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Welcome Address.....

Scotland has long been a country associated with engineering. If popular literature and films
are to be believed, the chief engineer of every ship, in the English-speaking world at least, from
the humblest Clyde steamer to the star-ship Enterprise, is a Scotsman. Stephenson and Watt
testify to the inventive as well as the operational prowess of our indigenous engineerings, while
Kelvin's fundamental sciences underlying engineering have also received some attention among
these hills and valleys.

Contemporary science and technology have made it increasingly apparent that engineering need
not exclusively associate different functions with different classes of material or with different
elements of structure. Radomes, transparent conductors and Goretex breathable waterproof
material have long been examples of multifunctionality. New methods of integrating different
materials and sub-structural units are creating a new and often more holistic approach to
engineering. We now perceive the ultimate fulfilment of this process to lie in structures and
machines with sensing, actuation and control functions integrated totally with the fabric of the
artefact. The term Smart Structures and Materials encapsulates this concept.

The taxonomy of Science and Engineering is infinitely varied, but the canny folks of
Strathclyde undoubtedly took a trick when they coined this term for their Institute a little over
three years ago. Scientists and Engineers of the rest of the world, you are welcome to this
meeting of minds on one of the most interesting and perhaps one of the most significant
developments of contemporary technology. While continuing as in our first conference to
examine the underlying science, in this second conference, we increase our exploration of the
practical benefits which can be obtained by the application of the Smart Structures and
Materials concept.

In the two and a half years since we first met here, the world has moved along and with it the
emphasis of smart structures and material applications. Many in the aerospace industry still
continue to worry at the prospect of still more layers of sophistication and about how ‘smart
systems will agree with their existing technology. Now that the performance dominated, high-
tech military game is subjugated as never before to Adam Smith's "dismal science", aerospace
activity in this field seems less reported. Doubtless activity continues on topics which
companies do not like to discuss at conferences.

Space scientists and engineers are used to waiting half their lives for the fulfilment of their
plans. Their enthusiastic vibrations remain undamped.

But the Smart Structures and Materials concept has many strings to its bow. Cunningly
implemented, it can enhance safety and prolong performance and thereby save money! It is not
surprising therefore that smart concepts are invading the more down-to-earth world of buildings
and bags, medicine and manufacturing. Examples of these applications will be found in this
conference, affirmation that the subject is moving along with a life of its own.

We are here to enjoy all of that. Listen, read the posters, discuss, argue - contribute actively
to the festival of invention. Ample time and opportunity has been set aside for this. Also an
ample supply of that smartest of Scottish spirits, which will untie the tongue of the dourest
Scotsman, the most silent Scandinavian or the most reserved Russian is to hand. But there is
more to Scotland than whisky, bagpipes and golf. Enjoy too the treasures afforded by this city
and the glory that is the Scottish countryside. Get out and walk in the hills.

Conferences take organisation and hard work and thanks is due to all who gave of their efforts
ungrudgingly - the Technical Programme Committee and the dedicated team at the Institute,
especially Peter Gardiner, Brian Culshaw, Alaster McDonach, Aileen Mitchell and Linda
Paterson. But ultimately, the success of a conference is determined by the enthusiasm of its
attendees and the quality of their contributions. I thank you all for coming and venture to hope
that you will always associate your professional enjoyment with this small north European
country and will keep supporting our meetings in the years ahead.

Prof. R.S. McEwen, Conference Chairman
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2 Paper presented at the Second European Conf. on Smart Structures and Materials, Glasgow 1994, Plenary Session

SMART Materials; Surfaces Transforms and Interfaces; the Commensurate
Engineering Dimension.

Professor D T Clark+

Scientific Director, EPSRC RUSTI, DRAL
+ Chairman of Surfaces Transforms Ltd

ABSTRACT

The future of molecularly based Smart Materials hinges on the development of integrated
technologies addressing synthesis, assembly, shaping etc and some of these are now becoming

clear. Even in the bolt on era new technologies will allow issues of commensurate engineering

to be addressed.
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Second European Conference on Smart Structures and Materials / 3

INTRODUCTION

In any paper dealing with signposts for the future particularly from a "Technology Push"
perspective it is perhaps appropriate to start with the strategic vision.

