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to deploy a speci?c airbag at a speci?c poWer level.
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Figure 3
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Figure 4
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Figure 6
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Piezoelectric sensors attached on vehicle windshield inner surface,
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CRASH SENSING VIA PIEZOELECTRIC SENSORS

stresses ranging from bars to hundreds of kilo-bars. The
PVDF sensors are thin (less than 25 um). unobtrusive,

REFERENCE TO RELATED APPLICATIONS

self-poWered, adaptable to complex contours, and available

[0001] This application claims priority to co-pending US.
provisional application entitled, “Crash Sensing Via PieZo

in a variety of con?gurations. PVDF thin-?lm pieZoelectric
polymer transducers can be employed over a Wide range of

electric Sensors”, Ser. No. 60/482,695, ?led Jun. 25, 2003.

stresses. Because the speed of sound in solid materials is
much greater than the speed of sound in air, the acoustic

FIELD OF THE INVENTION

Waves generated by a crash arrive at the edge of a vehicle’s
Windshield in a feW microseconds after impact. Hence, it is
believed that the Windshield of the vehicle Would be a good

[0002] The present invention is related to pieZoelectric
sensors and, more particularly, is related to a system and

method for characterizing signals detected by multiple
pieZoelectric sensors applied to an automotive vehicle.

place to locate the PVDF sensors to receive acoustic Wave

propagation after an impact. Although the bonding material
Which adheres the Windshield to the vehicle acts to dampen

BACKGROUND OF THE INVENTION

the Waves, the energy content is su?icient to cross this

[0003] In a vehicle crash sensing and occupant protection

barrier and propagate into the glass. Thus, PVDF sensors
readily detect the spike from a crash event.

system, multiple sensors may be used to determine the origin
of the impact and other useful characteristics of the crash, to
optimiZe the occupant restraining devices. As seen in FIG.

[0008]

It is believed that uniform and fast response times

can be achieved by applying the high bandWidth pieZoelec

1, the stress Waves from a vehicle impact propagate into the

tric sensing material, preferably polyvinylidene ?uoride

Windshield glass in less than tWo milliseconds after impact,
Whereas the change in acceleration caused by the same
impact is delayed by up to 20 milliseconds, as sensed by an
accelerometer centrally located in the vehicle. The delayed

lished PCT application entitled “Omni-Directional Crash
Sensor”, discloses a method for crash analysis employing

response time of a central accelerometer is a severe con

straint for in?atable occupant restraints (airbags), as the
occupant may

[0004] have moved into the deployment space leading to

injuries from the rapidly expanding device. The delay is
particularly serious for side impact sensing, due to the
limited space betWeen the occupant and the door impact

point.
[0005]

(PVDF), in sensors located on the Windshield glass. Pub

geometric calculations based on inputs from multiple pieZo
electric sensors applied to a vehicle transparency product
such as the Windshield. The pieZoelectric material used in
the sensor is polyvinylidene ?uoride (PVDF). The PCT

application also proposes methods of crash analysis employ
ing signal spectrum analysis for at least tWo spectral fre
quencies. Reference is also made in this application to
employing Wavelets analysis for acoustic Wave evaluation.

The disclosure of this application is incorporated herein by
reference.

The delayed response time of accelerometers has

led others to propose installing sensors close to the point of
impact, namely in front of the engine or on the door, but With

the adverse consequences of reduced reliability, greater
expense, and unneeded system complexity. Sensors located
close to the point of impact often are destroyed by the

impact, thus cutting off critical information. Locating crash
sensors close to the point of impact has the effect of
subjecting the sensors to environmental extremes, leading to
possible failure. Accelerometers subjected to extreme heat
and cold may need to be recalibrated as they age, causing
inconvenience and expense to the oWner and producer.
Furthermore, since the vehicle designer does not knoW in
advance exactly Where an impact might occur, many sensors
are required to cover all the possible impact locations. This
sensor proliferation leads to reduced system reliability and
greater expense, due to additional Wiring, connectors, and
attachment of the sensors. Further constraints are caused by

the axial sensitivity of accelerometers, Which require precise
alignment With the vehicle axes. There is a need to locate the

accelerometers at speci?c points in the vehicle; otherWise
the desired sensitivity is compromised.
[0006] It is knoWn that most materials change shape or
form When subjected to stress, and the change may be
evidenced in the material by other mechanisms. One such
mechanism is an acoustic Wave in Which acoustic energy

propagates through the material Without affecting the integ
rity. One Way for measuring acoustic Waves is by using
pieZoelectric sensors adhered to a surface of the vehicle.

