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Introduction

Active structural strengthening is an emerging technologguch as the local buckling of thin-walled cylinders, the
that adjusts the dynamic behavior of structunambers locationandshape in which buckling will occur depends
to prevent buckling, thereby allowing structures to ben material imperfection@nd cannot bepredicted in
made stronger, lighterand more reliablethan would advance, requiring theuse of a large number of
otherwise be possible. Early experiments have achievediependently addressable sensamglactuation sites and
active stabilization ofthe first two modes ofcolumn highly adaptive control technology.

buckling, yielding a strength increase of 5.6x and

demonstrating thaictive control of bucklinganallow a Coordinating the actions of such a large distributed array
member to be loaded well in excesstsfcritical buckling of sensorsand actuators in real time represents a
load. This paper presents awerview of these early challenging research problem in distributed control. The
experiments and describes potential military and problem is further complicated bthe possibility of
commercial applications of active structural strengthenirigteractions between multiple active members in a

technology. structure. For instance, will the control actions taken to
stabilize one member actually induce buckling in
Technology Overview another? MEMStechnology is poised to provide a

solution to this distributed communicatioand control
Although structural materials such as steel are very stropgoblem by allowing microelectronic circuitry, along with
in many ways, theyhave one severe flaw: they aresensors and actuators, to be embedded in materidisn
flexible.  When long,thin members are loaded in surfaces.
compression beyondceertain critical load, thiflexibility
leads to buckling, in which the memb&uddenly flexes Progress to Date
due to the applied load. Buckling is a sudden faithes
occurs withoutwarning andoften leads to complete Active Control of Column Buckling
structural collapsegequiring thatvery large safety factors Active structural strengthening haseen demonstrated
(load reductions of 20x-100x) be incorporated intasing acomposite column, pictured in Figure that is
designs in order to ensutkat buckling doesnot occur. actively stabilizedagainst buckling through these of
The key idea exploited by active structurstrengthening piezo-ceramic (PZT) actuators [1T.his columnachieves
technology ighat if theonset of buckling is detectegry a factor of 5.6x increase in load-bearistrength by
early, while the member is still neadyraight,verysmall actively stabilizing the firsttwo buckling modes. We
restoringforcescan push thenember back towards the expect that even greater strength increases can be
undeflected position, thereby keeping it from bucklingobtained throughbetter actuator placement, through
Thus even verytiny control forcescan yield very large  improved sensing technologgnd through theontrol of
strength increases by allowingiembers to be loaded additional buckling modes.
beyond their critical buckling load.

The control strategy for thective column is implemented
Control of buckling is achieved by using sensorddtect by a centralized control computer (a 486 PC), which is
the onset of buckling motionand thenapplying the fed information aboutthe column's dynamidehavior
appropriate actuatioforces to counteradhe shape and from five pairs of resistive strain gauge sensors.
velocity changes caused by buckling. F@ome Actuation is provided by PZT actuators using the
geometries, such as a column loaded purely induced-strain method, in which actuators are mounted in
compression, buckling occurs in well-defined shapgsairs on each side of the colunand are driverout of
known as modes, sucthat only a few appropriately phase so that the actuator on one side of the cobesis
located sensingand actuation sitesare required to to grow, while the actuator on the other sikeks to
counteract buckling.However, forother configurations, shrink,thereby applying a distributed bending moment to

the column.



Active Bridge Demonstration
A small-scale railroad-style truss briddmas also been

actively controlling buckling. Aircraft are particularly
attractive candidates fothis technology because they

fabricated, usingwo of the composite steel/piezo-ceramicalready have highly reliably sources of power, have

members developed fdhe actively controlled column
experiments. This bridge, pictured in Figurec@ntrols
each active member independently tbe other, using

hydraulic systems available foactuation, andundergo
large dynamic loadingnly for a brief period. Active
structural strengthenintgchnologycan allow designers

separate control computers. The sensor data recordedimaeduce weightand increase speedange, andfuel

significant interactionbetween the actively stabilized
members, clearly showinthat it is possible to combine
multiple active members to form a compouadtively

strengthened structure.

economy bydesigning structures faypically occurring
loads, while relying on activstrengthening to handle
unusual instances of large dynamic loading.