The five ages of SMART materials have been described elsewhere [1] but it is nonetheless
useful to look at the stepping stones to the eventual goal of having a molecularly based
capability of synthesis, assembly, shaping to a self repairing environmentally adaptive
structure and this is indicated in figure 1

1st generation

O Hybrid approach

O "Bolt on" actuators, sensors etc

O Use what is available

O External processing of data to generate
knowledge

O Incommensurate engineering as an issue
(the CRAY driven microstructure syndrome)

2nd generation

O Hybrid approach

O "Bolt on" actuators, sensors etc

O External data reductions to knowledge
O Elements of incommensurate engineering

3rd generation

O Hybrid microsensors, actuators, key enablers,
LIGA etc.

O Some "in structure" knowledge generation

O Issues of commensurate engineering addressed.

4th generation

O Optical preprocessing of spatially resolved data
AMACRONICS writ large.

O Hybrid approach

O Analogues of Nature's
communications/intelligence start to emerge

Sth generation

O Molecular level design and integration

O Spatially and temporally resolved chemistry
direct to functional shapes

O Issues of spatial and temporal modification to
activate response and repair addressed.

O Tranform concept (interface engineering)

Figure I - The Five ages of Smart Materials Development
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Three things follow from this. Firstly, since there is no intermediate stage "products” we
will need to move towards a "parallel” integration of synthesis, assembly, characterisation,
modelling, market, application (cf figure2) rather than the piecemeal development we see
now, in which the engineered solution is decoupled from the materials system
development. This gives rise to the issues of incommensurate engineering so evident in
today's rudimentary structures where a "bolt-on use what's available" philosophy
inevitably prevails.

MATERIAL TRENDS

NOW THE FUTURE
Chemistry
\ Chemistry
Materials Physics etc
P .

Modelling pm?ges \
Databases Al Engineering and Shapes

Automation Design Sci —® Properties of shapes

Robotisation '\

ence
/ More than one
exceptional property

\
T / Shapes Market
Application

i i Integration
Engineering |
and Design Y of function

Science Market Low G
Application High IQ
Single exceptional
property sufficient
‘Structural’

Figure 2: Comparison of the future "parallel” engineering of approaches to materials
research compared with the current sequential approaches.

Secondly, new unit operations need to be developed to address issues of spatially and
temporally resolved synthesis direct to shapes the issues perhaps being somewhat clearer
by reference to figure 3.

Thirdly, when issues of materials system design are considered, methodologies need to be
developed to address the linkage between the chemistry and physics size scales
dominating as they do the intrinsic properties of materials with the engineering size scales
linking as they do intrinsic properties with extrinsic and intrinsic properties of shapes and
significant developments are occurring in this direction in the meoscopic modelling area.
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Chemistry carried out in  Spatially resolved chemistry
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Active nose assembly Self optimising

In solution In gas phase in case of accident  active wing
dynamically adjusts assembly
‘stiffness’/toughness

Figure 3: From the era of chemistry in unshapes to spatially resolved chemistry to
shapes.

With this background we now consider in outline some of the key enabling scientific and
technological developments that are required. We should however also briefly reflect on
the "Market Pull". In many senses we are in the "pre walkman era" in that the level of
understanding of the opportunities provided by integrating function in materials systems
design is at a low level of appreciation. Before Walkmans appeared from the technology
push of electronics miniaturisation, the "market" had not appreciated the possibilities for
recorded media "on the move" and a catalytic induction period was therefore necessary to
create the market. Until there is a similar reconceptionalisation of how an engineered
solution to a market need is enormously empowered by thinking in terms of an integrated
SMART structure, progress will still be in the hands of a limited community of
enthusiasts. In recognising this it is already clear (and will be a major issue in Technology
development for the future) that "materials supply" will not be a viable business position
since synthesis and assembly will utlimately address the design, shaping and functional
issues of the SMART Materials systems at the outset. The long term winners will need to
be vertically integrated since the materials design ultimately at the molecular level will be
directly tied to production of the active materials system/shape. This will either be done
solely in house or more likely via strategic partnerships which at the basic science end will
almost certainly provide exciting new opportunities for entrepreneurial academics.

Although we may anticipate that aspects of "smart technology" will be all pervuasive by
the year 2020, its introduction will almost certainly be via a two pronged attack. Firstly,
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in low volume high added value specialist applications and secondly in volume
demonstrators in the sports/consumer arena eg the Smart Golf Club. This route will win
the technology, public acceptance, with materials systems being viewed as "more natural",
(employing as they will many of natures design paradigms), and will also provide a cash
flywheel for the niche applications that genuinely provide new opportunities for the
designer engineer.

THE ENABLING SCIENCE AND TECHNOLOGIES

In a short article such as this we merely highlight some of the key developments and their
relationship to the interests of the current symposium.

