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Animating the Material World 
Researchers of every stripe are joining in a quest to create intelligent structures that can 
warn of impending failure-in bridges, say -o r  adapt to a changing environment 

IMAGINEA ROPE THAT BROADCASTS A BRIGHT 

color if there's a chance it will break, warning 
the rock climbers dangling from it. Or an 
aircraft skin riddled with fiber optic nerves, 
always vigdant for structuralflaws that might 
presage catastrophic &lure. How about a 
stealthy, propellerless submarine that moves 
by flexing its entire hull like a whale while its 
skin quiets incomingsonarprobeswith coun-
teractive vibrations of its own? 

Now you're getting into the mindset of a 
multidisciplinarycrowdof investigatorswho 
are learning to engineer "intelligence into 
the constructed world," as Julian Vincent of 
the Centre for Biomirnetics at the Univer-
sity of Reading puts it. He is part of a 
growing global community of academic, 
industrial, and military researchers who aim 
to complement or replace structural brawn 
with smarts. The goal of their research into 
so-called smart or intelligent materials and 
structures is to animatethe inanimateworld, 
endowing it with more and more of the 
attributes of living things. 

It isn't just on the research front that the 
field of "smartn materials and structures is 
progressing; it's also changing sociologi-
cally, as a new discipline emerges. Already a 
varied group of practitioners-including- -

chemists, physicists, bi-
ologists, materials scien-
tists, robotics aficiona-
dos, systems control ex-
perts, computer scien-
tists, aeronautical and 
hydronautical engineers, 
among others-has 
enough confidence in 
the field's potential to 
identify itself as a re-
search community. The 
first publication devoted 
to the discipline, the 
Journal of Intelligent 
Material Systems and 
Structures, is starting its 
third year, and the Brit-
ish-based Institute of 
Physics will launch the 
field's second journal in 

ence and Technology Agency will host the 
Fit InternationalConferenceon Intelligent 
Materials, just two months before the First 
EuropeanConferenceon SmartStructures & 
Materials takes place in Glasgow, Scotland. 

The field is finding some permanent 
homes, too. Last February in Glasgow, the 
University of Strathclyde(home of the self-
diagnosing rope) launched a Smart Struc-
tures Research Institute, following the insti-
tutional lead of the Center for Intelligent 
MaterialSystemsand Structures (CIMSS)at 
Virginia PolytechnicInstitute and StateUni-
versity and the Intelligent Materials and 
Structures Laboratory in Michigan State 
University. Many aerospaceand automotive 
companies have their own smart structures 
programs.And the military has taken a more 
than passing interest, funding work in its 
own laboratories and those of contractors. 

One of the hallmarks of the new field is 
that it weds high-tech sensors and respon-
sive elements with traditional structural 
materials, blurring the seams between 
mechanism and material. As a first step, 
much of the ongoingresearcheffortisaimed 
at designing materials that can sense their 
own condition-monitoring their own in-
tegrity. Checkingfor signs of imminent fail-

ure in airplane wings, bridges, and other 
critical structures, after all, is one of the 
tougher challenges in engineering. The an-
swer, argues Raymond Measures, director 
of the Fiber Optic Smart Structures Labora-
tory at the University of Toronto, is to 
endow the material with a kind of sensory 
system. "We have sensesthat tell us ifwe feel 
pain, hot, or cold," he notes. "When you 
start building into structuresa resident sens-
ing system, and even an intelligenceto inter-
pret the sensory signals, the structure can 
know itself." When the structure is hurt, it 
will in effect feel pain and let someoneknow. 

What should the sensory system of an 
airplane wing be made of?One answer--an 
approachbeing taken by Measuresand other 
workers, including Eric Udd of McDonnell 
Douglas-is optical fibers embedded in 
high-performancecomposite materials. The 
composites are often constructed from poly-
mers such as epoxy or kevlar reinforcedwith 
particles, flakes or fibers of stronger but 
more brittle substances such as graphite. 
Criss-crossing the composite, the optical 
fibers can act as what Measures calls "nerves 
of glass." In the simplest case, an optical 
fiber that snaps and stops sending an other-
wise constant light signalto a detector might

