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conditions of the system with closely spaced natural frequencies.
The network performance is excellent in predicting the damage
conditions accurately and ef� ciently, and the discrepancy between
the network identi� cation results and the desired output is within
1.7%.

3) In structural damage identi� cation, this method allows one to
have the option of selecting one or a few measurements in modal
testing for the change of pole/zero as the input data of a diagnosis
network. Compared with earlier work carried out by measuring the
structural mode shapes, this method signi� cantly simpli� es the ex-
perimental loads in identifying the extent and location of complex
damage conditions.Note that a comprehensive,complete, and rele-
vant set of training data obtained either from numerical simulation
or from modal testing for different damage scenarios is the basis of
the neural-based scheme. The accuracy of the diagnosis network is
usually proportional to the training cost. Further work may be nec-
essary to reduce the required training data without degrading the
network performance.
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Introduction

S TRAIN control in piezoceramics requires the application of
external electric � elds to the active material. This has tradi-

tionally been accomplished by sandwiching the material between
conducting electrodes. The electrodes are appropriately segmented
to control individual areas of the actuator (Fig. 1). Although effec-
tive, there are de� nite constraintson using electrodes to accomplish
straincontrolin piezoelectricmaterials.Applicationof electric� elds
to piezoelectricmaterials in this way may become impractical as the
controlled area increases and the spatial resolution becomes � ner.
In such cases the number of electrodes and leads will become very
large.

One possiblesolutionto this problemis to depositcontrolcharges
directly onto the surface of the piezoelectricmaterial with an elec-
tron gun. An obvious advantage of this method, if it proves to be
practical, is that only the electron beam size and the properties of
the driven structure will limit spatial resolution.

The idea of applyingcontrolchargeswith an electrongun to stim-
ulate piezoelectricresponsewas put forth in an inventiondescription
by Brown and Sivyer.1 They outlined the designof an acoustic trans-
ducer that uses an electron gun to excite a piezoelectric layer. This
work stresseddynamicexcitationof the piezoelectricmaterialstruc-
ture rather than strain control. More recently Hubbard2 described
an electron gun system to actuate a wavefront correction mirror
constructed from a glass/polyvinylidene� uoride (PVDF) laminate.
This is the work most directly relevant to the current investigation
becausestraincontrolof the piezoelectricstructurewas emphasized.
Hubbard’s controlmethod is describedand compared to the method
used in this investigation in the following technical description.

The most attractive feature of electron gun control is the absence
of the constraining electrode pattern in the structure. In theory the
electrongun can apply a charge distributionof any size and shape to
any location on a distributed structure. This is a signi� cant advan-
tage when extremely large active or smart structures are under con-
sideration for precision applications. The ability to build an active
structurewithout electrodepatternsand lead wires greatly increases
the options open to the system designer.

If a practical method of shape control of large surfaces with � ne
spatial resolution is developed a number of applications suggest
themselves. Possibilities abound in the areas of acoustics and in-
strumentation. A particularly intriguing application is large optical
mirror structures for space applications. If an extremely precise ac-
tive structural system capable of maintaining a desired shape to op-
tical tolerances could be constructed, then space telescope mirrors
of enormous size might be possible. The � exible nature of electron
gun control may make it possible to construct these structures in
segments and assemble them on orbit, or perhaps stow them as a
furled thin � lm and deploy them and then tune the structure to a pre-
cise optical shape. This is, of course, an extremely bold proposal,
and proving such a concept feasible is a task well beyond the scope
of the work described herein. This Note is intended only to begin
the understandingof the important physics associatedwith electron
gun control of piezoelectric strains.
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Fig. 1 Control of a distributed piezoelectric structure with segmented electrodes requires a separate electrode and lead for each discrete area to be
controlled.