As a starting point figure 4 outlines some of the enabling technologies to which must be
added the important spatially resolved characterisation capability particularly of the
important surface interface structures which in an anistropically designed smart materials
system of the future constitutes a significant fraction of the total structure.

Synthesis Spatial and Data to
Assembly temporal data knowledge Activation Self Repair
generation

O Self Assembly O Electronic O Optical pre and O Micromecahnics O In situ laser

O Re-entrant O TIonic post processing LIGA processing
structures O Photonic AMACRONICS © Negative Nal'lotube
O Reactive Hot interrogation O Neural Poisson delivery systems
Isostatic techniques O Piezo volume
Processing O Ionic carrier pressure
O High Rate recognition activation
Laser
Processing
O 4th state
techniques
O Conducting
polymers

Computational Modelling : the meososcopic dimension

Figure 4 : Some enabling technologies

If we start with synthesis coupled with assembly then the scope and scale of the problem
can perhaps be illustrated by means of the hypothetical Smart Materials structure
illustrated in Figure 5.




Second European Conference on Smart Structures and Materials / 7

Shape memory
alloys

. Si C/C/C
WC/TIC Composite wear
Superlattice surface

SiO, fibres
(10u formed in situ)

SiO, Microlens arrays

Conducting
polymer

C Fibre composite

C/C Composite

\[\\\JJ\

wWC TiN

Figure 5 Idealised Spatially Resolved Materials Systems
In essence one would like to be able to synthesize/assemble this structure in a limited
number of unit operations and in addition to the importance in small scale structures of
self assembly, we highlight briefly the exciting opportunities for novel spatially resolved
synthesis at a variety of scales provided by four new technologies.
. Reactive Hot Isostatic Processing RHIP
. High Rate Laser Synthesis HRLS

. High Rate Plasma (4th state) Deposition via cascaded Arcs and
Itensified ICPs HRPD

A Unbalanced magnetron sputtering UBMS
Further details of the various techniques can be found elsewhere [2,3,4] and we merely
note here the potential of each technique for novel synthesis/assembly either in their own
right or as a precursor to a genuine ability to shape whilst reactively processing as for

example the RHIP technology.

The emphasis therefore is less on small molecule assembly to polymers but on the broader
issue of new strategies for creating "shaped" interfaces with other materials.

This is indicated schematically in figure 6.
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MATERIALS SYNTHESIS TO SHAPES
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Figure 6 Spatially Resolved Materials Synthesis- Some New Techniques
nbalanced Magne¢tron rin

Important developments in magnetron sputtering now allows the high rate (>2 pn min™)
deposition of a variety of metals and ceramics onto a wide variety of substrates. The
close control of interface stoichiometry which can now be achieved and the ability to
make kinetically stable metallic alloys provides an exciting launching pad for the creation
of new interfaces not previously available via conventional techniques. Two examples [3]
illustrating this are the preparation of polymer/TiB coated ignition delay lines for
explosive and automative airbag applications and the synthesis of novel Al/Mg alloys for
"bright" corrosion resistant fasteners for aerospace applications. With the use of patterns
and multiple targets, layered and co deposited patterns may now be produced onto a

variety of substrates including polymers.

Plasma Deposition

Whilst plasma polymerisation and the use of plasma for deposition of high temperature
(eg inorganic) materials on low temperature substrates (eg polymers) have been
demonstrated at small scales (eg postage stamp) and low rates (AS sec), the
development of novel plasma technology particularly cascaded arcs and intensified ICP's
potentially offer the hope of cost effective plasma deposition as a basis for technological
exploitations with deposition rates .20 un"' being achievable. The creation of new
intrinsic properties as well as important extrinsic properties such as barrier to permeation
become feasible with these developments [4].
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High Rate Laser Synthesi

Although high rate annealing and texturing of eg metal surfaces by high powered lasers
has reached industrial scale exploitation the more interesting possibility of coupling a CO,
laser, as a directed heat source, with a methodology for preshape fabrication (eg by
centrifugal processing) has only recently been demonstrated and potentially offers new
routes to polymer to metal, ceramic and semiconductor interface fabrication, and again
potentially as a precursor to RHIP shaping [2]. Since lasers can rapidly be moved
spatially controlled deposition also becomes a possibility with the in principle ability to
again make patterned depositions without a mask. The rapidly developing field of Free
Electron Lasers provides great scope for cost effective materials synthesis via such routes
longer term.

