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ABSTRACT

Automotive Collision Detection System Utilizing Distributed
Polyvinylidene Fluoride Sensors.

Ifthekhar Anwar

Vehicular bumper is a structure mounted at the front and rear of the vehicle to
absorb the first impact and is designed to minimize its effect on the vehicle structure and
its occupants. Although vehicle collision is an unavoidable fact, there are no reported
attempts to date in exploring the feasibility of detection system utilizing sensors. For this
investigation, PVDF (Polyvinylidene Fluoride) sensor for its sensitivity and dynamic
range is selected for application to bumpers. A prototype bumper with PVDF sensors is
fabricated to carry out tests under low level forces. A prototype bumper represented by a
Plexiglass beam is mounted with a series of PVDF sensors across the length, while the
bumper is mounted on a rigid structure through set of mounts. Each sensor is calibrated
for various loads on and away from the sensor and tested to predict the magnitude of the
force and corresponding position. Several configurations for the bumper with and without
cover over the sensor surface are experimented to determine the collision detection
capability of the bumper in terms of magnitude, duration and location of the impact. The
time history response of each sensor and its characteristics are utilized to develop layouts
for bumper systems with sensors. Two designs were fabricated and tested in the
laboratory to establish methodology for establishing relationships between sensor
responses with magnitude and location of collision. Based on the investigation, a final

design is proposed for implementation of collision detection in automotive bumpers.
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CHAPTER1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Automotive collision has been a subject of interest since the invention of the vehicle
itself. Researchers in the field have been investigating and developing tools to prevent
collisions. Through monumental development of sensor technology in the recent years,
attempts are being made to use distance detection to minimize collisions. Collisions are
however, a very frequent occurrence in city streets. In majority of vehicular collision, the
first point of impact is the front and rear bumpers. In accident investigations and accident
reconstructions, the bumper plays most important role. The damage to the bumper and its
mounts are often used to establish the magnitude of impact force and its direction.
Over the years, there has been significant development of bumper technology and the
mounting methods with isolators to minimize the effect of collision to the vehicle
structure and its occupants. There are also regulations that dictate the minimum
performance of a bumper system under collisions.
Although significant modern research has been directed towards intelligence in all
aspects of vehicle systems, there has been no attempt in developing vehicle bumpers with
built in collision detection system. With the advancement of sensor technology and
economical production methods, it is feasible to incorporate sensors in the design and
construction of bumper that can detect any impact it experiences. This investigation
examines the feasibility of using Polyvinylidene Fluoride (PVDF) sensors on the bumper

as a means to detect the magnitude and location of low level impact. For this a prototype



bumper with PVDF sensor is designed and built for extensive experimental investigation.
The experiment is designed to determine if the bumper system can accurately determine
the magnitude, location and duration of impact. A bumper system with such collision
detection capability will definitely add to the development of intelligent vehicle system.
Furthermore such technique can be applied for a wide range of other systems where such
capability of force detection is desired.

Although there are some literature available on the bumper systems and collision testing,
the author is not aware of any design with sensors or collision detection capability. This
chapter therefore, presents a general review of work on collisions, bumper systems,
impact tests and PVDF sensor technology. The chapter is concluded with objective of the

proposed research and organization of the thesis.

1.2 Vehicle Collision Phases

Vehicle collision analysis techniques generally separate vehicle collisions into
three different phases: pre-impact, impact and post-impact. The definition of the impact
phase as the time the vehicles are in contact implies the definition of the pre-impact and
post impact phases; i.e., the pre-impact is that time prior to vehicle to vehicle contact and
the post impact is the time after the vehicles have separated. In order to analyze
collisions, engineers have developed models which attempt to quantify the accident.
Typically the pre-impact velocities of the vehicles involved in the accident are of
particular interest. After an impact has taken place, it is difficult to gather information on
the pre-impact phase. The post-impact phase is therefore usually taken as the starting

point in the analysis of automobile collisions. From information obtained at the accident



scene, e.g., skid marks, debris, final resting points of the vehicles and vehicle
deformation are the typical information that may be available for the analysis. Numerous
models exists which can predict the velocity of each vehicle immediately after the
separation of the two vehicles [3].The proposed research deals with impact phase only

where the collision detection system can register data during impact.

1.3 Review of Relevant Literature

The phenomenon of automotive bumper impact conforms to the theory of
classical physics. The initial parameters of impact are mass, velocity and geometry. The
resulting variables of impact are force, acceleration, displacement, rebound velocity and
impact energy. These parameters and variables can be recorded, measured and analyzed
within a bumper test laboratory. Glance [4] discusses the methodology for testing and
measuring automotive bumper performance in his study. Automotive bumper regulations
have been established for tests to be carried out on bumper performance. Automotive
industry have adopted pendulum and barrier (rigid flat face wall) impact tests and often
surpasses the minimum standard recommended by the federal government. The
considered and recorded variables are force, deflection, impact velocity etc versus time.
The other measurement variables are acceleration, energy and rebound velocity.
Displacement is measured with different devices including linear displacement
transducers, lasers sensors, and antennae. Force is recorded with a single axis (or may be
tri-axial) load cell placed behind the pendulum’s impact ridge. Velocity is measured with
an optical speed trap and accelerometers placed at the c.g. of the pendulum and cart to

provide deceleration versus time data [4]. This procedure to introduce low, moderate or



high speed collision is quite popular among automotive manufacturers and the
researchers. Szabo Thomas et al. [1] conducted several crash tests with Ford Escorts
(Model years 1981-83). The responses of bumper to bumper impacts and under ride
(generally defined as a portion of a passenger vehicle sliding under another vehicle) of
one bumper under another are evaluated by equipping the Ford escorts with energy
absorbing bumpers. Two impacts were conducted each at 2.23, 4.47 and 6.71 m/s.
Bumper displacement, vehicle acceleration and vehicle velocity time histories were
presented for both bullet vehicle (one which strikes) and target vehicle (one which is
struck). Here underride which is a very important phenomenon had been uplifted by
arranging the front bumper of the bullet vehicle to underride the rear bumper of target
vehicle at a velocity of 4.47 m/s (16 Km/hr) and results indicated extended damage [1].
Some researchers experimented on Light commercial vehicles (LCV) bumpers and
compare the damage produced by vehicle to barrier and vehicle to vehicle collisions of a
similar severity. Heinrichs et al. [5] conducted impact tests on the front and rear bumpers
of five pick up trucks where each one is subjected to an impact with fixed barrier and
with a passenger vehicle. Measurements of speed, impact force, damage and high speed
video were recorded for each test. The speed during the collision associated with each
test was measured by attaching an MEA 5™ wheel (Macinnis Engineering Associates,
Richmond, BC, Canada). The bumper considered in the study does not contain specific
energy dissipating elements and is therefore referred as rigid bumper (Consists of a steel
bumper beam attached to the vehicle frame either directly or by mounting brackets) [5].

