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Abstract

Thegoal of this paper isto present simple
but effective classroom demonstrations
and experiments for mechanical engi-
neering students who are taking System
Dynamics and Response (SDR). By tak-
ing advantage of the rapid development
in the field of smart materials and smart
structures, piezoelectric ceramics are
used in this project as both smart sensors

and smart actuators to help study the
dynamics and response of asimple dy-
namic system —acantilevered flexible
beam. Unlike atraditional experimen-
tal setup that is often single purposed,
this setup is multi-purposed by utiliz-
ing smart sensors and actuators. Many
experiments and demonstrations, such
as identifying transfer functions, pre-
dicting and observing resonance and

understanding Bode diagrams, can be
derived from this setup. This setup has
been built and integrated into SDR as a
tool for classroom demonstrations. It is
found that these demonstrations help to
bridge the gap between theory and intu-
ition during astudent’slearning process.
In addition, these demonstrations have
motivates studentsto further pursue stud-
iesin smart structures.

K eywor ds. Teaching of System Dynamics and Response, Smart Materials and Structures, Cantilevered Flexible Beam,

Vibrations, Linear Systems.

Introduction

System Dynamics and Response
(SDR) is a core engineering course for
undergraduate students majoring in me-
chanical engineering at The University of
Akron. In this course, methods of mod-
eling a system’'s dynamics and describ-
ing a system’s response in both time and
frequency domainsaretaught. Itisfound
that it is more difficult for students to
understand the transfer function represen-
tation of a system than to understand the
Ordinary Differential Equation (ODE)
representation of the same system. Also,
students have a much harder time under-
standing frequency domain analysisthan
understanding time domain analysis.
These difficulties are due to the fact that
both transfer function representation of a
system and frequency domain analysis
are less intuitively related to students’
experience with dynamic systems. If
some experiments can be developed to
intuitively demonstrate these hard-to-
learn topics, the teaching quality of this
course will be dramatically improved.
Recent advancesin smart materials 234
makeit possibleto develop asingle setup
to demonstrate these experiments. These
experiments, once deployed, can bridge
the gap between abstract concepts and
udents' intuition during theteaching of SDR.

Smart materials are used to build the
experiment setup. Smart materials refer
tothe materialsthat are“responsive.” Of-
ten the response is the conversion of one
form of energy into another in useful
quantities. For example, piezoelectric
ceramic materials will generate voltage
when subjected to strains. Commonly
used smart materials include piezoelec-
tric ceramics® 2 %4, shape memory alloy
5, magneto-rheological or MR fluids ¢,
electro-rheological or ER fluids?, and fi-
ber Bragg Grating optics®.

Piezoceramic material will beusedin
this experiment as a sensor to detect and
as an actuator to cause structural vibra-
tion. Piezoceramic material possessesthe
property of piezoelectricity, which de-
scribesthe phenomenon of generating an
electric charge in a material when sub-
jected to a mechanical stress (direct ef-
fect), and conversely, generating a me-
chanical strain in response to an applied
electric field. This property prepares
piezoceramic materials being able to
function as both sensors and actuators.
The advantages of pieziceramic include
high efficiency, no moving parts, fast re-
sponse, and being compact. A commonly
used piezoceramic is the Lead zirconate
titanate (PZT), which has a strong
piezoeffect. PZT can be fabricated into

different shapesto meet specific geomet-
ric requirements. PZT patches are often
used as both sensors and actuators, which
can be integrated into structures. PZT
actuation strain can be on the order of
1000 ustrain. Withinthelinear range, PZT
actuators produce strainsthat are propor-
tional to the applied el ectric field/voltage.
These features make them attractive for
dynamic applications.

It has been demonstrated that class-
room experimental demonstrations can
increase the effectiveness of students’
learning.® The goal of this project is to
develop simple but effective experiments
for classroom demonstration for the
course of System Dynamic and Response
by taking the advantage of smart materi-
als. Thedynamic systemisacantilevered
flexible beam with bonded PZT sensor
and actuators. By using the PZT mate-
rial, theflexible beam, the sensor, and the
actuators are integrated into asingle sys-
tem. This setup is multi-purposed and it
can be used to demonstrate several ex-
periments. Though the flexible beam has
multiple modes, its first mode is domi-
nant and it can vibrate only at its first
mode. When the beam vibrates only at
itsfirst mode, it can be modeled by a sec-
ond order system using a transfer func-
tion. By identifying its damping ratio and

