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Abstract

The buckling ofcompressively-loaded members is ongh&f most importantactorslimiting the overall
strength andstability of many structuresThis paper presents experimental results showhagactive
control can beised to stabilize compressive membagainst buckling, allowing them to leaded well in
excess oftheir critical buckling load. Experiments conducted usingcamposite steel/piezo-ceramic
column achieved a factor of 5.6 increase in load-beadpabilitythroughactive stabilization ofhe first
two uniaxial bucklingmodes. In addition, a small-scale railroad-style truss bridge constructed to
demonstratehat multiple actively stabilized compressive members may be incorponattec canpound
structure. This paper presentsauerview ofthe experimental resultsuggests design criteriar actively
stabilized members, and discusses potential industrial applications.

Introduction

Although structural materials such as steel are very strong in many ways, they have one severe #asftekible. When
long, thin membersareloaded in compression beyondeartain critical load, thiflexibility leads to buckling, in which the
member suddenly flexes due to the applied load. Buckling is a sudden tladtoecurs withoutvarning andften leads to
completestructural collapsetequiring thatvery large safety factorgload reductions of 20x-100x) be incorporated into
designs in order to ensutleat buckling doesot occur. Active control allows members to be loadaslyondtheir critical
buckling load by using sensors to detihet onset of buckling motioandapplying actuatioriorces to restoréhe member to
the undeflected position.

In theory, a perfectlgtraight, unperturbed column will nevieuckle,and carnsupport loads welhbovethe critical buckling
load. In practice, columns are neyperfectlystraight, and there slways someaort of disturbance going on. Tkeyidea
that makes active control of buckling attractive is that if the onset of buckladegasted vergarly, while the column is still
nearly straight, the column will still be supporting almaktof the applied load. Thus the contfolces donot need to
support the applied load directly, but merely need to oppose disturbances and compensate for material imperfections.

Dynamics of Column Buckling

When the active control system is operating, the deflections of a column will be kept small. For small deflections the column
dynamicsare approximatelyinear, allowingdynamic behavior to be described as a sum of independent modal solutions,
which areshownbelowusing a coordinateystem inwhich y denoteghe deflection ofthe beam at each poirindx denotes

location along the length of the beam:
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Each modal solution consists of a functigy(x) describing the mode shapetbé nth mode,and afunctionqp(t) describing

how the amplitude of thisnode shape varieas/ertime. A column supported by pins at its endpoirasmode shapethat
are sinusoidal, as illustrated in Figure 1. Although there are mags in which columnsanbuckle, buckling irthe first
mode is the factor that limits how much load can be applied to a column, since the critical buckliRgeadfor the first
mode is lower than that of the higher modes (Equation 4).
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Figure 1: The first threemode shapes of a beam wimned ends, as determined by Equation 1. The shape loédne af
any instant in time is expressed as a sum of mode shapes. The amplitude of each mode shape varies with time as determinec
by Equation 2.

The equation of motiomand itssolutions for a column witlpinned enddor a column oflengthL having mass per unit
lengthy, modulus of elasticitfg, moment of inertia and supporting a constant axial loading fdPcare:
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Note that when a column is loadedbovethe critical buckling load, thérequency of vibration inthat mode becomes
imaginary (Equation 3). In other wordse column no longer hasifficient strength(stiffness) to overcomthe bending
moments being applied by the axial loadnless an external contrédrce intervenes, the amplitude deflection inthat

mode will grow exponentially over time, leading to failure of the column. In theory (Equation 4), preventing buckling in the
first mode will yield a factor of 4 increase in load-bearisigength, since the critical buckling lo&or the £cond mode

(n=2) is 4 times larger than the critical buckling |dadthe firstmode(n=1). Similarly, preventing buckling in each of the

first two modes will (theoretically) result in a factor of 9 increase in strength. In pramtmesare neveperfectlystraight,

but ratherhave some degree btiilt-in eccentricity the directionand magnitude avhich may varyalong the length of the
beam. Thus in the real world, a column will begirbtkle at loads somewhsamallerthan thetheoretical buckling load
predicted by Equation 4.