Fig. 2 Typical secondary electron emission curve for a dielectric
material.3

Physics of Secondary Electron Emission
Placing charge from an electrongun on the surface of a dielectric

to stimulatepiezoelectricresponseis not as simple as aiming the gun
and shooting the charge where desired.The surface charge changes
in response to the collision of an electron with the surface, but the
change is not the additionof one electron.An electron is decelerated
when it impacts a surface, giving up kinetic energy to the material.
A number of things can happen to that energy, including raising the
energy levels of other electrons to the point that they are ejected
from the surface.

Figure2 shows the secondaryelectronyield for a typicaldielectric
material as a function of the incident electron energy.3 The yield
curve for most materials is generally of this shape. The consistency
in shape across materials is such that the curves themselves are
typicallycharacterizedby threeparameters:the two crossoverpoints
where the electron yield ± equals unity and the energy where the
electron yield is at a maximum. The two crossover energies are
conventionally labeled E I and E I I . This is somewhat simplistic,
however, because the yield of some materials never reaches one, in
which case E I and E I I are unde� ned, whereas other materials may
have a de� ned E I and no E I I .

Assume that a material is experiencingan electron � ux and it has
a secondary emission curve with a de� ned E I and E I I . When the
impact energy of the primary electrons, E p , falls in a region with
an electron yield greater than one (E I < E p < E I I ), there is a net
� ow of electrons off the surface, and positive charge accumulates
if there is a collector present that is positive with respect to the
surface. If E p < E I the surface charges negatively in the direction
of the potential of the electron source. If E p > E I I , then the surface
charges to the potential that would decelerate an electron to E I I .
The voltageknownas the stickingpotentialrepresentsthe maximum
voltage the surface can reach due to the electron � ux.4

Fig. 3 Schematic of the electron gun plate applying an electron � ux to
an insulating plate.

A schematic representingan insulating, piezoelectricplate being
subjected to current from an electron gun is shown in Fig. 3. The
labeled currents represent the primary electron current i p , the sec-
ondary electroncurrentback to the grid is , and the net circuit current
ia . The three currents are related by

ia D i p is (1)

Note thattheseare electroncurrentsrather thanconventionalcurrent.
The two labeled potentials are the accelerating voltage applied to
the electrons, Vg , and the potential of a conducting support plate
mounted on the back of the piezoelectricplate, Va . The accelerating
potential and resulting electron energy are related as follows: a Vg

of 500 V will generate an electron stream with energy 500 eV at the
outlet of the electron gun.

The ultimate goal is to control the strain in the piezoelectricmate-
rial. This means the electric � eld across the platemust be controlled.
The potential of one side of the plate is directly controlled by the
voltage source Va . The remaining challenge is to control the poten-
tial of the surface facing the electron gun, Vs , and thereby control
the electric � eld in the material.

Bruining5 presents a method for analyzing the Fig. 3 circuit that
includes the secondary emission characteristic.Figure 4 is adapted
from Ref. 5. The curve labeledI in Fig. 4 is the relationshipbetween
thenet circuitcurrent ia and theenergyof theelectronat impactgiven
in terms of an acceleratingpotential Vp . This curve is related to the
secondaryelectronyield curve for a given material and is referredto
as the dynatroncharacteristic.Bruining treats the insulatingplate as
a conductorof very high resistancefor the purposesof this analysis.
Line II is the resistance line showing the electrical behavior of the
insulating plate when the potential of the supporting conductive
plate is Va .

The potential of the surface of the plate facing the electron gun
must bedeterminedto relate this analysisto piezoelectricstrain.This
can be accomplished by � rst noting that the energy of the electron
as it exits the gun assembly is given by
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Fig. 4 Possible solutions A, B, and C for a typical dynatron character-
istic (I) and the dielectric plate resistance line (II).5

Eg D Vg.q/ (2)

where Vg is the acceleratingvoltage of the electron gun and q is the
charge of an electron. The energy the primary electron possesses
when it impacts the piezoelectric plate is

E p D Vp.q/ (3)

where Vp is the potentialrequiredto acceleratean electronto kinetic
energy E p .