Contemporary bumper systems are typically equipped with some form of impact absorber

rather than having a simple rigid bumper (observed mostly in pickup trucks, vans, and



sport utility vehicles). The post collision condition of impact absorbers is a good measure
of collision severity. Common impact absorbers are isolators (can be found on BMW,
Chrysler, Datsun, Ford, General Motors, older Hyundai, older Honda, older Mazda, some
Nissan, Mercedes, some Subaru, older Toyota, and Volvo cars), foam core (Polystyrene
Foam-Acura, Honda, some Mazda and some Nissan cars and Polyurethane Foam-
Hyundai, Toyota cars) and honeycomb cores (some newer General motors cars),
deformable struts (some newer Volkswagens and some Dodge/Plymouth vehicles),
rubber shear blocks (some older model Ford, Lincoln and Mercury vehicles) and leaf
springs (older model General Motors vehicles). King et al. [2] measured the static
properties of a group of 30 isolators. The dynamic properties of four of the isolators were
measured. Those tests incorporated a pendulum and a displacement transducer to acquire
the dynamic force displacement data. This assessment process continues with a number
of vehicle to vehicle and vehicle to barrier collisions to judge the performance of
different bumper types in low speed aligned bumper to bumper impacts. Both target and
bullet vehicles were instrumented with MEA 5™ wheels (Designed for low-speed impact
testing and have sufficient downward force to prevent slip between the wheel and road
surface during collision) and data were acquired from both 5™ wheels simultaneously. On
the whole the purpose of the study was to examine the low speed impact severity on
automobile bumper systems and its correlation with the compression of bumper systems.
Various aspects of the collision were examined including impact duration, speed change
as a descriptor of impact severity,b isolator compression, and coefficient of restitution [1,
2]. The coefficient of restitution (CR) can be defined as the ratio of the closing velocity

(approach velocity) of the vehicles just before the impact to the post-impact separating



velocity. Consequently CR is able to demonstrate the post collision speeds of impact. For
example if an aligned impact between a moving motor vehicle and a stopped motor
vehicle occurs, the momentum transfer between the vehicles can result in three different
outcomes for the post impact speeds. First, the vehicles can reach a common velocity
following the impact. Second, the striking vehicle can come to a stop while the struck
vehicle rolls away. Finally, and most commonly, each of the vehicles moves following
the accident with some finite separation speed. All of these three outcomes depend on a
property of collision which is CR. The CR for medium and high velocity collisions is low
(approximately 0.1) whereas at extremely low velocity it approaches 1. Theoretically
because actual magnitude had not been adequately established for very low speed, CR
equals 1 for a purely elastic collision and 0 for a purely plastic collision (no rebound) and
between this region the CR is taken below 0.4 for velocity 2.5 mph. For velocity in the
range of 2.5-5 mph, in nine vehicle to vehicle collisions the average CR is 0.25, but in the
case of vehicle to barrier collisions it becomes 0.3-0.4 for the same velocity range. For
very low velocity like 1 mph CR is about 0.86 [6]. Similar work had been done for low,
moderate and high speed. Tanner et al. [7] varied the speed in a range of 9.5 to 21
kilometers per hour (5.9-13 mph) for the barrier impact of Volvo 850 front bumper and
the CR was found to be in the range of 0.2-0.4. In this elaborate study, a number of
vehicles are examined for vehicle to barrier impact as well as vehicle to vehicle collisions
and CR, acceleration and speed change have been justified as descriptor of collision.
Coefficient of restitution is shown to decrease as the impact speed decreases. For the
impact speed of 30 — 50 mph against a barrier and inline collisions the CR decreases from

approximately 0.15 to less than 0.1 [6, 7, and 8].



Automotive bumpers are designed to prevent or reduce physical damage to the
front and rear ends of passenger motor vehicles in low speed collisions. Bumpers are not
typically designed to be structural components that would significantly contribute to
vehicle crashworthiness or occupant protection during front or rear collisions. It is not a
safety feature intended to prevent or mitigate injury severity to occupants in the
passenger cars. Bumpers are designed to protect the hood, trunk, grille, fuel, exhaust and
cooling system as well as safety related equipment such as parking lights, headlamps and
taillights in low speed collisions. In recent times bumpers generally consist of a plastic

cover over a reinforcement bar made of steel, aluminum, fiberglass composite, or plastic

[9].

Contemporary researchers focused on fuel economy, high strength, cost
effectiveness, aesthetical pleasure of customers etc. to continue their study for the
advancement of bumper systems. Repair costs for bumpers are another issue that is
becoming an increasingly important concern in bumper system design. The Insurance
Institute for Highway Safety (IIHS) states that repair for minor incidents are a major
factor in collision insurance costs. According to the IIHS bumpers play a significant role
in minor incident repair costs and hence insurance costs. There are wide range of high
strength and ultra high strength bumper steels available. These steels are reviewed as well
as appropriate manufacturing methods for converting them in to bumper facebars and
reinforcing beams are investigated, which can aid the bumper engineers of North
America to meet the challenge. In the 1998 models 81 % of the bumper beams of North
America were made from steel, 14.5 % from composites and 4.5 % from aluminum and

in the 2001 models 84.2 % of the bumper systems were steel, 13.9 % were composites



and 1.9% was aluminum [9]. Sindrey [9] conducted a study with some commonly used
bumper beams and found that steel weighs least except couple of composite beams,
which improves fuel economy. Due to its low unit material cost, steel reinforcing beams
are less expensive than composite and aluminum. Moreover vehicles with steel front and
rear reinforcing beams have an average lowest repair cost [9]. Except these common steel
bumpers, many design improvements are being created and slowly adopted. Increasingly
stringent environmental demands are encouraging the automotive industry to look for
ways of producing lighter and more fuel efficient cars. Using new technology, the VEK
Project which focus on the weight optimization of energy absorbing components in
vehicle industry (Involving: Innovatum, SAAB Automobile, Outokumpu Stainless,
Finnveden Metal Structures and Epsilon are just some of the companies that have taken
part in this project) has developed a bumper in high-performance stainless steel that is 26
percent lighter. Higher fuel prices and requirements for reduced carbon dioxide emissions
have put automotive manufacturers under increasing pressure to produce lighter, more
fuel efficient cars. Using a high performance stainless steel, the VEK project has
succeeded in developing bumper system that at no extra cost and without sacrificing
performance is 26 percent (35-40 kg) lighter than existing bumpers. The greatest weight

reduction has been achieved in the collision boxes [10].

Besides steel the new trend of using Plastic bumper sets landmark in this field for
few reasons. Plastic bumper provides significant weight advantages over any metal
bumper due to its low specific gravity. Therefore, plastic bumper reduces vehicle weight
and improves fuel economy. Furthermore, plastic can be made into complex shapes

therefore manufacturers have greater design flexibility which can further enhance the



aerodynamic performance of the vehicle. Plastic bumpers contain reinforcement that
allows it to be impact resistant as metals while being less expensive to replace than their
metal equivalents. Plastic bumpers generally expand at the same rate as metal bumpers
under normal driving temperatures and do not usually require special fixtures to keep
them in place. Plastic product used in making auto bumpers can be recycled. This enables
the manufacturers to reuse scrap materials in a cost effective manner. Test reveals that
post-industrial recycled TPO (Thermoplastic Olefin) performs exactly like virgin
material, converting hundreds of thousands of pounds of material destined for landfills in
to workable grade A material, and reducing costs for manufacturers. Thus, re-
conditioning and recycling plastic bumper covers is an important means to extend the life
cycle of vehicle plastics. Another important advantage of plastic is that it does not get

rusty, and can have longer material life {11].