Prior Approaches

There havédeen several theoretical studiedtu# differential equations governing column bucklihgthave indicatedhat
active control of bucklingcan beachieved:**®® Meressiand Padef showed analyticallythat piezoelectric (PVDF)
actuators mounted continuously along the length of a column could be used to stabilizerttaglérst column buckling, in



theory achieving a factor of 4 increase in load-bearing capabiGiyandrashekhara and Eishowed via finite-element
analysis that actuators mounted in the center ofcampressed plate could increase tutsiaxial buckling load by
approximately 10%.

Jefferi€ conducted an experiment in which an electromagnet was used to sttislifiest bucklingmode of a column,
effectively forming an electromagnetic restoring spraannected to an external brace. Bedird Sussmahconducted an
experiment in which the first bucklingiode was stabilizethrough theuse of externally-driven tendormsting on ayard
mounted perpendicular to a column. Bateveloped avay to actively change the length of a column using Nitinol
actuators, redistributing the load in a structure so deép supporting columns from being loaddzbvetheir buckling

load. Baz hasalso used Nitinol wires attached to external “ceiliragid “floor” supports to adaptively brace a column
against buckling. In the smart structures figdtensive worlkhasbeen performed on active control of vibration, batil
recently little attention has been given to the possibility of controlling buckling for the purpose of increasing the lngd-bear
strength of a structure.

The experimentabrototypes described ithis papewdiffer from previously published work ithat theuse of inducegstrain
actuation allows active control of buckling to be achieved withbetneedfor external braces, yards, or supports. In
addition, these experiments represent the first tithat multiple buckling modes have beeactively stabilized
simultaneously.

Design Considerations

The design ofctively stabilized members involves a complex set of tradéndtscanoften be counterintuitive. Decisions
regarding actuator placement, actuator siziagg substrate materiaselection interact ircomplex ways with design
constraints such as the desired load-bearing capability of the member, the allocation of control betWwesty modes, and

the susceptibility ofthe system toexternal perturbations. After much experimentation with discrete-element simulations
(described in Berlif), we foundthat thefollowing criteria were particularly useful fothe purpose ofsummarizing design
tradeoffs:

1. The stabilization position which measures the maximum stadieflection ofthe midpoint of the column at which
sufficient control authority is available to counteract buckling. iinigortant that this maximurstabilizable deflection
be large, because eccentricities and other imperfections tend to make the column actisfigbtbd even when it is in
its equilibrium positionand becauseexternal perturbations can increase deflection ofthe column. In our design
process, we used as our methie stabilization position of the first bucklimgode for a column loaded to &s critical
buckling load.

2. Thecontrol ratio, which measures the relative size of the region in which the ceyst@mcan operate. The control
ratio is the ratio of the stabilization position (mentiorsdmbve) tothe minimumdeflection at whichthe onset of
buckling can baletected. Ideally one would likee control ratio to be dsigh aspossible, to providéhe maximum
amount ofsafetymargin betweenthe deflection at which buckling motion is first detectadd thedeflectionbeyond
which buckling motion can no longer be prevented. In our dgsigoess we calculated control ratios based on a
column loaded to 2x its critical buckling load, with an estimatdhefminimumdetectable first-mode deflection being
that which results in 2(strain at the midpoint of the column (which in retrospect was overly conservative).

3. Thebuckling loadof the composite beam.

4. The distribution (spillover) of actuation authorihgtweenthe variousmodes. Spillover of actuation authority is
undesirable both because it diverts actuation authority away from the unstable bocidesgandbecause itan induce
undesirable vibrations. We measured spillover by plotting the maximum static defiéationsthat theactuators can
induce in an unloaded column.

