflection of the diaphragm, typically two of the piezoresistors elements are
deposited with positive piezoresistive characteristics and two are deposited with
negative piezoresistive characteristics (Adam et al., 2008).

Comments on manufacturing processes

The Melexis MLX80807/8 integrates both the MEMS sensing element and signal
processing on a single silicon die. The sensing element consists of a square silicon
diaphragm formed by backside etching.
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Bosch’s MEMS pressure sensor fabrication uses surface micromachining of the
sensing diaphragm (Adam et al., 2008). A monocrystalline starter layer is first
formed and a porous silicon layer is created by using a wet chemical etching
process. An epitaxial monocrystalline silicon layer is then applied to the whole
wafer. This epitaxial process and subsequent high temperature steps cause silicon
atoms from the porous silicon layer to migrate, leaving a void and creating the
cavity for the diaphragm.

Integration as a system

Four types of occupant sensor, or occupant behavior sensor, have been the focus
of attention by many (Fleming, 2008).

The occupant weight sensor measures the passenger’s weight to identify
whether they are a child or a small adult. If the system identifies that there is no
passenger or child seated, then the airbag system is deactivated. If the system
identifies a small adult, then the airbag system is programmed to deploy a ‘softer’
airbag with, for example, less explosive gas injection or other means. A fluid-
filled bladder with a pressure sensor is one measuring device that has been
patented by Waidner and Fortune (2007). Oestreicher ef al. (2006) have patented
an idea, which involves strain-gauge sensors placed strategically within the seat.

The seatbelt tension sensor is designed to identify a child seat fitted on the
passenger seat. The issue is that the occupant weight sensor can return an adult
weight when a child seat is fitted. Therefore, a means needs to be employed to make
this differentiation. When a child seat is fitted, the seatbelt tension sensor detects a
larger force (than compared to an adult), due to the child seat being tightly belted
into place. A typical type of sensor employed uses a magnet and a Hall effect probe
to identify displacement of a spring mechanism (Stanley and Takehara, 2007).

The seatbelt buckle sensor identifies whether a seat belt is buckled. If it is not
buckled, and the seat is occupied, a higher rate of airbag inflation is used to try to
restrain the occupant in a crash event. The type of sensor typically used is a
magnet and Hall effect probe arrangement to identify the latched buckle (Almaraz
and Martinez, 2006).

The seat position sensor can be used to identify the position of the occupant
relative to the airbags. This is particularly relevant for the driver’s seat, because if
the seat is a long way forward, this may indicate a small adult. Also the driver
would then be close to the steering wheel and close to the steering wheel airbag.
All this needs to be considered when deploying the protection measures in a crash
event. The typical sensor employed is a magnet and Hall effect probe arrangement
to identify position (Ventura and Tokarz, 2008).

1.6  Future trends in safety sensing systems

MEMS technology brings several advantages to mass produced vehicles and their
systems. The main advantage is cost reduction for a protection system that might
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otherwise be employed with macro-sensing devices. In addition, more complex
systems can be implemented with high reliability, which more accurately assess
the crash event and more accurately make the appropriate response. There is still
much room for improvement in occupant safety and new technologies give the
opportunity to push this area of science and engineering forward.

Volvo Cars (2012) set themselves an ambitious safety challenge, when in 2008
they published their ‘Vision 2020°. This stated that by 2020 nobody should be
seriously injured or killed in a new Volvo. Watson (2010) reports that Volvo plans
to achieve this by a combination of crash prediction and technologies that avoid
crash events in the first place. The technologies under consideration include
pedestrian avoidance and the ability to see around corners, which use camera,
radar, GPS and GSM mobile phone devices. The idea includes the communication
between vehicles so that any one vehicle’s sensing range is extended beyond its
own sensors to vehicles that are ‘around corners’. MEMS sensors are expected to
play an important role in this.

This section discusses future trends in three main areas of sensing (namely,
passenger monitoring, vehicle monitoring and environmental monitoring) and
speculates about opportunities.

1.6.1 Passenger monitoring systems

Vehicle interior surveillance systems for driver alertness monitoring are
likely to be implemented. Eyelid monitoring is one means to determine alertness
but there are other types of driver behavior that can be considered (Boverie, 2002).
The increases in processing ability has made visual monitoring feasible
(Chan, 2007). Such systems can be used to map the position of occupants and
thus optimize any deployment of protection devices for driver and passenger.
Stature of the occupant, position and posture are the main parameters that are
considered. The challenge for the future is to implement these surveillance
sensors, or novel versions, using MEMS technology to reduce the size and cost of
the sensing units.