2.1. Spatially Resolved Data to Knowledge Transduction

The existing generation of smart materials make extensive use of optical fibre technology
however the issue of spatially resolved data to knowledge transduction requires massively
parallel processing/pattern recognition and recent developments in binary

optics’ AMACRONICS look to provide a solution to this problem in somewhat of an
analogy with optical preprocessing associated with eye structures found in nature [5].
Polymeric materials with the ability to rapidly emboss etc offer some novel design
opportunities in this area and the related problem of storage and retrieval is also being
addressed eg with spectral hole burning and ultimately molecular electronics levels of
integration with a terrabyte stored in 10° cm® .

2.2.  Micromachinery

One of the significant inhibitors to progress during the "bolt on" era of rudimentary smart
structures is the availability of commensurately engineered actuators, sensors,
accelerometers, gyros, motors etc.

The development of integrated technologies based on fine line lithography deep x-ray
lithography employing the intense ~4A synchrotron radiation from the DRAL facility
followed by electrodeposition and moulding which constitutes the LIGA process [6]
affords the opportunity of fabricating a new generation of micromachinery which while
still adopting a bolt on approach would allow significant new developments to be made.

The exciting possibility of coupling the UMS and RHIP technologies would allow the
fabrication of optimised systems from the materials perspective. It is already clear for
example that considerable thought will be needed for efficient tribological design of
micromachinery, and for rotating structures it would be advantageous to already have in
place strategies for controlling the inertia as well as having

wear resistant surfaces. An example might be a 100l gear train with the bearing surfaces
being Titanium Nitride the body being carbon/carbon and the teeth being silicon carbide.
In principle the methodologies in 2.1 will be key enablers in facilitating these
developments.
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ABSTRACT

This paper summerizes the experience of the DLR in various subdisciplines of smart structures technology
and shows how this joint experience is gathered in the development of smart structures. Some smart
structural systems which are currenty under investigation are presented.

1 INTRODUCTION

The increasing demands on the performance of structural systems for aeronautical and astronautical
applications as well as the necessity of lightwight constructions require a new class of structural systems, so
called smart, adaptive or intelligent structures.

Adaptive structures are characterized by integrated actuators and sensors that are interconnected by
adaptive real-time controllers. Among others, the most promising canditate materials for sensor/actuator
applications in adaptive structures are piezoelectric and magnetostrictive materials as well as shape memory
alloys. The high degree of integration of these materials into the structure results in multifunctional
components with sensor, actuator and load bearing capabilities.

Adaptive structures overcome the shortcomings of conventional passive structures because they
independently react against both environmental ‘influences as well as changes in the structure itself.
Therefore, they allow for

+ vibration suppression,

+ shape control,

+ alignment precision control, and

+ damage detection.

Current work and technology assessment studies give the highly interdisciplinary and system-oriented

adaptive structures technology a promising forecast for future applications in a wide range of industrial

areas. Exemplary, the following space applications which have been identified by the European Space

Agency ESA (Ref. 1), are listed:

+ reduction of vibrational disturbance at the interface of sensitive equipments (e.g. optical payloads),

attenuation of equipment support panel vibrations due to acoustic noise,

high accuracy antenna reflectors and optical benches,

high precision robot arms,

micro vibration monitoring systems, which are used to verify the health conditions of mechanism, such

as momentum wheels, and to assist in the characterization of potential wear or other problems, and

+ monitoring and controlling of processing parameters during the curing process of composite structures
in order to get higher quality composite products with less scatter on the mechanical characteristics.

* & & o

This paper focusses on individual aspects of smart structures as well as on integrated systems, which are cur-
rently being developed at DLR.

2 DESIGN OF SMART COMPOSITE TRUSS MEMBERS

Lightweight Carbon Fiber Reinforced Plastic (CFRP) sandwich struts build the basic components in the devel-
opment of smart truss structures. These struts have been described by Schiitze (Refs. 2,3). The walls of the

0-8194-1700-9/94/$6.00
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strut consist of load-bearing fiber reinforced layers. Lightweight foam used as core material supports the
surrounding CFRP layers. Two different types of struts are depicted in Fig. 1.

Type A Type B Stress [N\/mm?
\ Glass fiber hose Carbon fiber ~ 816 Type A
Carbon fibres (UD) hose
Foam core Foam core - 468 Type B

Foam core Al-thread element .
o o Strain

0004  0.006
\ Young's modulus:

_ Ex= 136 000 N/mm?
crRPlayer  CERPHOOP Compression plate E, = 117 000 N/mm?