- -

warn pilots that their plane is ex-
Smartengineering.Embedded sensors periencing material distress. But
and responsive elements lend intel- being able to watch a warningligence to a concretely.idge pylon and 
an aircmft skin. light blink in a cockpit as the 

plane's severedwing drops earth-
ward won't do much good. 
What's clearly needed are &nsory 
systems that provide much sub-
tler information. By etching and 
thereby weakening fibers before 
embeddingthem, researchers can 
tune theirdamagesensitivity.And 
Measures and others have found 
that changes in the velocity, 

Embedded 
F ekxtmah 

March. conferences also 
are proliferating. In the r 
same month, Japan's Sci- 1 
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phase, and frequencyof light trav- Elasticmembrane Electronics &wiring 

\ 
engineering structures such as bridges that 
could detect and counter corrosion before a" -

cators of subtle mechanical and pylon gives way or buildings that could 
Q chemical changes in the material,t brace themselves against seismic waves are 
$ before overt damage occurs. "If someof the potential payoffs of this strategy 
2- you can know ahead of time that of "active damage control." 
g your aircraft's skin is about to In one version, materials researcher 

come apart, you might have time I' 
L5 to change your altitude [to equal- Robofish.An 

ize pressure between the aircraft's electroactive 
inside and outside] or decide not polymer 

5 to take off," Udd says. serve as 

These varied sensory abilities 
suggest to Udd that a fiber-optic muscles7imitating

a fish's motionnetwork could serve as a cradle-to-
(right).grave self-monitoringsystem for a 

composite material. Incorporated 
during manufacturing, the fibers could 
monitor temperature and water content to 
maintain the optimal conditions for produc-
tion; once the composite had cured, the 
fiberswould keep track of its health as it was 
assembledinto planes, bridges or spacecraft. 
Perhaps most important, they would keep 
track of the material's structural integrity 
during its service lifetime. Finally, when the 
material could no longer serve its structural 
role reliably, the optical fibers would signal 
as much. 

Some elements of self-monitoring may 
already have been built into the composite 
skins of military aircraft-tealth bombers, 
suggestsCraigRogers, director of CIMSS-
although any details would be classified. 
The next advance-a "brain" that can har-
vest and interpret the signals from such a 
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substances that twitch each time they are 
electrically stimulated (see box). The idea is 
to damp out damaging vibrations in a struc- 
ture by inducing countervailing vibrations. 
In one study, the d e r s  tested the ability 
of a composite joined to an aluminum plate 
to withstand a regimen ofvibrations with and 
without the help of the piezoelectrics. The 
composite/aluminum joint lasted 10 times 
longer when it was equipped with piezoelec- 
mc vibration control. 

Smart materials researchers sometimes 
liken piezoelectric mate* to fast-twitch 
musde fibers, capable of reacting rapidly to 
strrssll conditions. But Rogers has also been 
equipping his composites with the equivalent 
ofslow-twitch fibers, which can exert a greater 
force but are slower and need more power to 
operate. These take the form of shape- 
memory metal wires, which return to former 
shapes as they are heated (see box). By em- 
bedding shape-memory metals in a compos- 
ite, together with a control system that selec- 
tively heats them depending on the pattern of 
stresses the material is experiencing, design- 
ers can shunt stresses away h m  weak spots to 
avert material Mure. "The whole idea is to 
redirect energy," Rogers says. 

The damage-resisting bridges or airplane 
wings that might grow h m  such work 
would be not only more reliable than cur- 
rent, inert versions, says Rogers, they might 
also be more efficient. "Structures are cur- 
rently designed to withstand extreme worst 
case scenarios," says Rogers. That translates 
into 'overdesigning," with tons of extra 
mass and reinforcement for strength and 
stiffness or redundancy-features that are 
little more than extra baggage under ordi- 
nary conditions. By incorporating active 
damage control into their struaures, Rogers 
hopes, engineers can tailor the structures 
more closely to the routine stresses and 
mechanical challenges they will face. "This 
can save us a lot in terms of mass and 
energy," he says. "For those rare instances 
in which you need additional stiffness or 
strength [during earthquakes, for example], 
we could input thermal or electrical energy 
[into piezoelectric or shape memory metal 
actuators, for example] to mod* the struc- 
tural perfbrmance." 

In aerospace engineering, where weight is 
at a premium and repairs are impossible or 
prohibitively expensive, the benefits Rogers 
desuibes would be multiplied. If the arms 
that support the Hubble Space Telescope's 
solar panels included active vibration con- 
trols, for example, wobbles like the ones 
currently threatening the telescope might be 
quelled without any need to send repairmen 
into orbit at astronomical hourly rates. Adap- 
tive o p t i w t e m s  in which piezoelectric or 
other kinds of actuators alter a mirror's sur- 

I combination of poly- 

turbulence and nudge the chaotic water into 
quieter laminar flows making the submarine 
both swiftu and more stealthy to sonar. 