[0007] Polyvinylidene ?uoride pieZoelectric

sensors

(PVDF) are uniquely suited for the measurement of induced

[0009] Crash sensing algorithms for these distributed
sensor systems typically derive velocity or other measure
ments for each sensor and compare these to one or more

thresholds. In some cases, the sensor response is decom

posed into frequency bands With individual thresholds set
for the centrally located accelerometer and the sensors on

the periphery of the vehicle. These decision trees typically
employ discrete analysis of inputs from the each of the
sensors, and apply IF-AND-THEN logical operators to the
separate data streams to arrive at a deploy decision. HoW

ever, current technologies With airbag deployment in both
the front and sides of the vehicle, in addition to tWo-stage

airbag deployment, has rendered these algorithms too sloW

for adequate airbag deployment.
[0010] Because PVDF sensors possess very high band
Width, they record vibrations or acoustic Waves at frequen
cies not possible With accelerometers. That Wide bandWidth
contains information about many more modes of vibration
that the Windshield exhibits during crash and non-crash

events. Those modes may be excited differently depending
on the crash severity, direction, or other non-crash event,
such as a rock hitting the Windshield. Once the mode signals
are separated, characteristics and differences betWeen mode
signals alloWs the determination of event conditions. Those

techniques include time delay measurements, correlations,
and interpeak delays. By subjecting the Wave transmission
received by the PVDF sensor to a Wave analysis the modes

of vibration may be separated according to transverse vs.

longitudinal, rather than an arbitrary loWer frequency thresh
old and arrival time of the acoustic Wave. HoWever, only a

discrete analysis of each pieZoelectric sensor input is pos
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sible because each sensor must be sampled and subjected to
analysis on an individual basis. The aforementioned Wavelet

techniques do not involve successive analyses of a combi
nation of sensory inputs to be obtained on a sample-by
sample basis, and using the result of the combination as the
deciding factor in a crash analysis.

[0011] Thus, an unaddressed need exists in the industry to
address the aforementioned de?ciencies and inadequacies to

analyZe the input from multiple pieZoelectric sensors Which
are located on the Windshield of a vehicle.

SUMMARY OF THE INVENTION

[0012] Embodiments of the present invention provide a
system and method for characterizing pieZoelectric sensor

uniquely characteriZe the event. In FIG. 3, the time period
of ten milliseconds, and comprising 256 amplitudes, have
been plotted in 3D space using the Daubechies amplitudes of
three sensors.

[0018] The method continuously characterizes the most
recent time period of data by comparing the most recent
“cluster” to many referenced “clusters” Which are deter

mined experimentally. The referenced “clusters” Will
include many different crash events, such as frontal, side,
rear, and rollover impacts; different crash velocities; differ
ent objects impacted such as solid barriers, other vehicles,
pedestrians, animals, trees or poles, various engagement

aspects and angles of the vehicle With the impacted object;
objects impacting the vehicle such as side impacts by
another vehicle; and a representative selection of other crash

signal responses.

events Which require supplemental occupant protection. The

[0013]

referenced “clusters” also include a variety of non-crash
events such as rocks hitting the Windshield, operation of

The present invention also describes a form of

pieZoelectric sensor utiliZing orthogonal single-axis PVDF
sensing elements.
[0014]

The present invention further describes a system

architecture utiliZing a dual signal path integrated circuit,
With one path for fault diagnostics and a second path for
crash pre-analysis. Also, a Windshield application is dis
closed in Which the pieZoelectric sensor is incorporated into
the vehicle rear-vieW mirror mounting button.

[0015] Brie?y described, in architecture, a preferred
embodiment of the invention employs Wavelet analysis of
three PVDF sensors located on the Windshield. The outputs
for all three PVDF sensors are combined in 3D feature

Windshield Wipers, rain, hail, door, hood, and trunk slams,
rough road vibrations, potholes, and the like.
[0019] Similarly, in FIG. 4 is a comparison of 12 vehicle
collisions (6 side impacts and 6 frontal impacts) versus 259
non-collisions.