Further research is required to

determine under what conditions thetive members in a In military applications itmay prove feasible to rely on

structure can be controlled independentind what
degree of communicatioand coordination is desirable
between the controllers of different members.

Why MEMS?

In some sensethe componentsised inthe prototype
columnandbridge are aaboutthe same integratiolevel
in the smart structures domain as discretdolfic gates
are in themicroelectronics domain. MEMS&chnology

active control even for typical loads. For example, the
speedand range of amissile could be extended by
reducing its weight through the removal of matefriain

its fuselage or engine housirgnd compensating for the
resulting strength reduction by usirartive structural
strengthening to withstand periods dfigh load.
Similarly, the engine housings of fighter aircreduld be
actively stabilized against buckling during thehigh
compressive loads encounterédring full power dives,
perhaps using aerodynamic appendagesuer jets as

promises to integrate these components to form “Smaattuators.

Matter”, with technology to: provideltra highaccuracy
strain sensors complete with

on-boardinterestingly, the firsproposed use for active buckling

amplification/digitization electronics; provide wirelesscontrol was inthe civilian sector, when in 1970 an
communication within a structure; fabricate interdigitatedrchitect, William Zuk, predictethatsome daymankind

electrode arrays to producthe high electric fields
required to drive PZT actuators without the némcdigh
voltages; and implement thecontrol computation and

would learn to control the buckling of columasdwould
usethis technology to build a city on top of axisting
city, supported byery tall andslenderactively stabilized

communication within the column material itself. In thecolumns [8]. Although the civiliarconomy is probably

very long run, we envision that this technology will
evolve tothe point where “smarpaint”, containing

not yet ready for the idea of buildings that fall down when
you switch themoff, there are potential application of

sensors, actuatorgnd computational elements, can beactive structurastrengthening in civilian buildings. One

applied to actively strengthen structures.

Dual-Use Impact and Applications

From the dual-usgerspective othis conference, active

possibility would be to increasghe strength of
compressive members so as to miiem betterable to
resist earthquake-induced dynamic loadklowever, a
potentially more important aspect aftive control of
buckling isthat it provides a structural designer with a

structural strengthenintechnology is attractive for two new option: a compressive membkat canactively be

reasons. First, buckling is a fundamental bartheat

made strong during normal operation tprovide

affects bottthe militaryandcivilian sectors. Second, the resistance to wind-induced vibration, but whican be

technologyhas awide range of implementatioscales,
providing dual-use opportunitiethat rangefrom office
products to large military aircraft.

Strength on Demand

One of the most important applicatiofos active control

of buckling will be to supplement traditional designsequipment by reducing fatigue.

providing an added factor ofafety in the form of
“emergency strength” for exceptional situations.
instance, when an airplane makes an unusuadyd

allowed to flex during an earthquake tallow the
structure to sway in response to the quake.

Extended Lifetime

Another potential dual-use application foactive

structural strengthening is in extending the lifetime of
For instance, in a
known wave-induced  whipping,

phenomenon as

For compressive members supportithg hulls of large ships

buckle in heavy sea conditions due teave action

landing, the landing struts can be given added strength ppyunding on the hull [6] Fortunately, the duration of the



forcesapplied by awave is(usually) short enouglhat 2. A. A. Berlin and G.J. Sussman, “Increasing the
buckling doesnot progress to the point of causing theCompressive Strength of a Column via Active Control”,
immediate failure of the member. However, after Third International Conference on Adaptive Structures
repeated loading cycles, the buckling motiaises metal San Diego, CA 1992

fatigue which damages the memlo&ertime, leading to

very high maintenancecosts. Active controlwould 3. A. Baz and L. Tampe, “Active control of buckling of
counteract the buckling motion induced by tivave flexible beams,Proceedings ASME Design Tech. Conf.
action, thereby preventing buckling-induced metaMontreal, Canada, 1989)ol DE-16, New York:ASME
fatigue. Industrial equipmenthat undergoes periodic pp 211-218.