Mechanical engineer Mo Shahinpoor of 

ment of other optical aayIic acid and 
c o m p o n e n ~ o u l d  also acid. The gels can dilate 
serve as a kind of active and contract like musdes 
damage control. They when their polymer back- 
might help engineers bones are charged or neu- 
build "fbrgiveness" into tralized-driving apart 
superexpensive and hard- neighboring molecules 
to-access space hardware, or allowing them to draw 
making it possible, in ef- together- hture first 
fkt, for flaws like the one discovered by Israeli re- 
marring the Hubble's searchers in the 1940s. 
mirror to heal themselves. But Shahinpoor sees 

While such efforts to plenty of nonmilitary ap- 
endow material systems plications for his research. 
with lifelike properties By forming the polymer 
aim to make them more into filaments and attach- 
durable and efficient in ing them to miniamiz.4 
familiar applications, oth- heads filled with guidance 
ers researchers are look- and control electronics 
ing well beyond that ho- and batteries, he hopes to 
rizon. They are envision- make autonomous swim- 
ing materials that, ming robotic "fish." Be- 
equipped with nervous Reapwna~vw IIUIU. An electro- sides an aquarium Wed 
systems and motive pow- rheological fluid changes fiom with exotic d c i a l  fish 
ers, are ready for jobs no l i q d  to gel in a double ofhis own design, he en- 

the University of New Mexico, who partici- 
p a d  in the Alexandria conkrence, tahes 
visions of muscular submersibles even fur- 
ther. Taking inspiration h m  whales and 
dolphins, he said in an interview, he and co- 
workers at Sandia National Laboratory are 

existing materials can fill. 
Given the military's love afl'iir with high 

techology, it's no surprise that many of the 
researchers who see the most dazzling pos- 
sibilities in smart materials and structures 
are working for the military, as a meeting 
last November in Alexandria, Viginia, made 
clear. Sponsored by the American Defense 
Preparedness Association, the meeting, 
called Active Materials and Adaptive Struc- 
turcs, brought together research managers 
and officials h m  virtually all U.S. defense 
agencies as well as academia and industry. 

Among the smart structures programs 
outlined at the meeting were visions like that 
of Admiral W.C. Miller, chief of Naval Re- 
search. "One might envision a submarine 
with an array of sensors and actuators" em- 
bedded in a deformable hull, he told his 
audience. The object: quieting the turbu- 
lence created by an ordinary submarine, 
which both slows the vessel's progress and 
creates a din that "sounds like rain on a tin 
roof," he remarked. A sutticiently smart and 
responsive skin, he said, could detect the 

trying to design polymeric swimming musdes 
for stealthy submarines. Their current efforts 
rely on "smart polymeric gels" made fiom a 

visions polymer-powered 
underwater robots that might be usefid for 
jobs such as cleaning hulls without expensive 
drydocking. In the medical arena, he thinks 
the polymers, which can generate forces as 
strong as natural musde and can flex as fast or 
h e r ,  might serve well in an d c i a l  heart. 

Before electroactive polymers or any 
other smart structures develop into on-the- 
shelf, in-the-air, or underwater technolo- 
gies, though, researchers will have to wrestle 
with some vexing problems. Many of the 
sensors and actuators available to research- 
ers today fall short of their dreams. No 
artificial muscles yet exist, for example, that 
could exert enough force to control an 
airplane's flight surfaces. Another major 
concern is the increase in cost and complex- 
ity that comes when sensors and actuators 
are built into structural materials. If smart- 
ened structures end up weighing and cost- 
ing more or living shorter lives than the 
designs they are supposed to replace, the 
concept easily could join the junk heap of 
nice ideas that didn't quite work. 

But Vincent of the university of Reading 
predicts that the researchers working on 
intelligent structures W eventually do 
better" than even the ultimate smart struc- 
tures already among us, namely, the master- 
pieces of biology's own engineering. And 
when that happens, the concept of intelli- 
gence, which has already expanded beyond 
human beings to apply to complex elec- 
tronic devices such as computers, will take 
another expansive step to &dude the most 
inert and least likely category of all: the 
world of materials. rn IVAN AMNO 
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