Fig. 1: CFRP struts, corresponding stress-strain curves in the compressive range, and load transfer element

Optical fibers have been identified as excellent sensor candidates because of their light weight, small size
(making point sensing possible), extremely high frequency, immunity to electromagnetic interference, lack
of Joule heating, high bandwith and data rates, and, finally, because their filamentary geometry offers the
possibility of embedding them into fiber composite hosts. They consist of a thin wave-guiding core with ca.
4um diameter surrounded by a cladding layer of lower index of refraction. The fibers are protected against
damage and fracture by means of a thermoplastic coating. The total diameter of the fiber is ca. 100pum
{standard communication fiber).

Two methods for the integration of the optical fibers into the struts are currently under investigation:
Adhesion to the foam core and integration into the unidirectional layer of the sandwich strut. For optimal
fiber to structure adhesion, in any case it is necessary to remove the protective thermoplastic coating of the
fiber before integration into the structure.

When the foam core is used for the adhesion of the optical fiber, the fiber is carefully adjusted in the
longitudinal direction and fixed at the ends. Then the fiber is bonded by a narrow trace of epoxy resin in the
region, where the strain is to be measured and where the thermoplastic coating is removed. In the
manufacturing process of struts, foam core cylinders that are equipped in this way can be used like normal
foam cores. Furthermore, the characteristics of the load bearing carbon fibers are not altered, which must
be considered another great advantage.

The second method of embedding the optical fiber into the UD layer of the sandwich strut is the
simultaneous introduction of the glass fiber and the carbon fiber roving into the fabrication facility. One
possible limitation of this integration method is the size of the sensor. Although the optical fiber is only
100pm in diameter, this is ten times the diameter of a typical reinforcing fiber. It must be assumed that this
integration method may perturb the local strain field, even in the case when the reinforcing fibers and the
sensor are aligned in parallel. In the literature, the influence of the coating material on the local stress
behavior has been analysed, and optical coating material properties as well as optimal dimensions of the
coating have been investigated.

in both cases of integration the optical fiber is subjected to strains which may be caused by the process of
composite fabrication and could affect the sensor performance. On the other hand, the sensor material is
well protected and cannot be easily damaged.

Further investigations are concerned with the integration of piezoelectric materials and shape memory alloy
wires into CFRP structures. In contrast to optical fibers, these materials allow for sensing as well as for
actuating. So far, experiments on a CFRP truss structure have been performed with commercially available
piezoelectric actuators consisting of stacked piezoelectric ceramics in metal cases. Since this actuator does
not meet the demands of a lightweight construction, it is necessary to develop lightweight active composite
struts (e.g. for space applications) which are based on piezoelectric ceramics. A promising step forward is
the recent development of piezoelectric fibers. Further improvement of these fibers enable the direct
integration of this active material into fiber reinforced plastics and allow for the construction of lightweigt
and active structures.
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3 ANALYSIS AND OPTIMIZATION OF SMART STRUCTURES

In order to be able to effectively design, evaluate and select adaptive structures before their construction, in

any particular application it is necessary to precisely. understand their static and dynamic behavior. For this

purpose methods for the analysis and optimization of smart structures are currently being developed. The

main emphasis is put on

+ the development of constitutive equations of smart materials and their implementation into finite
element codes,

+ the formulation of mathematical models for multifunctional components, and

¢ the development of optimization algorithms in order to compute most efficient sensor and actuator
positions.

Since piezoelectric materials can be used for actuator as well as for sensor applications, they are very
attractive in smart structures technology. Piezoelectric materials are able to exert large forces when an
electric field is applied. This feature is used in the design of actuators. On the other hand, mechanical
stresses cause an electric field and make piezoelectric materials well-suited for sensor applications.
Moreover, these materials offer the following advantages: wide frequency range, high resolution in
positioning applications, extremely short reaction times, low energy loss factor, and vacuum ability.
Piezoelectric devices for sensing/actuating purposes are commercially available as stacked piezoelectric
ceramics, thin plates of piezoelectric ceramics, and thin foils of piezoelectric polymers.

Shell Eiement

Truss Element

Piezoelectric
ceramic

Cor’gve_ntional
materia ’ . :
By / w Conventional material

Fig. 2: Piezoelectric finite truss and shell element

A linear finite element formulation which allows for the analysis of shell structures with piezoelectric layers
bonded to the surfaces and of truss structures with piezoelectric members replacing conventional ones has
been developed. It takes into account the coupling between the elastic field and the electric field (Refs. 4,5).
The shell element as well as the truss element are depicted in Fig. 2. It can be seen that the electric potential
is introduced as an additional degree of freedom besides the nodal displacements and rotations. Several test
cases illustrating the potential of these finite elements are presented in Refs. 4,5,6.