Taking driver alertness further would be driver’s health monitoring for
anticipating any likely problem during the journey. What MEMS could be
employed to implement such systems?

1.6.2 Vehicle monitoring systems

The future prospects for monitoring vehicle behavior are likely to be the continual
refinement of current types of sensors for more accurate and robust sensing. This
is to in situ characterize the exact dynamic behavior of the vehicle, millisecond by
millisecond. The type of safety systems likely to be developed with such sensors
will focus on gaining information to predict vehicular behavior to take appropriate
safety measures.
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With the drive for lighter vehicles, there is an opportunity to replace mechanical
structural ‘crash zone’ components with protection devices. These will require
appropriate robust sensors for the intelligent systems to handle the crash event.

1.6.3 Environment monitoring systems

The motor vehicle is expected to become more automated to enable more fuel
efficiency, to reduce traffic congestion, and deliver higher safety for occupants and
pedestrians. This will require more sensors and novel types of sensing technology,
as well as novel systems. Currently, long-range distance sensors
are used on adaptive cruise control to not only maintain a constant speed but
to maintain a safe distance from the car in front. The adaptive cruise control
slows the vehicle as it gets too close to one in front. These sensor types are
already used for warning of a forward collision. Sensor types current used are
‘pulse doppler radar’, ‘frequency-modulated/continuous-wave radar’, ‘monopulse
radar’ and ‘laser radar’ (Fleming, 2008). The challenge for the future is to
implement these, or novel versions, using MEMS technology to reduce the size of
the sensing units.

Short-range distance sensors are used for parking assist and lane changing
assist systems, to help the driver minimize collisions. Sensor types available are
‘ultra-wideband radar’, ‘multibeam-forming radar’, ‘laser radar’, ‘camera vision’
and ‘ultrasonic sensors’ (Fleming, 2008). Again the challenge for the future is to
implement these, or novel versions, using MEMS technology, without the need
for larger structures being attached to the micro-fabricated components. The ideal
is to integrate as much as possible onto a single micro-fabricated substrate.

These long-range and short-range sensors are used to assist the driver to prevent
any crash in the first instance. However, another area that is likely to expand is to
adopt technology to anticipate a crash event in the moments before it actually
occurs (pre-crash sensing). Then the on-board systems can prepare the vehicle
and occupants with appropriate protection measures. The anticipation of a crash
event gives more time for early triggering of multiple protection devices.

1.7 Conclusion

The past few decades have seen the development and implementation of a range
of safety systems that rely on MEMS sensing technology. These safety systems
have contributed to the reduction of the annual death rate on the world’s roads,
where generally we can expect less than 10 out of 100 000 persons killed annually.
The airbag system is one system that has contributed significantly to safety. Such
systems have adopted several sensing devices, which include MEMS sensors for
acceleration, angular rate and strain gauge measurements.

The volume and diversity of different types of sensors are expected to grow
with the increase in different safety systems, which need to monitor passengers,
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vehicle behavior and the conditions in the external environment. There are many
future opportunities for novel MEMS sensors to exploit concerning safety in the
automotive vehicle. The sensor development scientists will need to work even
closer with safety system design engineers to exploit new ideas and extend the
technological limits in sensing. It is expected that sensor developers will work
closely with vehicle stylists to ensure best location (Prosser, 2007).
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Abstract: Electronic safety systems have been widely used in modern vehicles
for the last 25 years. The first such systems were airbags and anti-lock braking
system (ABS), while today they include new active systems that are able to
intervene to compensate for driver error and to enhance vehicle handling.
Active suspension and especially vehicle stability control (VSC) are part of
these new dynamic systems. At a lower cost and a smaller size and weight than
conventional systems, these MEMS deliver reliability to the overall vehicle
system. After a brief history of VSC, this chapter will cover the different
systems and their market impact, followed by a description of the various
inertial MEMS sensors used, their evolution in the near future and the
remaining challenges to be overcome. It finishes with a section on MEMS
sensors used in active suspension.

Key words: electronic stability control (ESC), vehicle stability control (VSC),
MEMS gyroscope, MEMS yaw rate sensors, MEMS accelerometer, active
suspension.