These design metrics summarize tbemplex interactionghat occur when multiple design factorome into play
simultaneously. For instance, given a design tdayahe thickness of piezo-ceramic actuator to be usedeliss atarget
buckling load, consider th&actorsthat go intochoosing a materidior the core substrate on whictine piezo-ceramic



actuators are to be mounted: Choosing a more flexible substaseeial requirethat a thickebeam be used to achieve the
buckling load. Use of athicker beam irturn givesthe piezo-ceramic actuators maeeerage by movinghem fartheifrom

the center of the colummherebyincreasing the momeniat can bechievedthroughpiezo-ceramic actuationHowever,
moving the piezo-ceramics farther from the center of the column also increases the efitativd#the actuatorshemselves

on thestiffness ofthe system. Inaddition, use of a thicker substra#éows more accurate measurement of curvature, since
the straingagesare mounted on thsurface ofthe substrateand a thicker gbstrate will undergo more surfastgainfor a
given curvature than will a thinner substrate.

Figure 2 presents an example of the use of these metrics to summarize théradsugfs associated withaterialselection

for a 12inch long composite column. Foinstance, a column using a .010” thick fiberglass substratea larger
stabilization positionthan does acolumn that uses athicker (0.030") fiberglass substrat@nd is thusless sensitive to
eccentricitieghan thethicker column is.However,the 0.030" thickiiberglass provides krger control ratidhandoes the

0.010" fiberglass, since the increased thickness of the substrate increaabtityhef the sensors toetectthe onset of
buckling. We chose 0.010” thick steel for our experiments because it provides both a high control ratio and a relatively large
stabilization position, while still providing sufficiestiffness to support substantial load$n addition, springsteelhas the
advantage of being resistant to takingsat” (e.g. undergoing plastic deformation), a factor which perthiprototype

column to be reused once it has been permitted to buckle.)

Design Metrics Applied to
Material Selection
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Figure 2: Substrate Material Selection Tradeoffs. This chart illustrates thieadeoffsthatarose when selecting a suitable
substrate materi@ndthickness for use ithe piezo-ceramicomposite column. Notiat the .010” thicksteel columrthat
includes stiffeners mounted the gapdetween adjacent actuatdras a larger stabilizatigpositionand control ratiothan
the steel columrthat doesnot have stiffeners. The addition of ttéfeners prevents local bendingtime gaps, redirecting
actuation authority towardbe firstmode. This redirection of actuation authori#flowsthe column withstiffeners to make
better use of its actuatidiorces, achieving #arger stabilization positioeventhough it has a highdsuckling load (and
hence requires larger restorifyces)than thecolumn without stiffeners. (The control ratiasd stabilization positions
shownarefor a column loaded to 2x its critical buckling load, witménimum detectable deflection of 2@strain at the
midpoint of the column.)



Active Column Experiment

Structure of the Composite Column

Active control of bucklinghasbeen demonstratedsing acomposite columrhat is actively stabilizedagainst buckling
through theuse of piezo-ceramic (PZT) actuator$his column, which is pictured in Figure dchieves a factor of 5.6x
increase in load-bearing capability through active stabilization of the first two buckling modes. The column is 12.6 inches in
length and has theoretical buckling load of 9 Newtons. In practice, buckling occurs at a load of 5.27 Newtons, which is
somewhat lesshan thetheoretical buckling load due to eccentricand other smallmperfections in the material and
support structure of the column. The onset of bucklirdptected by an array sfraingages mounted along thength of

the column. Forces that counteract buckling motion are supplied by an array of piezo-ceramic actuators.

Actuation is achieved usirtpe induced-strain method, in which actuators are mounted in pairs osigadi the column
and are driven out of phase that theactuator on one side of the coluseeks to grow, whilthe actuator on the othside
seeks tashrink, thereby applying a distributed bending momerntt column. Theomposite column is constructed from a
base material of 0.0liich thick springsteel, 12.6 inches lorend 2 inchesvide. A total of 10 piezo-ceramic actuators are
mounted on the column in pairs, with 5 actuators on each side. Each actunsists of a rectangulariiZch long, 1.5 inch
wide, 0.010inch thick piece of nickel-plated lead-zirconate-tithate (PZT), a piezo-cerandterial, embedded in a
polyimide flex-circuit.