A new invention in material technology was introduced with polymeric based
composite materials (the fiber reinforcement is normally made from glass, carbon,
aramid, boron or natural fibers while the matrix is normally thermoplastic or
thermosetting materials), which offer high specific stiftness, low weight, corrosion free,
ability to produce complex shapes, high specific strength, high impact energy absorption
and aesthetically pleasing [12]. These advantages tend to incline the vehicle industry
towards plastic and composite bumper. General Motor (Exterior Panels and Bumper
Technology Group) developed an improved version of polymer bumper for their 1997
Saturn Coupe. Polymer bumper requires no adhesives; once fasteners are removed entire
part can be reground and reused. This performs even better than their earlier Aluminium

beam bumper model which was even cost effective and weighs 2.5 pounds less than



traditional one. The polymer version bumper weighs less and is also more cost effective
than the previous version as 13 parts ware eliminated from aluminum beam model. To
meet the stringent performance requirement of bumper federal standard, the new bumper
had been made injection molded in one piece with optimized rib placement and thickness
in the center of the beam. Optimizing thickness and rib structure allowed the bumper
beam on a 2600 pound vehicle to withstand the point load of a pole in 5 mph impact

testing.

As the automotive industry started implementing plastic bumpers as replacement
of steel bumpers this inspires the researchers to examine different properties of plastic for
use in automotive bumper. Rawson [13] of GE plastic performed a preliminary feasibility
study that estimates the performance of the plastic part before tooling is cut. A study was
conducted in order to correlate the predicted performance of thermoplastic bumper
designs via hand calculations and detailed finite element analysis, and the obtained
results were compared with actual physical testing. Actual injection molded
thermoplastic bumper beams of a Polycarbonate-Polybutylene Terephthalatealloy was
used [13]. Different works had been conducted by the insertion of different phenomenon
such as the adoption of different energy absorption media, going through fatigue test in
the plastic bumper system to realize superiority of this system over steel bumper.
Following the demand of the customers the engineer are charged to reduce collision
repair costs and enhance occupant safety further. As mentioned earlier, the majority of
today’s passenger-car bumper systems consist of a reinforcing bar either of steel,
aluminum or composite construction and an energy absorption media. The most widely

used energy-absorber construction is made from expanded-polypropylene foam, EPP

10



(more than 80%) and also another widely used energy absorber is honeycomb core which
is made of ethylene vinyl acetate (EVA) copolymers. High strength to weight ratios and
specific energies of engineering thermoplastics provide the opportunity to achieve energy
absorption characteristics. It has been found that engineering thermoplastics provides
good result in automotive application (automotive bumper and body panels) where
structural integrity, crashworthiness and energy absorption are the key requirements.
[14]. Chaudhuri et al. [15] designed, fabricated and tested the low cost prototype of sheet
metal and fiber reinforced plastics (FRP) bumpers in four different types with various
combinations of elastomers (can be stretched to many times their original length and can
bounce back to their original shape without permanent deformation). The design
comprises of several cuts throughout the length transversely at intervals for easy bending.
The cuts are later welded together to from the shell. The joints are spot welded at
intervals which turned out to be the weak spots in the shell. After testing it was concluded
that if the cuts are continuously welded this problem can be overcome and the energy
absorbing capacity can be increased by approximately 40 to 50 %. If the bumper is
fabricated as a pressed or formed component in one piece then the energy absorbing
capacity would have improved by 60-70 % [15]. This revolutionary footstep of the
researchers goes further by using composite automotive bumper. Hendrickson
International and Delphi Automotive Systems have announced a technology agreement to
develop and manufacture a composite bumper for the medium- and heavy-duty truck and
bus markets. A concept composite bumper, first unveiled by Hendrickson at the Great
American Trucking Show in 2000, was developed using a hybrid glass and carbon fiber

design weighing up to 70 pounds less than its steel equivalent. Composites can be

11



designed to conduct 50% less vibration than steel and to be more impact-resistant. The
structural composite bumper is stiffer than plastic bumpers and requires less mounting
hardware, enough to support headlights, fog lamps, collision avoidance sensors, or sight-
sticks. Eliminating brackets will reduce the number of component parts, help shorten
assembly time, improve warranty, and reduce maintenance costs. Gilliard et al. [16]
proposed a lightweight, low cost, and high performance I-section bumper by new mineral
filled glass mat thermoplastic (GMT) composite. Improved static loads and dynamic
impact performance results had been achieved through the development of lower cost

mineral filled/ chopped fiber glass GMT (40 %) [16].

Besides the experimentally obtained results in a multidimensional consideration
another prospective way to bring researchers complacency is the simulation of vehicle
impact through finite element method. Vehicle finite element models have been
increasingly used in preliminary designs analysis, component design and vehicle
crashworthiness evaluation. Numerous collision scenarios like barrier impact, pole
impact, corner impact are simulated by the same post impact dynamics as mentioned
before. Finite element study can further provide the flexibility to evaluate the variables

like acceleration, velocity, deflection etc. for every part of the vehicles [17].

Due to the customer’s demand, advancement towards easing injury during
collision is also important priority among the vehicle manufacturers. By sensing crash
severity it is possible to measure the magnitude of a vehicular crash event relative to
injury of the occupant. In general, it implies the delta velocity of the crash. In early crash
detection systems the only requirement was to determine if the crash was significant

enough to deploy the airbags. Current crash severity systems normally employ an upfront
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sensor(s), along with the passenger compartment accelerometer to obtain information on
the severity of the crash. The up-front sensor provides required information for crash
severity discrimination. There are currently three options: accelerometer, ball-in-tube and
radar [18]. The accelerometer is the standard sensor for the passenger compartment for
single point sensing and is also used for side impact sensing systems. The ball-in-tube is
an alternative for use as an up-front sensor. However, in general ball-in-tube provides
less information than an accelerometer. A radar sensor could be used as a replacement for
either an up-front accelerometer or ball-in-tube sensor. The radar could provide two
sources of information: closing velocity and shape. Velocity is relatively easy to estimate
with accuracy, the shape information on the other hand could be a problem in general
[18]. Gioutsos et al. [19] provides a solution for crash severity detection with the
combination of two of the sensing system and termed it as ball-in-tube and accelerometer
sensing system (BASS). The major components of the BASS are a ball-in-tube (BIT)
sensor(s) in the front of the vehicle along with an electronic sensing module (ESM) in the
passenger compartment. The ESM includes an accelerometer, a central processing unit
with the BASS algorithm encoded and an input line(s) from the BIT(s). It should be
pointed out that the system could work with an up-front accelerometer(s) transmitting a
threshold crossing(s). This version of the system would be called MASS-multiple
accelerometer sensing system [19]. Foo et al. [20] described the methods of computer
modeling, occupant sensing and vehicle crash dynamics to define a crash sensing system.
A multi-disciplinary effort for sensing system had been developed. Here the smart

restraint sensing system get activated by the algorithm, necessary for predicting a
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deployment event which are based on an approach of coupling the occupant kinematics in

crash to the sensing technology [20].