21 Introduction to vehicle stability control (VSC)

Vehicle stability control (VSC) is a generic term referring to various electronic
systems used in modern cars, with the aim of improving the road handling of the
vehicle by means of an electronic aid. It can include a number of different systems,
such as electronic stability control (ESC), active suspension or active cornering.
Considered to be one of the greatest advances in road safety since the invention of
the seatbelt, the ESC is an additional improvement to the anti-lock braking system
(ABS) and traction control system (TCS), which were introduced in the 1980s. Its
basic function is to stabilize the vehicle when it starts to skid, by applying
differential braking force to individual wheels and in some cases also by reducing
the torque transmitted to the wheel. It keeps the car on course even under extremely
difficult conditions, such as icy or wet roads. Additional sensors must be added to
the ABS system in order to implement ESC functionality, including a steering
wheel angle sensor, a yaw rate sensor and a low g acceleration sensor to measure
the dynamic response of the vehicle. Only the last two sensors use MEMS
technology and will be part of the discussion in this chapter. This type of system
is becoming popular, particularly now that many governments have introduced
vehicle safety legislation programs whose focus has shifted from passive safety
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systems such as airbags to active safety systems, helping to save thousands of
lives annually. It is part of the standard equipment of many passenger cars and its
penetration rate is greater than 70% in many developed countries.

Active damping is also a generic term used to describe semi- or full-active
suspension systems that continuously adjust a vehicle’s damping levels according
to road and driving conditions. It controls the vertical movement of the wheels via
an onboard system, with the aim of virtually eliminating variation in the vehicle’s
roll and pitch, which occurs in many driving situations such as cornering,
accelerating and braking. Active damping enables car manufacturers to achieve a
higher degree of ride quality and car handling, by keeping the tires in contact with
the road, allowing much higher levels of grip and control. A vehicle’s chassis
movement and/or suspension displacement are detected by a range of sensors
located throughout the vehicle. Contactless Hall effect sensors are often used for
this purpose, but MEMS inertial sensors are also used, particularly for detecting
the motion of the vehicle body. The data from these sensors are fed into a dedicated
control unit, which will act on the suspension, adjusting damping characteristics
as necessary. This chapter will present in detail a typical fully-active suspension
architecture using MEMS low-g sensors, together with their requirements. Market
trends and future developments will also be covered.

2.2 What is vehicle stability control?
2.2.1 A short history

The active stabilization of vehicles has long been the subject of engineering
research, dating back to the 1960s. It was only a theory for nearly two decades
until the advent of microelectronics made possible the use of sensors and control
units that were able to measure inertial movement and to intervene with a
stabilizing effect in just a few milliseconds.

The anti-lock braking system (ABS), which was first introduced in the Mercedes
S-Class in 1978, was the foundation for the development of advanced braking
systems. It served as the basis for other applications such as anti skid control
(ASC), a system that was able to control the longitudinal forces between tires
and road surface, not only during braking but also during acceleration, acting on
both the brakes and the engine. A common feature of all these systems was the
ability to record and limit wheel slip using advanced microelectronics and
hydraulics techniques, with the aim of improving the so-called ‘longitudinal
dynamics’ of the car.

After several earlier incarnations, the two earliest innovators of ESC, namely
Mercedes-Benz and BMW, introduced their first real TCSs in 1987. These systems
offered improved handling capabilities under various conditions such as evasive
maneuvers, during cornering or in other transverse dynamic vehicle movements
with a high risk of skidding. While they were able to maintain vehicle traction by
automatically applying brakes on individual wheels and regulating engine output,
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they were not designed to aid in steering and featured only a slip control function.
However, in the early 1990s, several car manufacturers launched what are still
called ESC systems. Mitsubishi introduced a new TCS called TCL, which also
monitored the steering angle. Although it did not make use of a yaw rate sensor to
measure the vehicle’s angular speed, this active safety application was not that
different from the systems used today. Furthermore, Mitsubishi improved the
entire performance of their vehicles by using the TCL in conjunction with an
electronic controlled suspension and four-wheel steering.

Some car original equipment manufacturers (OEMs) teamed up with automotive
suppliers; for example, BMW with Continental Automotive Systems; and
Mercedes-Benz with Robert Bosch GmbH, who co-developed a lateral slippage
control system called ‘Elektronisches Stabilitdtsprogramm’ trademarked as ESP or
Electronic Stability Program. They were the first to implement an ESC with the
W140 Mercedes S-Class model in 1995. Other car OEMs followed close behind,
introducing similar ESC systems into their vehicles, such as Toyota’s Crown
Majesta in the same year. GM worked with the Delphi Corporation to develop its
‘StabiliTrak’ system, incorporated in some Cadillac models in 1997. Despite the
fact that this system showed promising safety improvements, its penetration rate
was very slow as it was mainly implemented in premium cars. It came to prominence
in October 1997, when a Swedish journalist rolled a Mercedes A-Class without
ESC at 78 km/h, during a moose test (also called ‘the Elk test’ in Germany), which
is a sudden maneuver to avoid an obstacle in the road. This forced Mercedes-Benz
to recall and retrofit 130 000 A-Class cars with ESC to save its reputation, which
had been built on the safety of its cars. It was something of an ‘eye opener’ for the
car industry and for the general public, and led to the increased penetration of ESC
in subsequent years. It is fitted today as standard equipment on most medium and
high end vehicle brands, or proposed as an option on nearly every model (Fig. 2.1).