5 4 4 -
®

4 51

2 3 1 % 35 2 =5 ® ® -
@ 2
1 control effort minimum g i ® 8

2 spillover minimum = ® 2
3,4,5 possible compromise solutions & L 4 L ®5 foen

Control effot ————>»

Fig. 3: Optimal actuator placement with spillover consideration. Control of the 1st and 2nd mode.
Consideration of the spillover into the the 3rd and the 4th bending mode.

In the design of actively controlled structures, the determination of the actuator locations is a very important
issue. In order to find the optimal placements of piezoelectric actuators in adaptive truss structures, optimal
placement strategies have been developed in conjunction with the independent modal space control
method (Ref. 5). For this purpose, the finite truss element presented in section 3.1 is utilized and allow for
the calculation of nodal displacements as well as electric potentials. The optimization algorithm makes use
of the electric potentials in order to minimize the control effort by an optimal actuator placement. The
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minimization of the spillover energy into uncontrolled modes is an additional objective which can be taken
into account by the optimization procedure.

Fig. 3 shows a truss structure of which the optimal actuator positions are calculated in order to minimize the
control effort of the first two bending modes and the spillover into the 3rd and 4th bending modes. It can
be seen that the minimization of the control effort is obtained when the actuators are located at the truss
elements 1, whereas the minimization of the spillover energy is achieved at the truss elements 2.
Furthermore, it can be seen that there are compromise solutions, such as 3, 4 and 5.

4 CONTROL CONCEPTS

Recent developments of high speed processors have made it possible to run controllers under real-time
conditions resulting in a decisive step toward the breakthrough of adaptive structures. The main goals for
the controller in adaptive structures applications are to

+ process the signals from the multifunctional sensors and

+ generate the optimal driving signals for the multifunctional actuators.

Adaptive structures are systems that may vary with time in face of changing nonstationary environments or
system requirements. In situations where structural system parameters are variable or not accurately known
(e.g. in space applications), adaptive or self-optimizing controllers must be used. These controllers are able
to adapt their behavior and performance to their environment according to the desired criterion. They
consist of two components: a digital filter system and a corresponding adaptation algorithm.

The digital filter system is used to generate the actuator driving signals from the sensor signals. Various types
of digital filter systems (e.g. transversal and recursive digital filters) have been developed and are available
for the solution of a wide range of control problems. In any case it is advantageous to design the controller
of a structural system in a way that its structure is conform to the underlying problem and that the property
of structural conformity is achieved. The optimal adjustment of the filter itself is guaranteed by the second
controller component, the adaptation algorithm.

MX Filters for Performance Tests of Adaptive Structural Systems

As the rapidly growing field of adaptive structures develops, issues of material and material system selection,
design, characterization and manufaction become increasingly important. The number of new designed
actuator/sensor constructions embedded in adaptive structures is expanding and therewith the problems of
optimal design and accurate performance checks arise. The resulting demand for a measuring technique
tool that allows for an online or real-time system identification (even when the structural properties vary
with time) can be met by use of the recently developed MX-filter.

system to be Identifled

external comparison:
forces response emor
—l
digital model . adaptation y algorithm
model
esponse
: ata
model comection €xchange
i fransfomations
MX fitter

coefficients

Fig. 4: Adaptive modelling with MX filters for online system identification
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The concept of the proposed online system identification tool is based on the procedure of adaptive
modelling, as shown in Fig. 4. Both the system to be identified and the model realized by a digital MX filter
system are fed identically by external forces. A corresponding adaptation algorithm, the MX-LMS filter
system, calculates the optimal model parameters (in this case the filter coefficients) to minimize the error
signals. A block of transformations contains few mathematical operations that compute the modal
parameters from the adapted coefficients.

The two filter systems, the MX and the MX-LMS are the main ideas of the new identification method. The
MX filter system is based on digital lattice-type filterings. It represents a linear dynamic system with any
modal density. At each time step it is iteratively corrected by the MX-LMS filter system. The latter needs
data from the model in order to copy new or better coefficients to the MX filter. The adaptation aigorithm
yields the information as to whether or not the model is already operating perfectly from the error signal.