Although there are no reported attempts to develop bumper system with collision
detection capability, such a system can further enhance the accuracy of safety airbag
deployment. Data recorded from such bumper can also be used to warn driver of contact
with objects, as well as will provide indispensable information for accident reconstruction
studies and insurance investigations. In 1969 the strong piezoelectric effect in the
polymer materials, PVDF (Polyvinylidene Fluoride, consists of long chain molecules

with repeated unit CF, — CH,) was discovered. PVDF has the capability to determine the

magnitude of the applied force and to identify its position and also can provide some
information about the shape of the contacted object [21, 22, and 23]. Dargahi [22]
conducted a study on a prototype tactile sensing system using three sensing elements to
identify the position of applied force and termed the procedure as triangulation approach.
The study also reported about the occurrence of crosstalk (the problem of evolving
undesirable response from the nearest neighbor sensing element, when a force is applied
to a certain sensing element) [22]. Thus there is the possibility that multiple sensors used
over the length of bumper can be used simultaneously to estimate the applied load and its

location.

1.4 Rationale for Using PVDF Sensor in Collision Detection System
This study focuses on the feasibility of developing a smart bumper capable of
detecting very low to low level impact, the location of impact along the bumper, the

duration of impact as well as the texture (softness) of the object. For this wide range of
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detection capability with one sensor type, it was necessary to explore various sensor
technologies. Use of piezoelectric material over the bumper surface is chosen as
candidate sensing element for its sensitivity, large dynamic range and precision.

PVDF has been researched in the past in tactile sensing application [21, 22 and
23]. It was also used as a transducer in sensor system and actuator system [30], and in
MIS (minimally invasive surgery), endoscopic grasper [41]. Use of piezoelectric material
like PVDF as sensor element on the vehicle bumper could be considered as a new
approach of collision detection. PVDF sensor exhibits good repeatability and impressive
force sensitivity. The relationship between applied force and propagated charge is linear
for stress up to 40 MPa. It has a very wide frequency (DC to MHz) and dynamic range.
PVDF is very sensitive element but its sensitivity can be varied according to the mode of
application [24]. In fact the capability of PVDF was the inspiring motivation for this
project, where collision detection bumper system is an application. This may have many

other application requiring sensing of forces and stress and location of force.

1.5 Objectives of the Present Research

The primary objective of the present thesis research is to further explore the force
detection capabilities of a PVDF sensor, and to carry out feasibility investigations of
using such sensors on vehicle bumper for collision detection. The experimental research
is conducted in a systematic manner using a small scale prototype bumper. Several
preliminary design and lay out of sensors were tried before arriving at the final design of

the experimental set up. The objective in the design was to make the bumper collision
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detection system capable of sensing magnitude, location and duration of the impact. The
steps and specific objectives in each step are summarized in the following:

(1) To comprehend the characteristics of the PVDF (Repeatability, Linearity, Force
Sensitivity, cross sensitivity etc.) through different experiments.

(2) To examine PVDF response characteristics and influence of duration of load
application, size and softness of the impacting object.

(3) To design and manufacture different parts to construct a scale model of collision
detection bumper and to integrate PVDF and instruments for the measurements of
the responses to impact.

(4) To design and fabricate the test set up with the bumper such that impact force can
be applied at any controlled location along the length of the bumper.

(5) To develop empirical relation of force by two sensors (two-sensor method) as a
function of corresponding peak amplitude. Also to observe the corresponding rise
time and fall time.

(6) To develop empirical relations of position of impact by using the two sensors
where it was struck in between as a function of peak amplitude respectively for
each load.

(7) To generate an accomplished collision model where the input is peak voltage of
all sensors and the outputs are force and position.

(8) To validate the proposed model with experimental results.
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1.6 Organization of the Thesis

Chapter 2 illustrates the history of piezoelectric material along with the basic
characteristics of Polyvinylidene Fluoride (PVDF) have been briefly discussed. The
concepts of piezoelectricity and pyroelectricity in PVDF are provided along with the
basic phenomenon observed during the implementation of PDVF as sensor (force
sensitivity, piezoelectric coefficients, linearity, repeatability, frequency & dynamic range,
effect of temperature etc.).

Chapter 3 is composed by the information about the overall bumper system obtained
from different literature has been gathered. Automotive bumper regulation history and
associated safety standards applicable to individual continents have been accumulated too
from the bumper legislations (incorporated by law governing organization like NHTSA,
FMVSS etc.).All the components of contemporary bumper system have been described
concisely. The idea of inserting this chapter is evolved just to accommodate the thesis
with contemporary bumper system’s assembly and associated safety regulations.

Chapter 4 comprises of experimental set-up design, instrumentation and test
procedures. Precise description of the arrangement of set-up and the apparatus used are
provided. The path of experimental methodology towards obtaining the most convincing
way of vehicle collision detection is concisely explained. Besides these, to understand the
sensor response several experiments are performed which are able to clarify the
acceptability of the results. Only the characteristics related to the thesis are upheld.

Chapter 5 is the core chapter of the thesis. It includes the experimental and

analytical endeavor of the thesis. It explicitly defines entire system for finding the applied
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force and corresponding position of application. The chapter exemplifies the whole
collision phenomena for better understanding of the system.

The thesis culminates with Chapter 6. The major contributions of the investigation
are highlighted, and discussion and conclusions drawn are summarized in chapter 6. The

scopes for further investigations with the generated system are presented.
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CHAPTER 2
POLYVINYLIDENE FLUORIDE (PVDF) SENSOR

2.1 Introduction

Sensor can be defined as a generic name for a device that detects either the
absolute value of a physical quantity or a change in value of the quantity and converts the
measurement into a useful signal for an indicating or recording instrument. Simply a
sensor accepts a particular form of input and converts the information into an electrical
signal and delivers the signal to a data processing system [25]. The piezoelectric effect
was discovered by the Curie brothers in 1880.They found that quartz changed its
dimension when subjected to an.electrical field and conversely generated electrical
charge when mechanically deformed and they called this phenomenon “piezoelectricity”-
derived from the Greek for “pressure electricity”. Not long after, the same crystals were
found to develop similar charge when exposed to incident thermal radiation and the term
“pyroelectricity” was coined [26]. The practical use of piezoelectric materials became
possible with Paul Langevin’s discovery in 1916 of the piezoelectric characteristics of
quartz crystals. Following this discovery, it was observed that some crystalline materials
demonstrate a spontaneous polarization along one axis of the crystal, known as
ferroelectric behavior. For many years, Rochelle salt was the only crystal that was known
to have this ferroelectric property. The largest progress in this field was made in the
sixties with the discovery of piezoelectricity in Polyvinylidene Fluoride (PVDF). In 1969
Kawai [24] found very strong piezoelectric effect in the fluoropolymer, Polyvinylidene

fluoride (PVDF). While other materials like nylon and PVC (Polyvinyl Chloride) exhibit

19



similar effect, none are as highly piezoelectric as PVDF and its copolymer. Like other
ferroelectric materials, PVDF is also pyroelectric (produce electrical charge in response
to a change in temperature) [24]. The electrochemical coupling of PVDF is lower than
that of piezoceramic, but since the foil thickness can be as little as 10 micrometers the
vibration mass is extremely small. PVDF also has greater damping than ceramics, and the
resulting dynamic characteristics allow very short pulses to be generated. This makes it
possible to measure shorter ranges using PVDF than is possible with piezoceramic
transducer. PVDF is a polymer of approximately 50-65 % crystallinity. This semi-
crystalline polymer has drawn both scientific and technological attention because of the
useful piezoelectric and pyroelectric properties it presents. The polymer consists of long

chain molecules with repeated unitCF, —CH,. The reason for the strong piezo-

pyroelectric activity is related to the large electro negativity of fluoride atoms in

comparison to the carbon atoms, thus accommodating a large dipole moment [22].