Modern ESC systems are increasingly coupled with other active systems, such
as steering modules (active cornering) and/or active suspension (variable dampers).

2.2.2 Description of an electronic stability control (ESC)
system

The ESC system runs continuously in the background during normal driving
conditions, and monitors the behavior of the driver and the vehicle by comparing
the driver’s intended direction to the vehicle’s actual course (Bauer, 2004).
Functioning on any road surfaces, it becomes operational only in the case of loss
of steering control during critical driving situations, such as an emergency steering
maneuver to avoid a crash, understeer or oversteer after misjudgment of a turn, or
hydroplaning. By assessing the direction of the skid, preventing the vehicle’s
heading from changing too quickly (spinning out) or not quickly enough (plowing
out), the ESC applies the brakes to individual wheels in an asymmetric fashion. It
creates torque around the vehicle’s vertical axis, thus counteracting the skid and
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2.1 Sensotronic brake control system of Mercedes-Benz 211 series
E-Class sedan (source: Mercedes-Benz).

bringing the vehicle back in line with the driver’s intended direction. It may
additionally reduce the engine power or operate the transmission to slow the
vehicle down. The ESC reacts to and corrects skidding much faster and more
effectively than a typical human driver, often before the driver is even aware of
any imminent loss of control. Indeed, unlike professional racing drivers who are
able to maintain control in many spinout or plowout conditions by using
countersteering (momentarily turning away from the intended direction), an
average driver would be unlikely to do so in a panic situation. However, an ESC
system is not a performance enhancement nor a replacement for safe driving
practices, but rather a safety technology to assist the driver in recovering from
dangerous situations. It will not prevent cases of vehicles leaving the road due to
lack of concentration or drowsiness on the part of the driver.

An ESC system uses a number of sensors to verify what the driver wants
(input), while other sensors indicate the actual state of the vehicle (response).
Speed and steering angle measurements are used to determine the driver’s
intended heading. The vehicle response is measured in terms of lateral acceleration
and yaw rate by onboard silicon-based sensors, which are manufactured using
micromachining technologies. Most automotive ESC systems now use these
MEMS sensors, which over the last decade have been able to drastically improve
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the ESC system in terms of size, cost and reliability, with the MEMS yaw rate
replacing the conventional high-precision mechanical sensors.

Both the accelerometer and yaw rate sensors continuously send their data to
the brain of the ESC system, a controller that stores the application algorithm,
including the set of equations used to model the dynamics of the vehicle
(Fig. 2.2). The control algorithm compares driver inputs to vehicle response
and decides, when necessary, to apply the brakes driving the valves of the
hydraulic modulator and/or to reduce throttle by a calculated amount. If
the vehicle is responding correctly to the steering input, the yaw rate will be in
balance with the speed and lateral acceleration. Since it is connected to the vehicle
network (e.g. controller area network—CAN), the ESC controller is also able to
receive data from and issue commands to other controllers such as an all-wheel
drive system or an active suspension system, thereby allowing further
improvements to vehicle stability and controllability. Most ESC systems have the
option of disabling the function, which can be useful in various off-road driving
conditions or when using a smaller-sized spare tire, which would interfere
with the sensors. Some vehicle manufacturers offer an additional mode in
which a driver can utilize the limits of car adhesion with less electronic
intervention. However, the ESC system returns to normal operation when the
ignition is re-started.