* This project was supported by an NSF CAREER grant and two University of Akron Summer Teaching Grants.
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natural frequency, the transfer function
representing thefirst modal dynamicscan
be identified. This demonstration will
help students to intuitively understand
transfer function representation of a dy-
namic system. Another important demon-
stration isthe prediction and observation
of aresonance of adynamic system. The
flexible beam can be easily excited at fre-
guencies near its modal frequencies and
exhibitsresonance. Thiscan help students
to understand the effect of frequency of
aninput signal to adynamic system. This
demonstration will intuitively introduce
studentsto frequency domain analysis. In
addition, Bode diagram, which is a key
component for frequency domain analy-
sis, can be visualized by this experimen-
tal setup. The Bode diagram of the flex-
ible beam with multi-modes can be ob-
tained in advance through system identi-
fication. This Bode diagram can be in-
structed along with a demonstration of
flexible beam’s vibration with varying
input frequency. With changing frequency
of the input sinusoidal signal sent to the
PZT actuator, change in magnitude and
phase angle of the signal generated by the
PZT sensor can be observed and will be
used to compare with the prediction from
the Bode diagram. The demonstration will
help students to better understand Bode
diagram and analyze a dynamic system
in frequency domain.

Thisexperimental setup hasbeen built
and integrated into SDR as a tool for
classroom demonstrations. It isfound that
these demonstrations help to bridge the
gap between theory and intuition during
students’ learning process. In addition,
these demonstrations have motivated stu-
dents to further pursue studies in smart
structuresthrough senior design projects.

Background Information
about Piezoelectric Ceramic
Materials

Piezoelectric material refers to the
substancesthat have thefollowing unique
property: an electric charge is produced
when amechanical stressis applied, and
conversely amechanical deformation re-
sults from the application of an electric
field. The piezoelectric effect is formed
in crystalsthat have no center of symme-
try such as quartz and Rochelle salt. An
important group of piezoelectric poly-
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Figure 1. Comparison of PZT elements before and after
poling

crystalline ceramics are ferroel ectric ma-
terials with the perovskite crystal struc-
ture such as barium titanate and lead
zirconate titanate (PZT). Ferroelectric
ceramics become piezoelectric when
poled. Lead zirconate titanate ceramics
(PZT) and their modifications are solid
solutions of lead titanate and lead
zirconate.

Charge separation between the posi-
tive and negative ions is the reason for
electric dipole behavior. Groups of di-
poles with parallel orientation are called
Weiss domains. The Weiss domains are
randomly oriented in the raw PZT mate-
rial (shown in Figure 1(a)), before the
poling treatment has been finished. For
this purpose, an electric field (> 2000 V/
mm) is applied to the (heated) piezo ce-
ramics. With the field applied, the mate-
rial expands along the axis of the field

and contracts perpendicular to that axis.
The electric dipoles align and roughly
stay in alignment upon cooling (shown
in Figure 1(b)). The material now has a
polarization, which can be degraded by
exceeding the mechanical, thermal and
electrical limits of the material. Asare-
sult, there is a distortion that causes
growthinthedimensionsaligned with the
field and a contraction along the axis nor-
mal to the electric field.

PZT is one of the most commonly
used piezoceramics and will be adopted
in this research in the form of patches.
Figure 2 illustrates the application of the
PZT patch to bend a cantilevered beam
structure. Asshown inthefigure, the PZT
patch is permanently attached to the
beam. When a voltage is applied to the
PZT patch, it expands laterally (Figure
2(a)) and bends the beam upwards, as
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Figure 2 Piezoceramic Patch as an Actuator
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compare to Figure 2(b) when no voltage
isapplied. Now the polarity of the applied
voltage is reversed, and the PZT patch
shrinks laterally and bends the beam
downwards (Figure 2(c)). These are ex-
amples of motor or actuator action, the
conversion of electrical energy into me-
chanical energy. Finally, if an alternating
voltage is applied to the electrodes, the
cylinder will grow and shrink at the same
frequency as that of the applied voltage.
Thiswill cause the beam to vibrate.

On the other hand, the PZT patches
can be used as sensors to detect strain
changes. When the beam isbent upwards
by an external force, the PZT patch is
stretched and the voltage across the elec-
trodes will have opposite polarity to the
poling voltage (Figure 3(a)). When no
load is applied, the output voltage from
the PZT patchiszero (Figure 3(b)). When
it is forced to elongate along the poling
direction, the output voltage will havethe
same polarity as the poling voltage (Fig-
ure 3(c)). These are examples of genera-
tor action, the conversion of mechanical
energy into electrical energy. Generator
action can be found in cigarette and gas
lighters, gramophone pick-ups, acceler-
ometers, hydrophones and microphones.