2.2 Piezoelectricity in PVDF

Piezoelectricity is electric polarization produced by mechanical strain in certain
crystals, the polarization being proportional to the amount of strain. The reverse is also
true [26]. £ phase of PVDF has very good piezoelectric properties. PVDF is one of the
rare polymers that exhibit diverse crystalline forms. It possesses at least four phases
known as «, f,y andd, not all of which display the piezoelectric effect because of the
different molecular packing. The alpha phase which is produced by cooling the melt is
non polar, with adjacent chains antipallel. This form shows no spontaneous polarization.

Beta phase has an orthorhombic structure and a large dipole moment leading to a
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spontaneous polarization. The polar phase § is technologically the most interesting
because of its better piezoelectric and pyroelectric properties. Crystallization of PVDF
from the melt takes place predominantly in the & phase and the S phase is normally
obtained by stretching or rolling the & phase films. The conversion from alpha to beta
phase depends on the draw ratio and the temperature of the stretching process. Normally,
the film must be stretched three to seven times at a temperature between 60°C & 140°C
and allowed to cool in the elongated state. This results in a phase transformation due to
the fact that polymer chains are stretched along their axis displaying a rotation and
alignment of CH, and CF, groups. The gamma phase appears to be intermediate to the
alpha and beta phases and can be produced by solvent crystallization or melt
crystallization under high pressure. This form can also be converted to the beta phase by
mechanical drawing. The delta phase is produced by poling the alpha phase at low field
strengths. Useable piezoelectric films are produced by orientation of the film followed by
poling, to produce the beta phase [27]. Recently it was demonstrated that f phase films
are possible to obtain by solution crystallization with dimethylacetamide (DMA) at
adequate temperature conditions [28].This beta phase of PVDF forms crystal symmetry

of C,, [27]. The piezoelectric coefficients for this form can be denoted by the

following 3 x 6 matrix:

0 0 0 0 d; 0
d,J=|0 0 0 dy 0 0
dy d, d;y 0 0 0

The axes are defined here in terms of the drawn direction (direction 1), normal to the

drawn direction in the plane of the film (direction 2) and normal to the plane of the film
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(direction 3).This is shown in Fig. 2.1.But for the bi-axially oriented beta form of PVDF

(the one which was used in this study) , the crystal symmetry is C_,, which implies a

similar [d,] coefficient matrix to that of the uni-axially oriented form, except that

d,=d,, and d;=d,, [29].

3. Thickness Direction Electroded
\ / Area
/
\ / |
7 )1 // 1. Drawn
/////// Vi Direction
/

/

2. Transverse Direction

Figure 2.1: Schematic picture of a PVDF film showing the conventional identification of
the axes [11].

When the film is compressed or stretched polarized PVDF generates a voltage from one
metallized surface to the other, proportional to the induced strain. Infrared light on one of
the surfaces has the same effect (will be discuss in the next section). Conversely, a
voltage applied between metallized surfaces expands or contracts the material, depending

on the polarity of the voltage.
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2.3 Pyroelectricity in PVDF

Pyroelectricity is electric polarization induced by thermal absorption in certain crystals;
the polarization being proportional to the level of thermal change [26].The PVDF can
also exhibit a pyroelectric effect. When the thermal stress is applied on either surface of
PVDF, pyroelectric effect can be observed. PVDF is cross sensitive (when the sensor is
sensitive to more than one physical variable then the related phenomenon is called cross
sensitivity) and its cross sensitivity exists with temperature stress along with mechanical
stress. The coefficient of bulk polarization as a function of temperature is referred to as

the pyroelectric coefficient i.e. P, =dp/dT.Increment in the temperature results in an

increase of crystalline volume together with a decrease in average dipole moment along
the third orthogonal axis. Consequently the polarization in the 3rd direction is reduced. In
this case the net dipole moment along axes 1 and 2 does not exist, thus £, and P, (i.e. the
pyroelectric coefficient in 1 and 2 directions) are zero. This demonstrates that the

pyroelectric coefficients for C,, symmetry crystals are:

0
P =| 0 | With a negative sign [29].

P
In addition to pyroelectric effect, piezoelectricity can contribute to the polarization due to
the deformations that occur during heating, but this is not a true pyroelectric effect. The
pyroelectric effect is separated in to primary Pyroelectricity and the effect due to the
piezoelectric response is called secondary Pyroelectricity [30]. To overcome the effect of

pyroelectricity is not to let PVDF films to be thermally stressed. Thermal shielding could

help to overcome this effect and sustain the piezoelectric effect.
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2.4 Basic Characteristics of PVDF Film Implementation as Sensor
This section deals with the characteristics observed upon incorporating PVDF

film in sensor application.

2.4.1 Force Sensitivity

Piezoelectric materials are anisotropic (Material having mechanical properties that
are not the same in all directions at a point in a body of it and there are no planes of
material symmetry i.e. the properties are a function of the orientation at a point).
Subsequently, depending upon the axis of applied electrical field or axis of mechanical
stress or strain their electrical and mechanical responses differ. Calculations involving
piezo activity must be taken into account for this directionality. The sensitivity of
uniaxially oriented PVDF film depends upon the direction of measurement, i.e. drawn,
transverse or thickness. If a tensile force is applied in the drawn direction (1-1) as shown
in Figure 2.1, then the output charge can be expressed by:

QI A, =dyFl A, =dy0,  ococoooeeeeeeeeeeeeeee e e @.1)

Similarly the output charge in the transverse direction (2-2) is expressed by:

QIA, =dy,F 1A, =dp,0, i (2.2)
Where: Q = Output Charge;

A,= Electroded area of PVDF film;

A, = Cross Sectional Area of the film perpendicular to the direction of the applied force

i.e. the area of the force application;

d,, = Piezoelectric strain coefficient in the drawn direction;

d,, = Piezoelectric strain coefficient in the transverse direction;
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F = Applied Force;

o,= Applied tensile stress in the drawn direction;

o, = Applied tensile stress in the transverse direction;

If a PVDF film is compressed by a probe on a rigid flat surface, assuming that both the
flat surface and the probe are friction free then the PVDF film is free to expand laterally
in 1-1 and 2-2 directions. In this case the output charge can be stated as:
Ql/4,=d,F A4,

O=d,Fi[vA, =41 i (2.3)
Where, d, is the piezoelectric coefficient in 3-3 direction.

Here, the electroded area and the area of force application are same. But in the real world
the friction does exists and moreover, in many applications the PVDF film is frequently
glued to rigid substrate. In this condition the output charge is due to the combination of
dy,,d;, andd,,, and it is very difficult to calculate the amount of contribution of each
component. Thus when the PVDF film is glued (using nonconductive glue) to a rigid
substrate, function of piezoelectric strain coefficient is obtained and is termed asd 3. It
is interesting that for a specific applied force, the output charge from the film in the

lateral direction is much higher than that of thickness direction. This is because of the

extreme thinness of the PVDF film (Egs. 2.1 and 2.2) [23].