The signal flow and the form of the MX filter system are shown in Fig. 5 and was proposed by Melcher,
Refs. 7 and 8. Similar filter forms have been suggested in Refs 9,10, and 11. In the discrete form presented
here, the filter is non-canonical (the number of delays z-1 is higher than the the order of the represented
transfer function). In cases of m modes it has (1+4m) real coefficients: the transversal coefficients

¢,a;,a; and the recursive coefficients &,b”, with i [1,m]. The functional relationship between the input

samples f(n) (n is the discrete integer time step) and the resulting output samples y(n) is described in Ref. 8.
The transfer function of the MX filter system is

a;(n) a; (n) »
+ z

m
H@)=|c(n)+ X =) o —
=1\ 1-b,(n)z 1-b; (n)z
with the substitutions a;(n)y:=al + ja’ and b;(n):= b+ jb7 for all i e[t,m], where the sign * denotes

complex conjugation. This equation clearly demonstrates three essential properties:
¢ the MX filter system represents only systems that can be formulated mathematically with conjugate
complex pairs of residues a; and poles b;,

¢ the stability of this filter system can be proved easily by taking the conditions
b; 2(n) +b; 2(n) <1, Vie[1,m] at each time step n, and
¢ H(@) is modelling a structural transfer function multiplied by z™*.

Fig. 5: Signal flow of the MX filter system representing m modes
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The adaptation algorithm that optimizes the MX filter system respective to its response by varying the filter
coefficients is based on the minimization of the mean square error function and is called MX-LMS filter
system. It has been shown in Ref. 8 that although the MX filter system is linear, activation of the MX-LMS
filter leads to a non-linear adaptive model.

A comparison between the modal description of the dynamic system to be identified and the model
description leads to the time-dependent relation between the system parameters as eigenfrequencies f and
damping factors respectively, and the recursive MX filter coefficients. The formulas can be found in Ref. 8
and are not repeated here for brevity's sake.

Experiments on a smart test structure, a graphite epoxy composite beam with embedded shape memory

alloy wires, clearly demonstrates the performance and facilities of this new tool: structural parameters can

be identified althought they are varying due to internally induced stress. The following experimental

observations have been made:

¢ The adaptation algorithm is stable for many variations of the convergence matrix.

¢ The filter system works also for MDOF applications.

¢ A pre-knowledge of the number of modes to be identified is not necessary. Experience: assume more
modes than exist.

¢ Useful broadband input/exitation signals are noise, step sine, chirp or transients.

5 ADAPTIVE WIND TUNNEL STING

Wind tunnel stings that are used for aerodynamic investigations and that carry aircrafts or other structures
like spacecrafts, propulsions and automobiles are heavily affected by vibrations. Small vibration amplitudes
reduce the quality of the measurements, larger ones can damage the model as well as the sting itself. The
sting vibrations are caused on the one hand side by the airstream that starts the model oscillating. The
model on its part passes the vibrations to the sting. On the other hand, vibrations arise when the angle of
attack of the model is changed stepwise in order to investigate starts and fandings of an aircraft. The
demands for high precision measurements and safety require for vibration suppression.

displecement

with adaptive
control

sensor signal

displacement

sting vibrations
sensor chagge of angle
attack | adaptive sting

L» adaptive controller

Fig. 6: Schematic of an adaptive wind tunnel sting

This goal cannot be met by an improved (e.g. stiffer) sting construction or by use of materials with a higher
damping capacity since these measures are ineffective in the case of the critical low-frequency vibrations.
Therefore, an active vibration suppression has been developed by the DLR and successfully tested in the
German Dutch Wind Tunnel (DNW) (Ref. 12). Fig. 10 shows the sting which is used to carry and to move
the model. In the DNW it is 10m long and 8m high. lts weight is ca. 30t, the model has a mass of 2.5 t. The
movement of the sting is carried out by a powerful hydraulic system. Sensors measure unwanted vibrations
and forward their signals to an adaptive controller. This high-speed controller is able to calculate the signals
that are necessary to cancel the vibrations in a time period of some micro seconds. The controller has to
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guarantee high security and stability requirements. Since it cannot make use of a reference signal for the
calculation of the vibration excitation forces and since the eigenfrequencies vary extremely due to the
changing sting geometry and the sting non-linearities, a novel concept was realized: adaptive signal process-
ing and signal generation with a predictive character. The software is implemented on high-speed digital
signal processors that allow for real-time conditions. The goals met by the adaptive vibration suppression are
+ high-precision measurements,

increased security for the model and the sting,

delay of fatigue,

reduced measurement time, and

innovative measurement technique.