2.2 Main ESC components (source: Bosch): 1. Hydraulic bloc (valve
actuation) with Electronic Control Unit (ECU); 2. Wheel speed sensor;
3. Steering wheel angle sensor; 4. Lateral and yaw rate sensors
module; 5. Communication with engine management ECU.
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The most important sensors of an ESC system are:

o Steering wheel angle sensor: determines where the driver wants to steer
(intended heading). This kind of sensor is often based on Hall effect sensors.

e Yaw rate sensor: measures the rotation rate (or angular speed) of the car along
the vertical axis. The data from the yaw sensor is compared with the data from
the steering wheel angle sensor to determine regulating action. The concept of
‘yaw rate’ can be illustrated by imagining a car following a large circle painted
on a parking lot, viewed from above. If the car begins pointing north and drives
half way around the circle, its new heading is south. Its yaw angle has changed
by 180° degrees. If it takes 10 seconds to travel half way around the circle, the
yaw rate is 180°/10sec or 18°/sec. If the speed stays the same, the car is
constantly rotating at a rate of 18 °/sec around a vertical axis that can be imagined
to be piercing its roof. If the speed is doubled, the yaw rate increases to 36 °/sec.

e Lateral acceleration sensor: measures the lateral acceleration of the vehicle.
Today this relies only on a MEMS-based single or dual-axis capacitive
accelerometer, able to measure low-g signal up to 1.5 to 3 g (full scale). The
use ofadual-axis low-g sensoralso allows the integration of new functionalities,
such as hill start assist and electric parking brake (EPB). through an accurate
measurement of the tilt angle of the vehicle while on a slope.

o Wheel speed sensor: measures the wheel speed. This kind of sensor is mostly
based on contactless magnetic sensors.

2.2.3 Market trends, legislation and mandates

In most developed nations, car accident fatalities and injuries are decreasing. For
example, the estimated average reduction in the 27 member states of the EU was
around 40% in the last decade (iSuppli, 2010a) and the US Department of
Transportation’s National Highway Traffic Safety Administration (NTHSA)
disclosed that 2009 saw the lowest number of auto-related deaths since 1950.
These achievements were made possible by focusing on several factors such as
legislation, road infrastructure and driver behavior, but more importantly on
improving overall vehicle safety. Passive restraint systems, such as seatbelts and
airbags, have certainly played an important role in recent decades, helping to save
thousands of lives. Many governments are now ready to go even further and
mandate programs increasing the focus from passive to active safety. Between
2011 and 2020, a new range of active safety systems to prevent crashes will be
widely deployed, including ESC (iSuppli, 2010a).

Large amounts of data compiled by a number of international studies have
demonstrated that ESC systems significantly reduce the risk of a crash and help
save thousands of lives annually (Bosch Automotive, 2009). Toyota and Daimler
estimated that ESC could decrease the risk of single vehicle accident by 35 and
42%, respectively (Bosch Automotive, 2009). NTHSA estimated in 2006 that the
risk could be slashed by more than 30%, thereby avoiding up to 9600 fatalities and
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252 000 injuries every year. For example, it was demonstrated that Sport Utility
Vehicles (SUVs), which are popular in the USA, are more subject to rollover or
loss of steering control in difficult driving conditions due to their high center of
gravity. When equipped with ESC, the potential for rollover can be drastically
reduced by more than 80% (NTHSA. 2007). With such safety benefits, governments
worldwide mandated ESC as a compulsory safety feature for passenger cars. All
new vehicles up to 4.5 tons sold in the USA will have to be equipped with ESC by
the end of 2012 (NTHSA. 2007). The European Commission has also adopted
legislation requiring new cars to be fitted with ESC by November 2014, while
major countries such as Brazil, Japan and South Korea have already announced
their ESC mandates for 2012 and beyond (iSuppli, 2010b). The 2010 fit rate is
around 40% on a worldwide basis (Europe as a whole at >65%; Sweden or Germany
>85%); this provides an indication of the huge effort still required to reach full
implementation, particularly in BRIC countries (Brazil, Russia, India, China).

All these mandates create a huge demand and market research firms such as
Strategy Analytics (Strategy Analytics, 2009) have estimated that safety systems
will be one of the highest growth areas in the period 2009 to 2014. This growth is
mainly driven by the implementation of a number of active systems including
ESC: the number of such systems will rise from 26 million today up to 44 million
systems by 2014. Since some premium brand cars can include redundant sensors,
iSuppli (2011) estimates that this would represent a market of more than 78
million MEMS accelerometer and yaw rate sensors by 2014, with 64 million of
these being stand-alone dual-axis low-g accelerometers and angular rate sensors
(32 million of each). Most of the remaining volume (14 million) would be combo
devices, integrating a yaw rate sensor with a single or dual-axis low-g accelerometer.
Indeed, the system requirements have evolved and been refined over the years to
better take into account various vehicle types (i.e. four-wheel drive cars) and roads
under a variety of weather conditions. These additional function requirements are
a challenge for manufacturers of acceleration and yaw rate sensors, particularly as
ESCs already demand an extremely high performance level for these products.