2.4.1.1 Piezoelectric Strain Coefficients
It can be termed as proportionality constant between generated charges and
applied force which are more or less proportional to each other. Determination of these

strain coefficients has created a huge interest among the contemporary researchers
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because of its difficulty in measurement especially in thickness mode which has been
presented by different researchers in a wide range. Mathematically piezoelectric strain

coefficient can be stated as:

_0/4 _Cim’
" F/4, Nim*’

=>d,; = (Charge density produced in direction i)/ (Mechanical stress applied in direction

j). The subscripts of the piezoelectric strain coefficient (d,) stand for the electrical
direction and the normal stress direction respectively. In PVDF film,
dy, &dy, >0,d,; <0 and —dy, 2d, >d,, >0.For commercially available uniaxially
oriented PVDF film the approximate lateral mode piezoelectric strain coefficients are,
dy =(18-20)pC/N &d,, =2pC/N [23].

Comparatively it’s easier to measure the lateral mode piezoelectric strain coefficient of
PVDF as it has convincing method of determining the d,, & d,, individually. Dargahi et

al. determined the strain coefficient by using a dumbbell shaped specimen (often used for
mechanical tensile test) and it was assumed that over the narrowed central part, the stress
is constant. The study concluded with d;, =18.0+£04pC/N & d,, =2.0+£0.1pC/N
[30].

It is however quite difficult to measure the piezoelectric coefficient d,, because of
extreme difficulty in applying a normal force to the film without constraining the lateral
movement of the film inducing other stresses within the film. The output can thus have
contributions from both the applied stress and the induced friction stresses. So it is quite

comprehensible that direct measurement of d,, associates a lot of difficulties. But couple
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of indirect methods does exist to speculate the value ofd,;,. In one method named

converse piezoelectric method, the change in thickness of a small sample is measured
upon application of a known field. But the problem of this approach is to mount the
sample in a way so that the lateral motion is not restricted. The restriction could affect the

accuracy of measurement. In the second method, d,; is measured indirectly by
measuring the hydrostatic piezoelectric coefficientd,, . And thend,, ,d,, & d,, are used to
calculate d,; . If ‘P’ is the hydrostatic pressure (The pressure which is exerted on a portion

of a column of fluid as a result of the weight of the fluid above it and also pressure can be
applied by piston) then the amount of charge is related to all three coefficients
by: AQ/ A =~(d,, +d, +d;;)3P, in which —(d,, +d,, +d,;)=d,, [30, 31].

Dargahi et.al. also investigated the direct measurement of d,, as the thickness mode is
used in many transducers. If the PVDF film is compressed (glued or clamped) between
two surfaces, then the all the piezoelectric coefficients contribute to output charge unless
the contact surfaces are frictionless. So they conclude that by reducing the friction forces
to their minimum values, it is possible to eliminate the contribution of the two lateral

modes and consequently the value of d,; can be calculated [30]. As friction force
between PVDF film and the substrate surface would incorporate d,, & d,, along with d;,

in the output charge, it is better to term it as d" 33 which is the function of all piezoelectric

strain coefficients.
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2.4.2 Linearity

PVDF exhibits very good linearity. The relationship between applied force and
the output charge is linear for stress up to 40 MPa. In relation to linearity, two factors
must be considered:
(a)The piezoelectric strain coefficient decays gradually with time (especially when
thermal poling is used instead of corona poling [32].
(b)The thickness of the PVDF film could be varied from point to point across its surface.
These factors suggest that the slope of the output charge against the applied force may
vary with time, or from point to point across the surface of the PVDF film and this should

not be confused with non-linearity [27].

2.4.3 Repeatability

Repeatability is the closeness between successive measurements of the same quantity,
with the same instrument, by the same operator, over a short time span. Values quoted as
sensor’s repeatability or reproducibility indicate the range of output values that the user
can expect when the sensor measures the same input values several times. PVDF possess

quite negotiable repeatability [24].

2.4.4 Effect of Static Load on PVDF

PVDF sensors are ideally suited for measuring dynamic events; they cannot
perform truly static measurements. Although the electrical charge delivered under a static
load can be registered, it cannot be stored for an indefinite period of time. For static

measurements highly insulated materials must be used for the sensor cables and
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connectors to ensure maximum discharge time constant and optimal operation of the
charge amplifier. So if the prolongation of time constant (represents the time required for
a signal to decay to 70.7 % (-3dB) of its original amplitude) is desired then high input
resistance and film capacitance can be used. This will however produce higher noise,
requiring compensation through shielding etc. On the whole, because of the finite time
constant, PVDF is suitable for dynamic measurements rather than static measurement

(0.001 Hz min.) [24].

2.4.5 Frequency and Dynamic Range

PVDF exhibits a very wide frequency response ranging from DC to the megahertz
region. Therefore both for slow motion (tactile manipulation) and fast motion
measurements (surface texture measurement), PVDF films can be implemented. PVDF
films also possess a very wide dynamic range. Depending on the mode of application the
sensitivity (Under a fixed condition, sensitivity is the relationship between a change in
the output of a device to the change in the input) of PVDF film can be varied. It is quite
possible to measure the response of the PVDF film yielded for forces as small as 0.01 N
by considering the value of the piezoelectric strain coefficient. The upper limit could be
extended to thousands time of it. So there is a huge dynamic range exists (1000:1). There
is however a limitation on the dynamic range and sensitivity. The product of those two

parameters is a constant value related to the saturation voltage of electronic interface

[27].
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2.4.6 Effect of Temperature

Due to the cross sensitivity of PVDF film with temperature, when it is used for
force sensing only, any change in temperature of the film (pyroelectric effect) is
considered as an unwanted signal causing output error. To minimize this effect, an
appropriate thermal shielding is required. This is normally done by shielding the PVDF

film using thermally insulated materials. The PVDF film loses some of its piezoelectric
and pyroelectric properties above70°C .Thus this is considered as maximum safe
temperature limit [27, 33]. Dipole relaxation and degradation in PVDF begins at

temperatures approaching 80°C [34].

2.5 Summary

This chapter introduced PVDF films as sensing element for force and position.
Because of its large dynamic range, it is considered suitable for applications such as
impact sensor in automobile bumper. Since it is essentially a three dimensional sensor,
the relationship among directions are discussed. A brief discussion on various properties

of PVDF sensor is also presented in this chapter.
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CHAPTER 3

AUTOMOTIVE BUMPER

3.1 Introduction

Automotive bumpers are designed to prevent or reduce physical damage to the
front and rear ends of passenger motor vehicles in low speed collisions. Bumpers are not
typically designed to be structural components that would significantly contribute to
vehicle crashworthiness or occupant protection during front or rear collisions. It is not
considered as safety feature intended to prevent or mitigate injury severity to occupants
in the passenger cars. Bumpers are designed to protect the hood, trunk, grille, fuel,
exhaust and cooling system as well as safety related equipment such as parking lights,
headlamps and taillights in low speed collisions. Mechanically the purpose of bumper is
to control and absorb some of the kinetic energy involved in the crash of a vehicle,
thereby reducing the level of forces transmitted to the body of the vehicle and ultimately
occupants. Customers increasing demand to enhance the safety level compelled the
vehicle manufacturer to adopt proper energy absorption device in the bumper system. It
had been seen that the crashworthiness of the vehicle can be improved by increasing the
energy-absorption capacity and efficiency of the bumper system. Additionally in order to
reduce repair costs, the bumper should be able to sustain low speed impacts without
allowing any damage to the body, chassis or any functional component. Most OEMs
(Original Equipment Manufacturers) will allow the bumper system itself to obtain limited
superficial damage that may require minor repairs but the bumper must be able to

withstand multiple impacts without the loss of functionality [14]. Modern bumpers
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generally consist of a plastic cover over a reinforcement bar made of steel, aluminum,
fiberglass composite, or plastic. For a bumper to be effective there must be some distance
between the reinforcement bar and the sheet metal it should protect [5]. Details of typical
bumper design and its mountings is presented in section 3.3.