Due tomanufacturing constraints there is a gap of approximatelynthibetween adjaceractuators. Early in the design
process, finite-element simulations indicatbdt local bendingwould occur inthe gapsetweenthe actuators, sincénat
region is more flexibleéhan therest of the column. Thi®calized bending caused a spillover of actuation authority into the
5th and 11thvibrational modes, dramatically reducitige influence of the actuators on the fisstd secondnodes. To
prevent localized bending, small 0.0ib@h thicksteel plateshatact as stiffenerare mounted in the gapgtween adjacent
actuators, as illustrated in Figure 3.

As pictured in Figure 4, each end of the column is held in place by a pinned end-support. The endengiprtof a
hinge constructed usidgw-friction stainless steel ball-bearings encased in an anodimednum housing, whicprovides
a nearly ideal pinned end-condition. The colutsglf is mounted in a test jithat applies a compressive loading a rod
held in place by dinear pillow-block assembly. The pillow block ensureghat theload force is directegarallel to the
column. An aluminum clamp mountethovethe pillow block acts as éimit stop, preventing totatollapse ofthe column
when buckling occurs.
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Figure 3: Front and side views of the composite steel/piezo-ceranticlumn. The column is 12.6 inches in leng
Steel stiffenersreused to increasthe stiffness ofthe areabetween adjacent actuatdisat is notcovered by piezg
ceramic material.
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Figure 4: Photographs of actively stabilized column.Active control enablethis column to support 5.6x more lotthn
would otherwise be possible. Aaray of straigage sensors mounted on the coluhetectthe onset of buckling Piezo-
ceramic actuators apply actuatimncesthatcounteract buckling motion. The axial load is applied through a lpitauv-
block assembly.Each end of the column is pinned by a hinge joint constrioted low-friction ball bearings. Acrew
clamp mountedbovethe pillow block assembly acts aslianit stop to prevent total collapse thfe column when bucklin
occurs.




Control Strategy

Active control was applied only tihe firsttwo buckling modes, sinche highemodesare inherentlystable ovethe range

of loads being applied to the column. The control strategy is implemented by a centralized control computer (a 486 PC),
which isfed information abouthe column's dynamic behavior fiye pairs of resistivestraingage sensors. The control
computer interprets all five strain readings to produce an estimate of modal amplittie fisstand secondnode. A non-

linear variant ofPID control operates on the modal amplitude data to determine the appropriate control actions to take to
stabilize each mode.This modal approacknablesthe controlsystem todistinguish curvature changes associated with
buckling in the firstwo modedrom curvature changes associated with higher-ardste vibrations.The firstand second

buckling modes are treated as being independent of one another, and are controlled by independent controllers.

Control of the first bucklingnode is achievethrough theuse ofall five pairs of piezo-ceramic actuators acting in parallel.
The actuatorfocatednear the midpoint of theolumn areexcited using dighervoltagethan theactuatormear the ends of
the column, so as to match the relative magnitudes of the bending massntgated withhe firstmode. To actuate the
second modehetopmost twapairs of actuators are drivename direction, while thbeottommost twairs of actuators are
driven in theopposite direction. The center actuator paivas not usedfor actuation ofthe secondnode, since it lies
partially in the top half and partially in the bottom half of the column.

Eachmode is controlled by aariant of a P.1.D. Rroportional +Integral +Derivative) control strategshat | refer to as
PD+IV control. ldevelopedhis variantbased on experimental observation in ordeswercome problems associateith
sensor noise, built-in eccentricity tfe column itselfand hysteresis irthe piezo-ceramic actuators. The final form of the
control law includes terms that operate at two distinct time scales toth#awsponse to high-frequency perturbations to be
specified independently dhe response t@ow-frequency,longer-lastingeffects. Foreach mode,the control action is
computed as follows:

Control Action = ( (P Oposition
(D Dvelocity)
(I Olong_term_position +
(V Olong_term_velocity )