Between exiting the electrongun and impacting the piezoelectric
plate, the electron experiencesa change in kinetic energy due to the
potential difference between the accelerating grid and the surface
of the insulating plate. This is 1E and is de� ned as

1E D .Vs Vg/.q/ (4)

where Vs is the potential of the surface of the insulating plate.
The total energy the primary electrons possess when they strike

the surface of the insulating, piezoelectric plate is, therefore,

E p D Eg C 1E D Vs.q/ (5)

Combining Eqs. (3) and (5) shows that the surface potential of the
insulating plate Vs is also the accelerating potential in Fig. 4, Vp:

Vs D Vp (6)

and the strain in the unconstrainedpiezoelectricplate " is

"k D d jk .Va Vs/=t (7)

where t is the plate thickness, d is the piezoelectric constant, and
the subscript j corresponds to the thickness direction.

In Fig. 4 the intersectionsof curves I and II, labeled A, B, and C,
represent possible system equilibriumpoints, and only A and C are
the possible stable equilibria. Point B is unstable because any de-
crease in Vp causesthe surfacepotential to decrease.This effectively
lowers Vp further and on and on until the system reaches point A.
A similar analysis shows that positive Vp deviations from point B
lead the system to stable equilibrium C.

The secondary emission curve must be known for the material to
determine precise equilibrium conditions. These curves are avail-
able for most elements, and occasionallythe literature includes sec-
ondaryemissiondata forothermaterials.For example,the secondary
emission curve for the piezoelectricpolymerPVDF was determined
by Koshida and Yoshida.6 The secondary emission curve for PZT-
5H, the material used in the experimentsdescribedin this paper,was
not evident in a search of the literature. PZT was used in this inves-
tigation rather than the thin-� lm PVDF because strain gauges could
be bonded to the material to measure induced strains directly. The
critical points on the secondary yield curve are noted in Table 1 for
the three principal components of PZT, lead (Pb), zirconium (Zr),
and titanium (Ti) (Ref. 3). However, the secondary electron yields
of compounds are generally different than those of their constituent
elements.5 Bruining points out that the determination of the system
equilibriumis dif� cult even if the secondaryyield curves are known
because of the assumptions that the secondary yield behavior is in-
variant with respect to the electric � eld in the material and that the

Table 1 Secondary emission properties of lead,
zirconium, and titanium3

Maximum Energy at
secondary yield maximum

Element (±max ) yield E I E I I

Pb 1.1 500 250 1000
Zr 1.1 350 175

(Ref. 5, p. 38)
Ti 0.9 280 None None

Fig. 5 Effect of increase in the potential of the electrode Va on the
surface potential.5

plate resistance is well de� ned. Bruining also states that in reality
the plate resistance is not constant but is a function of ia .

Although quantitative predictions are dif� cult to make,
Bruining’s5 analysis is still useful for analyzing and formulating
methods to control the electric � eld in the piezoelectricplate shown
in Fig. 3. Hubbard2 developeda system for strain control of a piezo-
electric plate using a hardware setup similar to Fig. 3. The control
approach was to use electron beams of different energies to apply
(C) or ( ) charges to stimulate strains. To achieve this, Vg was
varied while Va remained constant. When Fig. 4 is referred to, ap-
plication of positive charge to the surface requires an electron beam
with an initial Vg between the middle zero point in curve I and point
C. This increases the potential of the surface of the piezoelectric
plate, which further accelerates the electronsand increases their en-
ergy. The system reaches equilibriumat point C. When Bruining’s5

resistive element analysis is used, this means that the potential of
the surface is positive relative to Va .

Generatinga negativepotentialon the surfacerequiresan electron
beam with energy such that electrons are delivered to the surface
with energyfallingbetween intersectionA and themiddle zero point
of curve I. Point A is the stable equilibriumpoint when the electron
beam is in this energy range. The result of applyingelectrons in this
energy range is that the surface potential becomes negative relative
to Va .