Experimental Setup

A schematic of the equipment setup
isshownin Figure4. A cantilevered flex-
ible aluminum beam is used as an object
to study a system’s dynamics and re-
sponse. The beam has a PZT sensor and
a PZT actuator on each side. The alumi-
num beam is clamped such that itslength
is parallel to the supporting table below
it. Thisallowed the bending to be strictly
in the horizontal plane. The beam simu-
lates vibration of a large flexible solar
array of a spacecraft. When the beam vi-
brates, the sensor will generate a voltage
signal and this signal is sent to the data
acquisition system and also to the oscil-
loscope for visualization. On the other
side, if a sinusoidal signal is sent to the
power amplifier, theamplified signal can
drive the flexible beam to vibrate. If the
signal is properly designed, it can sup-
press existing vibrations. This cantile-
vered beam system is a smple form of
smart structures since both the sensor and
actuator are integrated parts of the struc-
ture. This smart beam has the ability to
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Figure 3. Piezoceramic Patch as a Sensor

sense and to react to vibrations. With re-
cent advances in piezo technology, both
the piezo patches and the power amplifi-
ers are commercially available at com-
petitive prices. The beam is designed so

that the first mode is dominant and far
away from its second mode. When the
beam vibrates at this first mode, its dy-
namics can be approximated by a second
order linear system.
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Figure 4. Cantilevered flexible Beam with Piezo Sensor

and Actuators

The setup described in Figure 4 has been
built and Figure 5 shows the completed
apparatus. The apparatus uses a flexible
aluminum beam with a length of 736.6
mm, a height of 53.1 mm, and a thick-
ness of 53.1 mm. Two PZT patches are
used as actuators and one PZT patch is
used as a sensor. A dSPACE data acqui-
sition system along with ahost PC isused

to record and displace experimental data.
A function generator (shownin Figure5)
isused to create a sinusoidal input to the
system and an oscilloscope is also used
to displace experimental data. All com-
ponents are cart-based and can be easily
whesdled into aclassroom for demongrations.
The important modal parameters of the
flexible beam used in this project are

Mode Frequency Frequency Damping Ratio
(Hz2) (rad/second)
1 1.6069 10.0965 0.013
2 9.73 61.1354 0.0066
3 26.8 168.3894 0.0069

Tablel. Modal information about the flexible beam
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Figure 5. The flexible beam setup which can be

brought to classroom

shown in the Table 1.

Though flexible beam experimentsare
common, conventional flexible beam ex-
periments employ external actuatorssuch
as shakers. A shaker often weights sev-
eral pounds and costs several hundreds
of dollars. On the other hand, the PZT
actuator used in this experiment weights
.280z and costs less than one hundred
dollars. Most importantly, the PZT actua-
tor can be surface-bonded to the beam and
become an integrated part of beam and
can causethe cantilevered beam to vibrate
without an external vibrating source.

Integration with Teaching
of System Dynamics and
Response (SDR)

The smart flexible beam experimen-
tal setup has been integrated with teach-
ing of the System Dynamics and Re-
sponse (SDR) course through classroom
demonstrations. Several demonstrations
can be performed to illustrate abstract
concepts and improve the quality of
teaching. The detailed information about
the demonstrations is presented as fol-
lows:

1) Identify thetransfer function
of adynamic system
This demonstration is developed to
help student to understand representation
of alinear dynamic system using atrans-
fer function. For asecond order linear sys-

tem, the characteristic equation of its
transfer function can be described as

(1)

5%+ 20w % + E.'i"z = ()

where { is the damping ratio and o, is
the undamped natural frequency. The
characteristic equation of this second or-
der system can be identified by estimat-
ing these two parameters.

When theflexible beam vibrates at its
dominant first mode, its modal vibration
can be approximated by a second order
system and its dynamics can be described
by eq.(1). To start the demonstration, the
flexible beam ismanually bent away from

itsequilibrium position and then rel eased.
This action results in vibration of the
beam at itsfirst mode. The PZT sensor at
the root beam records the strain informa-
tion which indicates the level of vibra-
tions of the beam. The time history of
vibration information can be used to es-
timate the natural frequency and damp-
ing ratio of the system and to establish
its transfer function. Shown in Figure 6
is an example of the data when the beam
vibrates at its first mode. The x, repre-
sents the magnitude of the first peak and
X represents that of the nth peak.