+ +

The controller works by using the proportional tePhto counteract small high-frequency disturbances in the vicinity of the
equilibrium point. The short time-scale derivative teB grovides deping thathelps to prevent overshoahd toensure
that oscillations associated with proportiorfabdback will dieout. The integral terml) is used to provide a long-term
offset that corrects for eccentricity irthe column,for hysteresis inthe piezo-ceramic actuatorand for offset of the
controller's target position from the true equilibrium position of the column. A long time-scale derivativé/}yeaots(to
damp out oscillations induced by the intedesddback. To preveiie controller from reacting to measurement noise when
the column is in the vicinity of the equilibrium position, the controller includes both position and velocity deadbands.

Experimental Results

By controlling both the firsand secondbuckling modesthe active column was able to support a loa®9f88 Newtons, a

factor of 5.6 times greatehan theexperimentally observedncontrolled buckling load of 5.27 Newton3he system was

able to withstand external perturbations, as illustrated in Figure 5. Wbkerolumnwas loadedabove29.88 Newtons,

failure occured in the second buckling mode. Even after failure occured and the rod applying the load had fallen down to the
limit-stop, the firstmoderemained controlled, with the column coming to rest in an “S” shape characteristicsetctirel

buckling mode. Only after the controller was turned off did the column return to its first-mode shape.

The primaryfactors preventinghe column from supportingven more load were measurement naisd limitedcontrol
authority. The limited control authority is partially due to the placement of the actuators, which tisagublecentermost
actuator cannot be used to actutie second bucklinghode. Figure 6 shows a phase-space plthefcontrolledsystem.
The plotclearly showsthat thecontrolled systenctontainstwo stable fixedpoints, one on either side of the unstable
equilibrium position. In other words, measurement noise prevents true stabilizatiba ©fstem, leavingthe zero
deflection point unstabland creatingwo stable fixedpoints located avery small deflections toeither side of thezero



deflection point. If measurement noigas reducedthe two stable fixedpoints wouldmove closer tahe equilibrium
position. From th@erspective ofminimizing the impact of externally applied perturbations,libst behavior was obtained
when the controller was tuned to keep the column in the vicinity of otiee @fttractors. $uspecthis biasing of theontrol
system was effective because it allowied controlsystem to avoid problemsuch as integrator wind-uphat canoccur
when traversing an unstable equilibrium point.
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Figure 5: Response to perturbation. The plot on théeft showsthe 1st-mode deflection dhe midpoint of the column vs.
time. The plot on the right shows the control voltage applied to the center actuator vs. time. The perturbation way |nduced b
banging my fist on the table as hard as | could.
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Figure 6: Phase plots of the system in operationThe top plot shows the velocity vs. position of the system during normal
operation. The bottom plot shows the velocity vs. position of the system undergoing oscillations. This view was created by
artificially adjusting the control law so as to induce oscillations that would depict the structure of phase space.
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Figure 7: Actively stabilized truss bridge. This bridge incorporatetwo compressive membet$at actively resist
buckling.

Active Bridge Demonstration

Compound structures have interactions that are complex and troublesome to model, making it difficult to predict how control
actions taken to prevent buckling of one member will influence the otberbers in a structure. Indeed, ic@nceivable

that thevarious active members in a structure could act as coupled oscilaeatingsystem-level dynamicahstabilities

similar tothosethat can ariselue to the wind-induced pumping @fergy intathe vibrationaimodes of astructure. Will it

be possible to use independent, local strategies to control each active member, or will it prove to belesisdraiarious

active members in a structure communicate with one other to coordinate control actions?