Hubbard2 described obtaining intermediate values of surface po-
tential, and thus piezoelectric strain, between the two equilibrium
statesdescribedearlierbyapplyingelectronsfromoneof two energy
levels and stopping the electron current before the equilibriumstate
was reached. Low-energy electrons were used to drive the system
toward equilibriumA, and high-energyelectronswere used to drive
the system toward equilibrium C. One unfortunatecharacteristicof
this control approach is that the system state is not necessarily at a
stable equilibrium point. Hubbard noted that this approach exhib-
ited instabilities,and signal processingwas required for predictable
operation.

Bruining5 provides a clue to solving the instability problems en-
countered by Hubbard.2 Improved system stability is generally de-
sirable, though it is often gained at the cost of slower system re-
sponse. Figure 5 shows an excerpt from the analysis of the Fig. 3
circuit illustrating the relationship between the system equilibrium
points and the potential of the conductive plate, Va . Assume that
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an electron stream is applied to the piezoelectric material surface
and the energy of the electrons is such that the system stabilizes
at point C. If the conductive plate potential Va is then increased,
the new resistance line is II0 and the equilibrium point moves to C0.
This results in a new surface potential Vs at this equilibrium point.
As long as Va and Vs do not experience identical changes, the elec-
tric � eld in the piezoelectric plate can be changed continuouslyby
varying Va , and the system will always be at a stable equilibrium.

Experimental Protocol and Results
The noncontact, electron gun control scheme for strain control

of piezoelectric structures outlined in the preceding section was
experimentallyevaluated to explore system response to a variety of
inputs. The material used throughout the investigationwas a 7.6 cm
£ 5 cm £ 1.9 mm (3 £ 2 £ 0:075 in.) thick plate of PZT-5H. The
specimen had a silver electrode on both faces, and the material
was poled in the thickness direction. Electrode thickness ranged
from 0.0003 to 0.001 in. (7 to 25 ¹m). The positive electrode was
removed with a combination of chemical etching and polishing to
expose the bare face of the dielectric material.

A photograph of the interior of the vacuum chamber is shown
in Fig. 6. A resistance strain gauge was bonded on top of the
remaining electrode and oriented to detect strain in the 1 direc-
tion as shown in Fig. 7. A wire lead was soldered to the elec-
trode and connected to a power ampli� er capable of applying
a Va of §200 V. The piezoelectric plate was securely held at

Fig. 6 Electron gun (1), phosphorscreen for checking beam directional
control (2), and the piezoelectric material target (3).

Fig. 7 Electron beam target and strain gauge location on the sample.

one end and placed in the vacuum chamber so that the unelec-
troded side was facing and perpendicular to the electron gun,
which is a Kimball Physics EFG-7. The distance from the gun to
the target was 12 cm (4.7 in.). The electron gun controller per-
mits variation of beam energy, current, and focus. The beam dia-
meter at the sample was kept constant at approximately 2.5 cm
(1 in.), and x and y beam steering was accomplished with de� ec-
tion plates. A phosphor screen was placed behind the PZT plate to
providevisual feedbackof an operatingelectronbeam. Typical vac-
uum chamberpressuresduringexperimentationrangedfrom 2:0e–6
to 5:0e–7 torr.

Because the secondary electron emission curve for PZT-5H
was not available to determine the proper energy for stimulating
secondaryemissions, the elemental secondaryemissioncharacteris-
tics in Table 1 were used as a generalguide.For successfuloperation
of the Va control scheme, it is necessary to bombard the piezoelec-
tric platewith electronsof energygreater than E I and somewhat less
than E I I . Of the three elements listed in Table 1 the highest E I listed
is for lead at 250 eV. The only E I I point de� ned is 1000 eV, also for
lead. The electronenergiesused in the tests to be describedwere se-
lectedbecausethey were at or above250eV and well below1000eV.