Over the years, code and standards have been established for the design and effectiveness
of bumper systems in automobiles. Code of Federal Regulations (CFR)-Bumper Standard
(Part 581) clearly states that the purpose of this standard is to reduce physical damage to
the front and rear ends of a passenger motor vehicle from low speed collisions and the
standard applies to passenger motor vehicles other than multipurpose passenger vehicles
and low speed vehicles as defined in 49 CFR part 571.3 (b) [35].

In this chapter, the contemporary bumpers designs are categorized and the impact
absorbers used in the bumper assembly are discussed. This chapter also includes
automotive bumper regulations, added from different source, such as NHTSA (National
Highway Traffic Safety Administration), FMVSS (Federal Motor Vehicle Safety
Standard), CMVSS (Canadian Motor Vehicle Safety Standard), ECE (Economic
Commissions of Europe), IIHS (Insurance institute for Highways Safety) etc. The
discussion in this chapter is to merge the scattered information quoted in different
publications, federal regulations and books which is useful for any research in the area of

bumper systems.
3.2 Automotive Bumper Regulations

The bumper standard prescribes performance requirements for passenger cars in

low speed front and rear collisions. It applies to front and rear bumpers on passenger cars
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to prevent the damage of the car body and safety related equipments. The standard
requires protection in the region 16 to 20 inches above the road surface. This is a major
accomplishment of the bumper standard in the US because it helps to prevent over and
under ride of impacting vehicles. The manufacturer can however provide the protection
by any means they want [4]. For example some vehicles do not have a solid bumper
across the vehicle, but meet the standard by strategically placed bumper guards and
corner guards. Federal bumper standards do not apply on vehicles other than passenger
cars i.e., sport utility vehicle (SUVs), minivans or pick up trucks. The agency has chosen
not to regulate bumper performance or elevation for these vehicle classes because of the
potential compromise to the vehicle utility in operating on loading ramps and off road
situation. Moreover trucks with various tire size options create problems in fulfilling the
height requirement although some OEMs (Original Equipment Manufacturers) test light

trucks at mid bumper height.

3.2.1 History of Bumper Standard

In the 1960’s car bumpers were of all types and sizes and were placed at various
heights to the ground. The front bumper and rear bumper of some vehicles were not at the
same height, and many bumpers were little more than chrome trimming moldings with
poor impact performance. This trend led to bumper legislation. The first U.S. bumper
legislation was enacted in 1969 and required to utilize an impact by a swinging pendulum
against a flat wall [4]. On April 9, 1971 NHTSA (National Highway Traffic Safety

Administration) issued its first passenger car bumper standard known as Federal Motor
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Vehicle Safety Standard (FMVSS) 215, “Exterior Protection” which became effective on

September 1, 1972.

3.2.2 Relevant Safety Standards

The North American bumper performance standards are more severe than the
European ones. Thus, the bumpers on North American vehicles are considerably stronger
than those on European vehicles. Although the North American bumper standards are set
by legislation at the 2.5 mph (4 km/h) level for passenger cars, the North American
OEM’s (Original Equipment Manufacturers) voluntarily use a 5 mph (8 km/h)
performance standard for passenger cars. At this impact speed, there must be no visual
damage on a vehicle and there must be no damage to any safety items. However, damage
to hidden components of the bumper system is acceptable. Current bumper systems are
not designed to absorb energy under high speed impact. However systems are being
developed that can absorb about 15% of the energy under high-speed impact. Europe has
a greater concern about bumper repair cost than North American. Table 3.1 shows the

comparison between North American safety standard and European safety standard [36].
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Table 3.1: Safety Standards in North America and Europe [36]

NORTH AMERICA

EUROPE

KEY DIFFERENCES

Bumper Performance:

(1)US standard passenger
cars call for no visual
damage and no damage to
safety items at 2.5 mph (4
km/h); Canada calls for
limited damage at 5 mph (8
km/h) for passenger cars.
(2)Automakers have
combined the more
stringent aspects of each
standard- no visual damage
and no damage to safety
items at 5 mph (8 km/h) for
passenger cars.

Bumper Performance:

No requirement standard,
but most countries follow
ECE 42, which calls for no
serious damage (light bulbs
may be changed) at 2.5
mph(4 km/h)

(1) 5 mph vs. 2.5 mph
(8km/h vs. 4 km/h)

(2) Law vs.
recommendation.

(3) Greater damage allowed
in Europe.

Insurance Testing:

()The TIHS (Insurance
Institute  for  Highway
Safety) conducts 4 tests at 5
mph (8 km/h) which
measures repair costs for
the bumper. The tests are
front in to barrier, rear in to
barrier, front in to angle
barrier and rear in to pole.
(2)Statistics are published
in a newsletter.

Insurance Testing:

(1)European insurance
agencies have a test that
measures costs for bumper
repair (a credit is given for
ease of replacement).The
test is a 9 mph (15 km/h)
impact at a 40% offset. In
England, it’s called the
Thatcham Test, in
Germany, it’s called the
Danner Test.

(1)5 mph vs. 9 mph (8 km/h
vs. 15 km/h).

(2)Europe gives credit for
ease of replacement.

High Speed Crash Tests
CFR 571.208 Occupant
Crash Protection:

(1)Frontal rigid Dbarrier

High Speed Crash Tests:

(1) 40% offset driver’s side.
(2) Front end collision.
(3) 35 mph (56 km/h)

(1) Rigid vs. deformable
barrier.
(2) Head-on vs.
collision.

offset
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collisions applied to
passenger cars, MPVs,
trucks and buses.

(2)30 mph (48 km/h) frontal
collision. No separation of
any load bearing element of
a seatbelt assembly or
anchorage.

(3)Lateral collision 20 mph
(32 k,mv/h) and impact both
sides.

(4) Deformable
barrier/honey aluminum
structure (proposed)

(5) ECE 33 head-on
collision unladen vehicle
hits barrier at 30-33 mph
(48-53 km/h)

(6) ECE 32 rear-end
collision impact or
pendulum 22-24 mph (35-
38 km/h)

(4) FMVSS 301,
combination of 30 mph (48
km/h) frontal/rear and 20
mph (32 km/h) side.