If 32 cycles (n=32) is chosen, it can
be easily determined from Figure 6 that
X, =6.3 (at t;=0.365 second) and X
=0.60(at t,=19.66 second). By using the
log decrement formula,

@)

i1

dxt + n
-1

[

the damping ratio { can be calculated.
The observed oscillation frequency cor-
respondsto the damped natural frequency
®,, Which can be found by using

_ n-1 ®)

i1l
d f.' -

1

and the undamped natural frequency _
and the resonant frequency o, can becal-
culated using

(4)
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Figure 6 Free response of the flexible beam vibration
at its 1s* mode
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Theresults are, £=0.0121,,=1.6066Hz
and w =1.6068Hz. Indeed, the values of
o,and o, are very close due to the fact
that the damping ratio of the system is
very small. Now the characteristic equa-
tion of the system isidentified.

In summary, this experimental demon-
stration helps students to 1) understand
responses of adynamic system, 2) under-
stand transfer function representation of
adynamic system, 3) understand the char-
acteristic equation of a dynamic system,
4) understand concepts of the damping
ratio and the natural frequency, 5) learn
how to estimate the damping ratio and the
natural frequency, and 6) learn how to
identify the characteristic equation.

2) Predict and observeresonance

of adynamic system

Resonance must be considered during
analysis and control design of adynamic
system with low damping ratio. Reso-
nance of a mechanical system is often
destructive. The flexible beam with PZT
actuator offers unique demonstrations of
resonance. The integrated PZT actuator
makes it part of the system and no exter-
nal actuator is needed. Unlike a motor
with unbalanced mass, the PZT actuator
can have variousinput frequencieswhile
keeping magnitude of the input signal
constant. The PZT actuator has a high
bandwidth and aquick response. Also the
PZT materia has along life cycle when
operating at low frequency range. All
these features make the flexible beam
setup appropriate to demonstrate reso-
nance of adynamic system. If the magni-
tude of the driving signal to the PZT ac-
tuator is chosen properly (generaly less
than 50V), resonance of the flexible beam
can be observed without damaging the
system.

Utilizing thefirst modal frequency and
the associated damping ratio, the first
resonance frequency of the beam can be
calculated.

@ =~:u,,1','{:1— 207)

It isfound that w, =1.6068 Hz. Dur-
ing the demonstration, the flexible beam
is excited at this frequency and Figure 7
gives the experimental result. The beam
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Figure 7 Resonance of the flexible beam near its

first modal frequency

startsvibrating violently with an increas-
ing magnitude. The vibration decreases
when the input frequency is tuned away
from .

The same demonstration can be con-
ducted at its second resonant frequency
and the experimental result is shown in
Figure 8.

In summary, this experimental dem-
onstration helps studentsto 1) learn how
to calcul ate the resonance frequency and
2) visualizethe effect of the resonance of
asystem.

3) Understand Bode Diagram
TheBodediagramisavery useful way

to represent frequency response charac-

teristics of a linear dynamic system. A

Bodediagram consistsof two graphs: one
isaplot of the logarithm of the magni-
tude of asinusoidal transfer function, and
the other isaplot of the phase angle. As
compared to time-domain response of a
system, a Bode diagram is less intuitive
for studentsto understand during instruc-
tion of frequency response of a system.
Theflexible beam setup can assist instruc-
tion of the Bode diagram. While keeping
magnitude constant, we can vary the fre-
guency of theinput sinusoidal signal sent
to the PZT actuator to test the frequency
response of the flexible beam. The re-
sponse can be picked up by the PZT sen-
sor. Utilizing the dSPACE real time data
acquisition system, the magnitude and
phase angle of both input signal and the
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Figure 8. Resonance of the flexible beam near its
second modal frequency
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sensor output can be recorded and com-
pared. The results can help students to
understand the Bode diagram of thisflex-
ible beam system.