[0020] The method is also applicable to assessing and
modifying other vehicle conditions such as sound system

volume and speaker balance, active suspension perfor
mance, activating Wipers, detecting glass breakage, etc.
Similarly, the method potentially can discriminate a vehicle
impacting a pedestrian or cyclist versus the vehicle impact

space, providing a single characteristic for each input.
Successive Wavelet analyses of inputs in 3D feature space
provides a clustering of input points over the selected time
interval. The present invention accomplishes this by com
paring the most recent scattering of signal amplitudes of

termeasures to reduce injury to that individual and not

PVDF sensors With various reference 3D clusters stored in

to reduce the impact from a hard landing by an airborne

a library to discriminate a match (a scattering that represents
a crash event). Output may consist of one or more instruc

ing another vehicle, a tree, or a barrier. In the case of a

pedestrian or cyclist impact, the system could trigger coun

deploy the occupant restraints.
[0021] The method also could be used to apply cushioning

object, helicopter, or plane.

tions to the vehicle’s occupant restraint control system to

[0022]

deploy a speci?c airbag, What poWer level of airbag to
deploy, and/or Where applicable, to refrain from airbag

plished by an instruction set using a suitable microprocessor

deployment (bump in the road). The advantage of this

remotely such as Within the vehicle safety system control

Wavelet method is found in assessing the combination of
sensor inputs, sample-by-sample, rather than discrete analy

unit, or distributed betWeen the sensor and the control unit.

sis of one sensor input, then the next, then the next, etc.

[0016] This Wavelet analysis method preferred employs a
Daubechies transfer function. Daubechies transfer function

for Wavelet analysis is Well knoWn technology for acoustic

Wave analysis. (See, for example, Aboufadel, E., and

Schlicker, S., Discovering Wavelets, 1999, Wiley; Abo
ufadel, E., and Schlicker, S., “Wavelets Introduction”, Ency
clopedia of Physical Science and Technology, 3rd edition,
Robert A. Meyers, editor, 2001, Academic Press;
Daubechies, I., Ten Lectures on Wavelets, 1992, SIAM;
“The World According to Wavelets: The Story of a Math

ematical Technique”, by Barbara Burke Hubbard, A K Peters
Ltd., 2nd edition, May 1998), the disclosures of Which are
hereby incorporated by reference. This function is a sample
of a single response of the sensor. An illustrative Daubechies
function is shoWn in FIG. 2.

The above functions and methods can be accom

and memory located either Within a single sensor, or located

[0023] The instructions furthermore can be embedded in
an application-speci?c integrated circuit (ASIC), as is Well
knoWn in the art.
[0024]

The method furthermore can utiliZe sensor signals,

Which are pre-processed using several ?ltering and/ or ampli
?cation modes. For example, one mode can pre-process the

sensor signal to exclude loW frequency components, Which
are typically associated With normal operating vehicle and

engine vibrations, and include only higher frequency com
ponents typically associated With a vehicle impact event. A
second fault diagnostic mode can pre-process the signal to

accept the loW frequency vibrational signals from normal
vehicle operation, and reject the high frequency compo
nents. A block diagram for a PVDF sensor employing a dual

signal path, one for high frequency crash signal analysis, and
one for loW frequency sensor diagnostics analysis, is seen in
FIG. 5. In a vehicle crash sensing system employing PVDF

[0017] Multiple Daubechies amplitudes for each of the

sensors located on the Windshield, the sensor electronics can

sensors are plotted in three-dimensional space. This is seen
in FIG. 3. The result is seen as a “cluster” of points, Which

include multiple signal ?ltering and ampli?cation methods
embedded in an ASIC located Within the sensor housing, and
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the Wavelet analysis event discrimination function can be
embedded in an ASIC located Within the safety system
controller.
[0025] Several forms of the PVDF sensor can be
employed on the Windshield. In one form, the PVDF ?lm is

bi-axial and therefore the signal output is virtually identical
regardless of the directional orientation of the sensor. In a
second form, seen in FIG. 6, the PVDF ?lm is sensitive to

[0037]

FIG. 9 is a How diagram of a preferred embodi

ment of the invention.
DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0038] FIG. 9 depicts a How diagram of a preferred
embodiment of the present invention.

[0039]

The method 1000 includes providing three PVDF

stress Waves in a single-axis and therefore the sensor is more
sensitive to stress Waves propagating from one direction

pieZoelectric sensors 1002 mounted on the inside surface of

than from an orthogonal direction. A third form of the

response 1003 over a predetermined period of time from
each pieZoelectric sensor 1002 is obtained. An application

sensor, seen in FIG. 7, employs tWo layers of the single-axis
PVDF ?lm, co-located either adjacent or stacked, With one
PVDF layer oriented orthogonal to the other. This form
provides directional sensitivity Within a single sensor.
[0026] Any combination of these sensor forms can be
mounted along the periphery of the vehicle Windshield or

conveniently located Within the rear-vieW mirror attachment
button, as depicted in FIG. 8.