3.3 Contemporary Bumper Systems

Front and rear bumpers became standard equipment on all cars in 1925. At that time
simple metal beams integrated with other engineering equipment are attached to the front
and rear of a car in order to protect the vehicle in low speed collision. But by virtue of
innovative research activity and government regulations this trend replaced with a huge
variety of bumper system. Contemporary bumper systems of passenger cars are
predominantly consists of a steel, aluminum, or reinforced plastic bumper beam which
spans the width of the vehicle and some form of impact absorber. Common impact
absorbers are isolators (similar to suspension shock absorber), foam and honeycomb
cores, deformable struts, rubber shear block and leaf springs [2]. There are several factors
involved in designing of bumper system. The prime consideration is to meet the federal
standard as well as to satisfy the vehicle manufacturers whose ultimate goal is to satisfy

the customer. It is interesting to be noted that California and Hawaii have bumper
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performance disclosure laws, others are not bound to. The bumper arrangement should be
capable of absorbing energy and stay intact at high speed impact. After NHTSA had
reduced the bumper impact speed to 2.5 mph from 5 mph (1983 model year) a lot of
manufacturers become inspired to replace the shock absorber with simple struts directly
bolted in the body of the vehicle. In bumper design, weight, manufacturability, cost and
type of materials used also play dominant role. Although each make of the cars have
different components and layout for the formation of bumper systems, from the
functional point of view they can be grouped under few common categories. In the
literature, common bumper design had been classified under few different systems [9].
Modern car bumper design can be grouped under four common systems as shown in
Figure 3.1: (A) Metal Face bar (B) Plastic Fascia and Reinforcing Beam (C) Plastic
Fascia, Reinforcing Beam and Mechanical Energy Absorbers, (D) Plastic Fascia,
Reinforcing Beam and Foam or Honeycomb Energy Absorber.

A metal face bar system consists of a single metallic bumper (Fig. 3.1A) that decorates
the front or rear of a vehicle and acts as the primary energy absorber in a low speed
collision. This system is widely used for light trucks including pick ups, SUVs and full
size vans. Most metal face bars are stamped from sheet steel. They are fastened directly
to the frame rails. For purposes of appearance and corrosion resistance, steel face bars are
either plated with chromium or painted. Typical North American steel face bars system
can withstand a 2.5 mph (4 km/h) impact with minimum visual damage and no damage to
safety related items.

The second bumper system consists of a reinforcing beam covered by a plastic fascia

(Fig. 3.1B). Steel is favored material for reinforcing beams. Steel reinforcing beams are
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either hot rolled or stamped from sheet in to box, channel or hat cross-sections. All steel
reinforcing beams receive corrosion protection. Some beams are made from hot dip
galvanized or electro galvanized sheet that have a zinc metallic coating. Other beams are
protected after fabrication with a paint system, such as E-coat. The reinforcing beam is
fastened directly to the vehicle frame or motor compartment rails. This type of systems is
primarily used in Japan and Europe, where bumper regulations are less stringent than
those in North America. On many vehicles in Europe and Japan the reinforcing beam in
this system also serves as the first structural cross member. If the reinforcing beam is part
of the body —in-white, the favored material is steel because of the structural requirements
associated with a cross member.

The third and fourth systems employ a plastic fascia (majority of plastic fascias are made
from polypropylene, polyurethane or polycarbonate) over a reinforcing beam in
conjunction with energy absorption (Fig. 3.1C & 3.1D). The systems differ only by the
method Qf energy absorption (will be discussed later). These systems are widely used in
North American passenger cars and minivans. They are commonly designed to withstand
a 5 mph (8 km/h) impact with minimal damage and no damage to safety related items

[36].
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Figure 3.1: Common Bumper Systems. [36]

Based on these common systems, manufacturers are constantly looking for improvements
for economical and safety related competitive edge over other manufacturer. Increasingly
stringent environmental demands are encouraging the automotive industry to look for
ways of producing lighter and more fuel efficient cars. Consequently researchers looking
towards lighter steel, plastic, and composite materials which will serve the traditional

purpose as well as satisfy customers while improve on fuel efficiency [10- 14, and 16].
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3.3.1 Bumper Components

It is clear from the previous discussion that bumper system consists of different
components. Major components are fascia, energy absorbers (isolators), face bar and
reinforcing beam. Many papers describe the components of bumpers by emphasizing on
certain parts according to individual interest [9]. The features of these components that

form the bumper are discussed in the following subsections.

3.3.1.1 Fascia

Plastic used as the outer panel of a vehicle bumper is referred as fascia. This
component does not have significant inherent strength and is only used to cover
components underneath. For example, a bumper fascia has little strength itself but covers
a steel beam, foam core or other energy absorbing component. Bumper Fascias are
designed to meet several requirements. They must be aerodynamic to control the flow of
the air around the car and the amount of air entering the engine which economizes the
fuel requirement. It reduces the weight of the vehicle and improves fuel economy. They
must be aesthetically pleasant too. Plastic is used because it can be made into complex
shapes that cannot be duplicated by metal stamping; therefore manufacturers have greater
design flexibility. Typical Fascias are styled with many curves and ridges to give bumper
dimension and to distinguish vehicles from competing models. Important requirement of
bumper fascias is that they are easy to manufacture, has some strength, and light in
weight. The majority of bumper system’s fascias are made by thermoplastic olefins
(TPOs), polyesters, polyamides, polypropylene, polyurethane or polycarbonate and

sometimes these are blended with glass fiber to increase strength and structural rigidity
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[11, 12, 36]. A typical fascia of a modern vehicle bumper is shown in figure 3.2. This
1998 Ford Windstar (Ford Motor Company, Windstar product development team/
Exterior systems division) fascia represents the first application of a new blend of
polymers having much higher flexural modulus than typical polypropylene or TPO
compounded material. Ford realized 40% increase in tensile properties using this
material, making the fascia stronger while taking out 5 pounds of weight from the earlier
type. Recently some bumper fascias are produced with high durability, lightweight and
capable of withstanding repeated impacts that would deform an aluminum or steel
bumper. Even after repeated impacts, the appearance doesn't suffer due to a paint layer
that's been chemically bonded to the part after molding. By utilizing an 'in mold' painting
process, the finish color is applied to the interior of the mold surface prior to closing and
urethane injection. Using this method (Trim System), the color layer becomes
permanently bonded with the substrate material. Bumpers manufactured in this manner

replace several fabricated metal parts; reducing both cost and weight of the finished part.

Figure 3.2: Bumper Fascia.
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3.3.1.2 Energy Absorber

Energy absorbers absorb a portion of kinetic energy involved in a vehicle crash and
help reduce the forces transmitted to the vehicle frames and occupants. Energy absorbers
are primarily very effective in a low speed impact, where the bumper springs back to its
original position. Energy absorber types include foam, honeycomb and mechanical
devices. Some of the commonly used energy absorbers are discussed under the following
sub headings.
Mechanical Absorber (Isolator)

Mechanical absorber (isolator) is a piston cylinder assembly mounted between the
bumper and car. They are parallel to the vehicles longitudinal axis and having
resemblance with shock absorber. Such isolators may be found on BMW, Chrysler,
Datsun, Ford, General Motors, older Hyundai, older Honda, older Mazda, some Nissan,
some Subaru, Mercedes, older Toyota and Volvo cars. There are many variations in the
design of the isolators, principle of their application is however, very similar.

A typical design of a bumper isolator is shown in figure 3.3. The isolator is fitted with a
metering pin and an annulus and a floating piston which separates the gas and fluid filled
regions of the isolator. On compression, fluid forced through the annulus pushes the
floating piston, which causes the gas to compress. As the compression continues, the
annulus becomes smaller because of the tapered metering pin and the resistance to
compression increases. When the compression force ceases, the expansion of the
compressed gas returns the isolator to its pre compression state. The metering pin may
have an initial region of constant diameter, followed by a tapered section in which the

diameter increases, followed by a second larger constant diameter region. In the constant
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