If the first three modes of the flexible
beam are taken into considerations, the
transfer function of the system can be

modeled hv
Wals)

S1R4s" + 50425 + 2.634c0065° + T.284e005 s + 2,81 32008

WVals) 8" +13,3035" +3.22e004 5 + 4.031e0045° +1.092e008s° + 3.104e007 5 + 1.0%e010

where V(s) is the Laplace transform of
the sensor voltage and Va(s) isthe L aplace
transform of the voltage sent to the ac-
tuator. The zero-polelocations of the sys-
tem are shown in Figure 9 and Figure 10
presents a close-up of the first and sec-
ond zerosand poles. Please notethat poles
are represented by small crosses and ze-
ros are represented by small circles. The
Bode diagram of this system is shownin

Both the magnitude and phase delay
slowly increases when the input fre-
quency is tuned towards the first modal
frequency. Thisobservation is consistent
with the Bode diagram. When the input
frequency approaches closely to thefirst
modal frequency, dramatic increase in
magnitude and phase delay is observed.
The magnitude and phase delay peak at
thefirst resonant frequency that isalmost
identical to thefirst modal frequency due

to a small value of its associated damp-
ing ratio. Astheinput frequency increases
and moves away from thefirst modal fre-
guency, the output magnitude decreases
and reaches a minimum at the frequency
associated with the nearby zero. Mean-
while, the phase delay continues to in-
crease until the input frequency reaches
the frequency associated with the nearby
zero. With further increase of input fre-
guency, the output voltage changes little

Froure 1+

Figure 9. Zero and pole configuration of

the flexible beam

During the classroom demonstration,
asignal generator isconnected to the volt-
age amplifier for the PZT actuator. The
signal generator is set to generate a sinu-
soidal signal with aconstant peak-to-peak
voltage. The frequency of the sine wave
can be controlled to demonstrate the ef-
fect of input frequency on a system’'s re-
sponse, and the observed response will
be compared with the Bode diagram in
Figure 11. The demonstration starts with
a frequency lower than the first modal
frequency (1.6 Hz or 10.05 rad/s). Dur-
ing thisrange, the output signal has small
values of magnitude and the phase del ay.
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Figure 11. Bode diagram of the flexible beam
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and the phase delay isreduced to zero due
the phase lead introduced by the pair of
complex zeros.

When the input frequency isincreased
near the second modal frequency, the phe-
nomenon observed near the first modeis
repeated. For frequency above the third
mode, the observation does not map the
Bode diagram accurately sincethe higher
modes have been truncated in the system
model.

In summary, this experimental dem-
onstration hel ps studentsto 1) understand
the importance of frequency domain
analysis, 2) interpret the Bode diagram
of adynamic system, and 3) locate zeros
and poles of asystem through aBode dia-
gram.

4) Additional Benefits
Thefollowing summarizes additional
benefits of using the smart material ex-
perimental setup for classroom demon-
strations.
- Expose dynamicsand control of flex-
ible structures and smart sensor and
actuators to mechanical engineering
students and increase undergraduate
education diversity.
-Prepare students for the course of
Control System Design.
- Motivate perspective mechanical en-
gineering students to pursue further
study in the directions of control of
dynamic systemsand smart structures.
Since the introduction of these dem-
ongtrationsin SDR in the Spring 2000,
there were eight students (out of 43)
who chosetheir senior design projects
in smart structures under the advice
of the authors.

5) Survey Results

At the end of the semester, students
were asked to fill out an anonymous sur-
vey which included ranking of the effec-
tiveness of the smart material experiment.
TheresultisshowninFigure12. Itisclear
that most studentsthought the experiment
was effective to some degree. Followings
are some students’ comments:

It is good to use equipment and
makes the material more interesting
to learn.

Both theory and practical ex-
amples should be taught and com-
bined, which this class did.

Demos help. | am a visual per-
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Figure 12. Students’ Evaluation of the Effectiveness

of the Smart Material Experiment

son. The beam demo was excellent.

Being able to actually see the
beam that is vibrating helpsto under-
stand the concepts behind it.

These comments clearly show these
classroom demonstrations are effective
and help to bridge the gap between theory
and intuition during a student’s learning
process.

Conclusions

This paper describes several simple
but effective classroom demonstrations
using asmart material experimental setup
funded by a 1999 University of Akron
Summer Teaching Grant. This experi-
mental setup takes advantage of recent
development in smart materialsand smart
structures and it offers multiple demon-
strations. These experimental demonstra-
tions have been integrated with teaching
of System Dynamics and Response
(SDR). Positive feedback from the stu-
dents' survey showsthese demonstrations
are effective and these demonstrations
help to bridge the gap between theory and
intuition during the students' learning
process. In addition, these demonstrations
have hel ped to motivated studentsto fur-
ther pursue studies in smart structures
through senior design projects. The fu-
ture work will involve further detailed
evaluations of the effectiveness of each
smart materials experimental demonstra-
tionin SDR.
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