To explorethe behavioand interactions amongultiple active members in a structuasd toinvestigate the destabilizing
effect of gravity on activelycontrolled beams, we experimented with a small-scale railroad-style truss bhiaige
incorporateswo compressive membetbat actively resist buckling. This bridge, pictured in Figure 7, momposed of
steel/piezo-ceramic composite beaisisntical in structural design to th@ezo/steel composite column descritesatlier.
Eachactive membehas itsown dedicated control computéunning thePD+IV control strategyand iscontrolled entirely
independently of the otharctive beam irthe structure. Although the bridge design cafladthe compressive members to
be identical, one of them turned out todtiéfer than theother. (Due tdhe limited availability of the 0.010" thickiezo-
ceramic material, the second membeas fabricatedising slightly thicker 0.012" thick piezo-ceramic actuators.) As a
consequencehe compressive member shown e left in Figure 7, whichhas abuckling load of 11.7 Newtons, is
somewhat stiffer than the compressive member on the right, which has a buckling load of only 9 Newtons.

The truss bridgavorked well,with no significant interactiobetween members observed. A seriesxtérnal perturbations
were applied byand, bybouncing a fingenear the center pijpint on theroadway. For loadéhere “loads” refers to the
force applied to the centepin joint of the bridge)below 20.9 Newtons, both active members respondetl to the
perturbations. Théactor that limitedhow much loadcould be placed othe bridgewasthe ability of the thinneractive
member (theight one) to resist external perturbations, primarily due to a reduction istdabdization positioncaused by
the influence of gravity on the very thin beam. Indeed, wheadtiee controkystem igurnedoff, the members visibly sag
under their own weight.

Theactive truss bridge demonstratasat it ispossible to combine multipkctively stabilized members to form a compound
structure. However, further research is required to determine under what conditions the active members in a structure can be



controlled independentlyand whatdegree of communicatioand coordination is desirable betwedne controllers of
different members.

Potential Applications

Extended Lifetime

One potential application for active control of buckling is to extdéradlifetime of equipment by reducing fatigue. For
instance, in a phenomenon known as wave-induced whipporgpressive members supportitige hulls of large ships
buckle in heavy sea conditions due to wave action pounding druth® Fortunately, the duration of thercesapplied by a
wave is(usually) short enougthat buckling doesot progress to the point of causing the immediate failure of the member.
However,after repeated loadingycles,the buckling motiorcauses metal fatigue which damagles membeiover time,
leading tovery high maintenanceosts. Active control would counterabe buckling motion induced by tiveave action,
thereby preventing buckling-inducetetal fatigue. Industrial equipmethtatundergoes periodic larg@mpressive loads is
another potential target for active fatigue reduction.

Strength on Demand

One of the most important potential applicatidies active control of buckling is to supplemetaditional designs,
providing an added factor shfety inthe form of‘emergencystrength”for exceptional situations. For instance, when an
airplane makes an unusuahgrd landing, the landingfruts could be given addstrength byactively controlling buckling.
Aircraft are particularly attractive candidafes this technology because they already hhighly reliable sources gfower,
have hydraulic and electrical systems available for actuation, and undergo large dynamic loading only for brief periods.

In some applications it may even prove feasible to rely on active control to sopgiogry loads. For example, tspeed
and range of aissile could be extended by reducing its wethhbugh the removal of materitbm its fuselage or engine
housing, compensating fdhe resulting strength reduction by usiagtive control to withstand periods bigh load.
Similarly, the engine housings of fighter aircraftuld be actively stabilizedgainst buckling during thieigh compressive
loads encountered during full power dives, perhaps using aerodynamic appendages or fuel jets as actuators.

In 1970 an architect, William Zuk, predictéslat some daymankindwould learn to control théuckling of columns and

would usethis technology to build a city on top of axisting city, supported byery tall and slenderactively stabilized
columns!? Although the civilian economy is probably not yet readytfieridea of buildingshatfall down whenyou switch

them off, there are nevertheless potential applications in civilian buildings. One possibility would be to thersasngth

of compressive members so as to miéden betteable to resist earthquake-induced dynamic loddiswever, a potentially

more important aspect of active control of buckling is that it provides a structural designer with a new option: a compressive
member that can actively be made strong during normal operation to provide resistance to wind-induced vibration, but which
can be allowed to flex during an earthquake to allow the structure to sway in response to the quake.