The material was assumed to be at zero stress and strain when
� rst placed inside the vacuum chamber. The electron gun was � rst
activated with the energy set at 250 eV and very low gun emission
current (approximately 5 ¹A) with Va set at ground potential. The
precise current can be measured with a Faraday cup attachment on
the electron gun, but this was not part of the experimental setup.
On � rst exposure to the electron beam, the material respondedwith
strains in the 1 direction on the order of 45 ¹" that remained in the
material after the electron beam was shut off. A uniform initializa-
tion of the material at this strain level was accomplished by sub-
jecting the entire actuator surface to the primary electron stream by
manually varying the beam directionwith the de� ection plates. The
strain instrumentationwas rezeroedafter the initialization.This ini-
tializationbias disappears if the material is exposed to atmospheric
conditions because of discharge to the atmosphere.

After the initialization was completed, the 2.5-cm-diam beam
was pointed to a locationon the sample centeredon the strain gauge
location shown in Fig. 7. Va was then varied between 200 and
C200 V, and the strain in the 1 direction of the piezoelectric plate
was recorded. The Va input and strain response are shown as a
function of time in Fig. 8a, and strain as a function of Va is shown
in Fig. 8b. The ratio of the magnitude of noise to the magnitude of
measured strain in the plots presented here is approximately 7%.

The strain responseto the Va input shows evidenceof the unstable
strain-� eld behavior predicted for point B in Fig. 4. The plot starts
at zero Va and zero strain and increases linearly up to a maximum
of 12 ¹". Va is then decreased from the 200 V maximum, and the
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a) Function of time

b) Strain vs Va hysteresis loop for the 250-eV electron beam tests

Fig. 8 Va input and piezoelectric response.

response remains linear until Va reaches approximately –150 V. At
this point the strain responseabruptlychangesdirectionsand moves
positive. This is indicative of net electron current swinging from
negative to positive. In terms of the analysis in Fig. 4, this means
that the resistance line is moved left to the point that there is no
intersection at point C, and the only equilibrium point remaining is
at pointA. All responseceasesat a Va of –175V becausethenegative
surface potential is strong enough to choke off the incoming beam.
No strain changes are seen in response to Va inputs until it moves
back above –175 V. The strain then increases in proportion to Va

until the response again abruptly swings negative and returns to
the original starting point. This is indicative of the resistance line
moving back to the right until the only remaining equilibrium point
is point C.

The 250-eV electron beam test showed a linear response as long
as Va was greater than approximately 20 V. Because positivevolt-
ages accelerate electrons, the same linear response should be ob-
tainableover a wider range by using a higher energy electronbeam.
The experiment was repeated with the beam energy increased to
300 eV. Va was again cyclically varied from 200 to C200 V and
the resultant strain recorded. The results from this test are shown in
Figs. 9a and 9b. The response to the 300-eV beam is signi� cantly
more linear than the 250-eV response,but nonlinearbehavior is still
evident at the lowest applied voltages.

The test was then repeated with a beam of 400-eV electrons.The
results of these tests are presented in Figs. 10a and 10b. The 400-eV
results demonstrated a nearly proportional relationship between Va

and piezoelectric strain.
The persistenceof the inducedstrainswas then evaluatedwith the

following test. At the beginningof the demonstration the gun is off,
the Va potential electrode is set to ground, and the strain is zeroed.
Figure 11 shows Va , beam state (on or off), and in-plane piezoelec-
tric response as a function of time. At 10 s, the gun is activated, and
a 200-V step is applied to the electrode, which resulted in approx-
imately 11 ¹". At 100 s, the gun is turned off, opening the electric
circuit, and Va is returned to zero. Note that the strain remains in the
material, and no signs of charge leakage are evident over the next

a) Function of time

b) Strain vs Va hysteresis loop for the 300-eV electron beam tests

Fig. 9 Va input and piezoelectric response.

a) Function of time

b) Strain vs Va hysteresis loop for the 400-eV electron beam tests

Fig. 10 Va input and piezoelectric strain response.
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Fig. 11 Electron gun state Va and resultant strain as a function of time.
Note that the piezoelectric strain remains in the material for signi� cant
periods of time even with the gun deactivated and Va is removed.