[0027] Other systems, methods, features, and advantages
of the present invention Will be or become apparent to one

With skill in the art upon examination of the folloWing
draWings and detailed description. It is intended that all such

additional systems, methods, features, and advantages be
included Within this description, be Within the scope of the

present invention, and be protected by the accompanying
claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0028] Many aspects of the invention can be better under
stood With reference to the folloWing draWings. The com
ponents in the draWings are not necessarily to scale, empha

sis instead being placed upon clearly illustrating the
principles of the present invention. Moreover, in the draW

ings, like reference numerals designate corresponding parts
throughout the several vieWs.
[0029] FIG. 1 is a draWing of a PVDF pieZoelectric sensor
response compared to a central accelerometer response (8

mph frontal barrier impact);
[0030]

FIG. 2 is a draWing of a typical Daubechies

transfer function;
[0031] FIG. 3 is a draWing of a plot of 256 Daubechies
Amplitudes for a PVDF Windshield-mounted pieZoelectric

a vehicle Windshield (see FIG. 9). A sample of a single

speci?c integrated circuit (not shoWn) may be utiliZed to
control sampling of the pieZoelectric sensors 1002.

[0040]

The responses 1003 from the three pieZoelectric

sensors 1002 are subjected to Wavelet analysis via a

Daubechies Wavelet analysis 1004. The Daubechies Wavelet
analysis 1004 employs a Daubechies transfer function that
performs signal conditioning on the single responses 1003 to

produce Daubechies amplitudes 1006 for each pieZoelectric
sensor 1002.

[0041] The Daubechies amplitudes 1006 are aggregated
and the intersection (commonality point) 1109 of the aggre
gated Daubechies amplitudes 1006 is plotted 1008 in three
dimensional space. Multiple Daubechies amplitudes 1006
are accumulated for a predetermined period of time to form
a cluster 1009 of the Daubechies amplitudes 1006 of the
three pieZoelectric sensors 1002.
[0042] Clusters 1009 from a most recent sampling are
compared to a library 1012 of reference clusters that are
stored in a memory storage area of the vehicle. The reference
clusters include many different crash events, such as frontal,

side, rear, and rollover impacts, di?ferent crash velocities, etc
as Well as numerous non-crash events. The number of

reference clusters is limited only by the number of scenarios

that require deployment of airbags. Continuous sampling
and comparisons of the most recent sampling provides the
latest up-to-date status of crash integrity of the vehicle.

[0043] Using results from comparing the clusters 1009 to
the reference clusters stored in the library 1012 an instruc
tion 1013 is transmitted to an occupant restraint control

system (airbag control) 1014 to deploy a speci?c airbag.
Because the method 1000 uses a Daubechies Wavelet analy
sis for a combination of sensor inputs, sample-by-sample, it

sensor;

is possible to activate a speci?c airbag at a speci?c poWer
level. Where applicable, the instruction 1013 may be to not

[0032] FIG. 4 is a draWing of 256 Daubechies Amplitudes
for 3 PVDF Windshield-mounted sensors (12 collisions)

deploy the airbag because the vibration is nothing more than
normal vehicle activity.

versus 259 non-collisions;

[0044]

[0033]

higher frequency components, loWer frequency components

FIG. 5 is a block diagram of a pieZoelectric sensor

As stated above, because PVDF sensors detect in

With a dual signal path;

that are normally associated With normal operating vehicle
and engine vibrations may be excluded. An application

[0034]

PVDF ?lm sensitive to stress Waves in a single axis;

speci?c-integrated circuit (ASCII) 1016 (FIG. 6) With a dual
signal path, one for high frequency crash signal analysis, and

[0035]

one for loW frequency sensor diagnostics analysis can be
used.

FIG. 6 is a draWing of a pieZoelectric sensor using
FIG. 7 is a draWing of a pieZoelectric sensor With

tWo co-located layers of the single-axis PVDF ?lm, posi
tioned orthogonally to provide directional sensitivity Within

[0045]

AnASCII located in one of the PVDF pieZoelectric

the sensor;

sensors 1002 may be used to control the method 1000.

[0036] FIG. 8 is a draWing of a vehicle Windshield With
pieZoelectric sensors located on the periphery and Within the

[0046]

rear-vieW mirror button; and

button (not shoWn) of the vehicle.

In another embodiment, one of the pieZoelectric

sensors may be mounted into a rear-vieW mirror mounting
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[0047] In another embodiment, orthogonal single-axis
PVDF piezoelectric sensors may be used for stress Waves

propagating from one direction.