Portable/Deployable Structures

Active control of bucklinghas the potential toreate structurethat areboth strongeand lighter tharwould otherwise be
possible. This has the potential ®nableultra lightweight structures, such agartable bridgehat could be carried in a
backpack or jeepndyet bestrong enough to carfyeavy loads.Other potential infrastructure related applications include
portable telescoping supports for temporary reinforcement in the aftermath of disasters such as earthquakes and hurricanes.

Moving Flexible Objects

Industrial applicationghat require thenigh speed precision movement of flexildbjectsare frequently plagued by the
buckling of theobjectsbeing manipulated. A potential industrial application of teishnology would be to use remote
sensing an@ctuation approaches #mtively sens¢he dynamical state of thebjectbeing manipulatednd toapply control
forces that prevent it from buckling.



Conclusions and Suggestions for Future Work

This experiments presented in this paglearly demonstratthat compressive membecsn be stabilized against buckling
without theuse ofexternal braces or supporthat multiple buckling modegan beactively stabilized simultaneously, and
that it is possible to incorporate multiplactively stabilized membersito a structure without inducing undesirable
interactions. Nevertheless, mualork remainsbefore wereach the point where it is practical @mbed active dynamical
control components in objects on as routine a basis as we now make use of ordinary paint.

One of the primaryactorslimiting the performance of thgrototype columns wagmited sensor accuracy, particularly with

regard to the measurementwalocity. While the resistivestrain gages used as sensors provided direct measurements of
column shape, theelocity estimates derived from these measurements were relatively noispnthast, materials such as

PVDF film provide highly accurate measurements of studgamges but do not provide aabsolute measurement of shape.

One possible direction for future workould be to use both velocityensing mechanisms, such as PVRRd shape-
measuringdevices, such astrain gages, to provide low-noise measurement of both posdiwoth velocity. Another
possibility would be to use semiconductor or MEMS-based strain gages, which are more accurate than resistive strain gages.

Another possible direction for future work, particularly the domain of constructing larger-scale structuvesjld be to
experiment with alternative actuation strategies. Although the use of piezo-ceramics to apply bending moments to a member
is attractive for small-scale structures, such as laboratory prototypes, for larger-scale structures it may prove mote practica
use electromagnetieffects to supplyhe forcesrequired to counteract buckling. Opessibility worthinvestigatingwould

be to use electromagnetic motors to drive tendons that pull on anchor points to induce strain in a member.

The control strategiegsed to controthe prototype columns were basically “off-the-shelf” control stratetjied were not
based on knowledge abaiie dynamics of theystem being controlled. Farstance, the P.I.D. control strateggeks to
slow downthe columneven if it is moving in a desirable direction. A model-based control strategg the lines of that
suggested by Zhdd,which takes thénherentdynamical behavior of the column into account, holds the promiseing
better able to control dynamical behavior. Anothessibility would be texperiment with adaptive control strategibat
observethe behavior of theystemand automatically adjust the control law parameters to eliminate undesbab&vior
patterns. We also ne&dhys ofanalyzing the range of perturbations aatively stabilized systemman withstand, e.g. how
will an actively stabilized bridge react when a truck hits a pothole?

Although theactively controllediruss bridgeshowsthat it ispossible to incorporate multipkctively controlled members

into a structure, itdoesnot tell us under what circumstances this wilplessible. A design approach needs taléesloped

to address the structure-levs$ues associated withe interactiondetween actively controlled membensd thestructures

in which theyareembedded. One possible directiwwaould be to develop control strategibsit take into account, ceven

take advantagef, the interactions among tlaetive members. Such a control strategy could be centralespdiring that a

data network interconnect the various structural elements. Another possibility would be to use purely local control strategies
in which each member is controlled individually using local informatidihroughclever design, theslecally controlled
elements could produce globally desirable behavieither by using the dynamical behavior of the strucitself to
communicate with one another to coordinate actions, or by using techfogugneratingcomplex large-scale behaviors

from locally acting agents.
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