100 s. At 215 s, Va is stepped back to the 200-V level, and the gun
is turned on immediately thereafter. With the circuit reestablished,
Va is then ramped slowly to 200 V to generate a strain of 8 ¹".
Va and the gun current are then deactivated again to demonstrate
the permanence of the shape changes. The current is then reestab-
lished by returning to the original Va , and gun current levels and the
piezoelectric strain is ramped back toward zero. Clearly evident in
this simple test are the controllability, reversibility, and short-term
stability of piezoelectric strains stimulated by electron gun charge
and Va inputs.

Conclusions
Strain control of a piezoelectricplate using an electron gun to de-

posit charge on the bare face of the material and a single distributed
electrode on the opposite side was demonstrated to be stable, con-
trollable, and repeatable. The responses observed while using the
300- and 400-eVelectronbeams are similar in linearityand hystere-
sis to piezoelectricresponsesusingtheconventionalpairedelectrode
method. It was also demonstrated in tests using a 400-eV beam that
charge input can be applied to the material and that the resultant
strains will remain for a signi� cant period of time after the removal
of the electron beam. Clearly nonlinear behavior due to unstable
points in the secondary emission curve were evident in the 250-eV
beam tests, indicating that higher beam energies are more desirable
for stable operation.

The electron beam shape control method appears to hold poten-
tial for applications requiring high-resolution shape control of a
large structure with extremely high resolution. Given that electron
guns require vacuum to operate effectively, space is obviously one
place to look for potential applications. Two speci� c possible uses
involve the gathering of light. First, solar thermal propulsion units
could utilize the shape correction possibilities of an electron gun
controlled mirror to gather and focus the desired solar radiation.
Second, orbital telescopesused in cosmologyor Earth observations
could take advantage of the ability to control very large surface
areas to optical tolerances. The advantage of a large telescope is
that the more light that is gathered then the better the telescope
performs. The manufacture of extremely large primary and sec-
ondary re� ectors may become much easier and cheaper if a prac-
tical method of on-orbit shape correction can be developed and
implemented. Based on the research performed to date, electron
gun shape control of piezoelectricmaterials may provide one possi-
ble avenue for performing on-orbit shape tuning of extremely large
optical components.
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Introduction

T HE prediction of the modal change following a modi� ca-
tion in a dynamic system is useful in many problems of

engineering practice. This type of study was addressed as early
as in Rayleigh’s book.1 It is noted that the formulas of either
perturbation,2;3 sensitivity,4 or variation5 are essentially of a sim-
ilar form and hence they are considered as instances of the classic
method.Normally, to improve the accuracyof an analysis, two ways
are followed: the addition of higher variations and the utilizationof
an iterative process.6;7 The step-by-stepprocedure based on the di-
vision of a large modi� cation into small ones is an alternative.7 The
use of the Rayleigh quotient is a good way of approximation be-
cause it involves a second-ordererror.2 Bickford8 proposed a mod-
i� ed � rst variation, which can make up the Rayleigh quotient. The
incorporation of the Rayleigh quotient into a perturbation analysis
can also improve the convergence of the eigenvalues as well as the
eigenvectors.9;10

A procedurefor the improvedcalculationof eigenvaluevariations
is presented in this Note.

Classic Method
For a dynamicsystemin theoriginalstate,theeigenvalueequation

is in a form of
¡
A0 ¸0i B0

¢
x0i D 0 (1)

where A0 and B0 are real symmetrical matrices and ¸0i and x0i are
i th eigenvalue and eigenvector, respectively. The orthonormality
relationshipscan be de� ned as

xT
0i

A0x0 j D ±i j ¸0i (2)

xT
0i

B0x0 j D ±i j (3)
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