[0048] It should be emphasized that the above-described
embodiments of the present invention, particularly, any

instructing an occupant restraint control system in the

automobile to deploy speci?c airbags.
6. The method of claim 5, comprising providing a fourth
polyvinylidene ?uoride piezoelectric sensor.
7. The method of claim 5, comprising incorporating the

preferred embodiments, are merely possible examples of

fourth polyvinylidene ?uoride piezoelectric sensor into a

implementations, merely set forth for a clear understanding
of the principles of the invention. Many variations and

rear-vieW mirror mounting button of the automobile.
8. The method of claim 5, further comprising using

modi?cations may be made to the above-described embodi

orthogonal single-axis polyvinylidene ?uoride piezoelectric

ment(s) of the invention Without departing substantially

sensors.

from the spirit and principles of the invention. All such
modi?cations and variations are intended to be included

herein Within the scope of this disclosure and the present

invention and protected by the folloWing claims.
What is claimed is:

1. A method for characterizing piezoelectric sensor signal
responses for automotive vehicle crash analysis, said

method comprising:
providing at least one piezoelectric sensor mounted at a

predetermined location on the automotive vehicle;
sampling a response from the piezoelectric sensor for a

predetermined period of time;
subjecting the response from the piezoelectric sensor to a

Wavelet analysis and obtaining signal amplitudes;

9. The method of claim 5, further comprising using a dual

signal path integrated circuit for sampling responses from
the polyvinylidene ?uoride piezoelectric sensors.
10. The method of claim 5, Wherein at least one applica

tion-speci?c integrated circuit controls the method.
11. The method of claim 10, further comprising locating
the at least one application-speci?c integrated circuit in at
least one piezoelectric sensor.

12. The method of claim 10, further comprising locating
the at least one application-speci?c integrated circuit Within
the occupant restraint control system.

13. A system for controlling deployment of airbags in an

automotive vehicle, comprising:
three polyvinylidene ?uoride piezoelectric sensors;

plotting the signal amplitudes in three-dimensional space
and forming a cluster of signal amplitudes;

a means for sampling responses from the piezoelectric
sensors for a predetermined period of time;

comparing a most recent cluster to reference clusters that
are indicative of both crash and non-crash events; and

a means for applying Wavelet analysis to the responses to

providing appropriate instructions to an occupant restraint
control system in the automotive vehicle.
2. The method of claim 1, further comprising providing
three polyvinylidene ?uoride piezoelectric sensors mounted
at predetermined locations on a transparency product of the
automotive vehicle.
3. The method of claim 2, Wherein the transparency
product is a Windshield.
4. The method of claim 3, comprising applying a
Daubechies transfer function in the Wavelet analysis.
5. A method for characterizing piezoelectric sensor signal
responses for automobile crash analysis, said method com

prising:

obtain signal amplitudes;
a means for combining the signal amplitudes and plotting
a commonality point of the signal amplitudes in three
dimensional space;
a means for comparing most recent signal amplitudes to

a library including a memory of reference signal ampli

tudes; and
a means for instructing deployment of the airbags using
results from comparing the most recent signal ampli
tudes to the reference signal amplitudes.
14. A method for characterizing a response from a sensor

used for automotive vehicle crash analysis, said method

comprising:

providing at least three polyvinylidene ?uoride piezoelec
tric sensors;

mounting the three polyvinylidene ?uoride piezoelectric
sensors on a Windshield of the automobile;

sampling responses from the three polyvinylidene ?uo
ride piezoelectric sensors for a predetermined period of

time;
subjecting the responses from the three polyvinylidene
?uoride piezoelectric sensors to a Daubechies Wavelet

analysis and obtaining Daubechies amplitudes for each
polyvinylidene ?uoride piezoelectric sensor;
aggregating the Daubechies amplitudes from the three
polyvinylidene ?uoride piezoelectric sensors and plot
ting the intersection of the Daubechies amplitudes and
forming a cluster of the Daubechies amplitudes;
comparing a plurality of most recent clusters to a library
of reference clusters in a memory storage area of the

automobile; and

providing at least one sensor mounted at a predetermined

location on the automotive vehicle;
sampling a response from the sensor for a predetermined

period of time;
subjecting the response from the sensor to a Wavelet

analysis and obtaining signal amplitudes;
plotting the signal amplitudes in three-dimensional space
and forming a cluster of signal amplitudes;
comparing a most recent cluster to reference clusters that
are indicative of both crash and non-crash events; and

providing appropriate instructions to an occupant restraint
control system in the automotive vehicle.
15. The method of claim 14, Wherein the sensor is a
piezoelectric sensor.