2.3 MEMS accelerometer in electronic stability
control (ESC)

In an ESC system, the optimum mounting location of the corresponding sensors,
particularly those for vehicle acceleration and yaw rate, is near the vehicle’s center
of gravity (if placed elsewhere, the acceleration signals must be transformed to
take account of vehicle rotation). Together with a yaw rate sensor used to measure
the vertical angular speed of the vehicle, a low-g acceleration sensor is used to
detect the vehicle’s lateral acceleration: the task of these two sensors is to
continuously monitor any movements in the vehicle’s chassis. Similar to airbag
sensors, the devices used are mostly based on a surface micromachined capacitive
sensing element and a control application-specific integrated circuit (ASIC) for
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signal conditioning (conversion, amplification and filtering), assembled in a small
ceramic or plastic package.

During a loss of control when the vehicle starts to skid, the maximum lateral
acceleration due to friction is less than 1g. Looking at the smaller measuring range,
it is clear that the resolution of a so-called low-g acceleration sensor for vehicle
dynamics is higher than that of a high-g crash sensor and a signal resolution of as low
as 10mg is required. The inertial sensor must therefore have high sensitivity to sense
the low-g motion together with high accuracy. This translates into a requirement for
the device output to have low noise and a small zero-g acceleration drift in temperature.
Furthermore, the accelerometer must be immune to the parasitic high frequency
content present in the car at the chassis level. Low energy signals with high frequency
bandwidths can be found, from a few hundred Hz during normal driving conditions
to a few kHz in the presence of poor surface conditions or gravel, for example, as a
result of shocks coming from the road. Thus, frequencies above 1kHz must be
filtered out to avoid corrupting the sensor response. By definition, an acceleration
sensor is highly sensitive to acceleration of any origin, since the micromachined
sensing element is based on a seismic mass moving relative to a fixed plate. Parasitic
high frequencies are usually removed from the sensor output signal via electronic
low pass filtering. A sensor with an overdamped transducer, which can mechanically
eliminate this unwanted higher frequency acceleration content, can also be of use.

2.3.1 MEMS transducer

Most state-of-the-art sensors use a thick transducer (>15um), often using a silicon
on insulator (SOI) wafer and deep reactive ion etching (DRIE) (Fig. 2.3). The thick

Selftest area

Fixed fingers

Proof mass

2.3 A closer look at an x-axis capacitive accelerometer, with thick SOI
layers, narrow trenches and polysilicon bridges (source: Freescale
Semiconductor Inc.).
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SOI layer provides increased stiffness and greater mass for the moving mechanical
element, along with increased electrical capacitance (Starr, 1990). The benefits of
this are increased sensitivity with enhanced noise performance compared to standard
surface micromachined processes (i.e. bulk micromachined processes), together
with improved reliability, since it better mitigates possible stiction during use.
Combined with the over-pressure hermetic sealing that is possible when glass frit
wafer bonding is employed, the transducer experiences considerable air resistance
as it moves, providing an overdamped mechanical response with a natural cut-off
frequency below 1 kHz. Thicker capacitor plates mean less out-of-plane deformation
of the sensor structure, due to package stress over temperature variation (when
over-molded in the plastic package). Furthermore, the improved signal-to-noise
ratios translate to lower gain of the transducer signal in the sensor system.

2.3.2 Application-specific integrated circuit (ASIC)
improvements

A wide dynamic range is required for the MEMS accelerometer output for
ESC application; full-scale/minimum signal, such as greater than 60dB. The
accelerometer must detect any small input or signal due to vehicle behavior
change and the ASIC circuit must recognize and process these small signals over
the full-scale operational range.

This wide dynamic range is achieved by limiting the noise generation sources,
first by minimizing the first amplifier stage that receives the signal from the
MEMS transducer (analog front end part), and second through careful design of
the converter circuit. Since modern ASIC technologies available on the market
contain very high density logic capabilities, the use of a sigma-delta (£A) converter
can reduce the noise component in low frequency regions through the noise-
shaping effect of ¥A modulation. A high over-sampling frequency of the XA
conversion further improves the detection resolution. As a result, the S/N ratio and
dynamic range are improved. Therefore, the wide dynamic range is achieved
through noise reduction of the analog input circuit and the improvement of the
detection resolution of the converter circuit.

The ESC system also requires offset stability equivalent to within +75 mg over
the operational temper