large compressive loads ianother potential target for

active fatigue reduction. 4. A. Baz et. al., "Active buckling control of nitinol-
reinforced composite beam#ctive Materials and
Portable/Deployable Structures Adaptive StructuresProceedings of the

ADPA/AIAA/ASME/SPIE Conference on Active
Active control of bucklingcan beused to create structuresMaterials and Adaptive Structures, 4-8 November 1991,
that are both stronger and lighter than would otherwise Béexandria, Virginia. Published by the Institute of
possible. One possible military applicatismould be to Physics publishing.
create ultra lightweight structures, such aspartable
bridgethat could be carried inhe back of a jeep otruck 5. K. Chandrashekhara and K. Bhatia, “Active buckling
andyet bestrong enough to carrigjeavy loads. On the control of smart composite plates - finite-element
civiian side, potential applications include portableanalysis”,Smart Materials and Structure§l993) 2,31-
telescoping supports for temporary reinforcement in tHz9.
aftermath of disasters such as earthquakes and hurricanes.
6. S.R. Heller, Jr. and J.T. Kammerer, “Buckling of Long
Moving Flexible Objects Slender Ships due to Wave-Induced Whippifynamic
Stability of Structuresed. G. Herrmann, Pergamon Press,
Industrial applicationsthat require thehigh speed 1967 pp 129-156 (Conference took place October 18-20,
precision movement of flexiblebjects are frequently 1965).
plagued by the buckling of thabjectsbeing manipulated.
A potential industrial application of thigechnology 7. T. Meressiand B. Paden, “Buckling Control of a
would be to use remosensing anéctuation approaches, Flexible Beam using Piezoelectric Actuatordjurnal of
such as MEMS-based actuators, to actively sense t@aidance, Control, and DynamicSept-Oct 1993 v16(5),
dynamical state of thebjectbeing manipulate@nd then pp 977-980.
apply control forces that prevent it from buckling.

8. W. Zuk and R. Clarkinetic ArchitectureNew
Conclusions York: Van Nostrand Reinhold Company, 1970.

The ability to providestrength on demand Bmbedding Acknowledgments
sensors, actuatorsand computational elements in
materials has the potential teeduce fatigue-related Dorit Berlin, Gregor Kiczalesand themembers of the
maintenancecosts, increassafety factorsand lead to embedded computatiomrea at theXerox Palo Alto
truly portable structures and devices that are both strondg&search Center provided insightful comments and
and lighter thanwould otherwise be possible. Thesuggestions. This work benefited greatly from
breadth of ways to achieve active structural strengtheningpnversations and collaborative work with Gerry
rangingfrom large hydraulicams stabilizing the hulls of Sussman, Hal Abelsoflmer Hung,RajeevSurati, Ron
naval vessels to tiny actuators moviragyound flexible  Whiken, Erik Vaaler, and others at M.1.T.
objects, positions activstructural strengthening toave
broad impact in both military and civilian applications. Portions of theechnologyand demonstrations described
in this paperwere developed whiléhe authorwas a
References graduate student at the Artificial Intelligencaboratory
of the Massachusetts Institute of Technology. Support for
1. A. A. Berlin,Towards Intelligent Structures: Active that laboratory's researctvas provided inpart by the
Control of Buckling Ph.D. Thesis, Massachusetts Advanced Research Projects Agencyh&f Department of
Institute of Technology, 1994. Defense, under contract number N00014-92-J-4097.




Figure 1: Actively controlled composite steel/piezo-ceraro@umn. Activestructural strengtheningnablesthis
column to support 5.6x more loditanwould otherwise be possibl&he column is 12.6high, 1.78" wide,and has a
steel substrate of thickness 0.01CFive pairs of 0.010" thick PZT actuatossipply the controlforcesrequired ta
stabilize the first two buckling modes of the column.

Figure 2: . Acively Stabilized TrussBridge. This bridge incorporatedsvo compressive membetisat areactively,
stabilized against buckling. The bridge span is 25 inches in length.