* & & o

6 HELICOPTER APPLICATIONS

The active control of the vibration characteristics of helicopter blades has been a matter of considerable
research effort in the last decade. The different approaches that have been suggested for the active control
of rotary wings may be dlassified in two groups, according to their general philosophy. In the first, the time-
dependent pitch control of the rotor is introduced in the non-rotating frame attached to the aircraft. This
method is called higher harmonic control or shortly HHC. It is characterized by actuation in all blades
simultaneously by injection of a single higher harmonic frequency in the rotor through the swashplate. The
second group calls for an individual blade control in the rotating frame attached to the rotor and, hence, it
is known as individual blade control or IBC. Although HHC has already presented good results in both
theoretical and experimental studies, it is recognized to lack the bandwidth to amply control the broad band
spectrum of vibration that characterizes the operation of helicopter rotors in forward flight. The rotor hub
reactions induced by the unsteady aerodynamic loads acting on the blades are the most important sources
of helicopter vibration. In general, the vibration level is low in hover flight, increases in forward flight, and in
fact limits the maximum speed of the modern aircraft. However, simple mathematical models are able to
demonstrate that the segments of the spectrum of vibration located in the vicinity of integer multiples of the
rotor spinning frequency are the most relevant regarding the dynamic excitation of the entire airframe. In
particular, the first harmonic at N/rev (where N is the number of blades) has been identified as critical.
Experimental results proved that overall reduction on the level of helicopter vibration is observed if
determined blade modes are controlled in the rotating frame (Ref. 13). This observation stresses the
efficiency of the IBC concept.

With the advent of the adaptive structure technology, the IBC concept must be reviewed since a superior
authority over specific modes of the blades in the rotating frame is theoretically feasible (Ref. 14).
Particularly attractive seems to be the application of the new technology to control the aeroelastic
characteristics of the aforementioned modes. In fact, it is well known that rotor vibration suppression
benefits from the so-called blade aeroelastic detuning.

The concept of smart structures not only involves the distribution of actuators and sensors to generate and
measure internal strains but also the integration of controllers designed to work at the low and high
authority levels. A true "smart rotor" would employ both. While high authority controllers optimize the
overall performance of the rotor at different flight conditions, the Jow authority controllers provide the
instantaneous or "involuntary" reaction to the blade dynamic excitation at the current flight attitude.

A recent paper by Chopra presents a review on the most important activities related to the development of
the so-called "smart rotor" (Ref. 15). In summary, two strategies have been investigated in connection with
the IBC philosophy. The first calls for embedding the adaptive material in the blade laminate in order to
induce strain deformations that can be controlled externally. It not only has the advantage of being cleaner
under the aerodynamic point of view, but it also allows the possibility of exploiting some excellent features
of the distributed control theory, such as its inherent robustness and superior authority over the system's
degrees of freedom. However, it now has been recognized that this solution leads to an overestimation of
the adaptive material's capabilities to deliver strain deformations under the typical loads experienced in
forward flight.

Since the introductory studies by Spangler and Hall (Ref. 16), who conducted tests in fixed wing models,
the use of lumped control configurations has gained more interest. The solution calls for the introduction of
a "smart flap" at the blade trailing edge. Feasibility studies have indicated that this technique is prone to
produce more efficient actuation with the available smart materials. However, it is important to stress that
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lumped control techniques are generally less robust because more modes than those considered in the
controller's design are naturally excited by the actuator, causing spillover effects.

An alternative for the flap solution (but still a lumped control technique) has been proposed by Nitzsche,
Lammering and Breitbach (Ref. 17). According to this solution, actuation is performed at the blade root,
locally inducing torsion displacements which change the effective boundary conditions. Numerical
simulations suggested that the solution is feasible and satisfies the power limitations of the available PZT.
Further experimental tests are planned to confirm the analytical expectations.

7 CONCLUSIONS AND OUTLOOK

The use of new multifunctional material systems in connection with new adaptive control concepts based on
digital filters have cleared the way for the establishment of a new structure related technology called
adaptive, smart or intelligent structures. Current work and technology assessment studies give the highly
interdisciplinary and system-oriented adaptive structures approach quite a promising forecast for future
applications in a wide range of industrial branches. The result of recent investigations indicate that adaptive
structures technology will be one of the most innovative disciplines in the future.
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POLYMER ELECTROMECHANICS:MECHANICAL SENSING AND

ACTUATION PROPERTIES OF ORGANIC MACROMOLECULAR SYSTEMS.

Danilo De Rossi
Centro "E. Piaggio" School of Engineering, University of

Pisa, Italy

The recent upsurge of research activity in smart materials and
structures stresses the interest in materials possessing both direct
and inverse electromechanical transduction properties.

Three different classes of polymers appear to be particularly
interesting in relation to their electromechanical properties:
piezoelectric polymers, polyelectrolyte gels and doped electron
conducting polymers.

In the last decade there has been an impressive growth in research
and development in the field of sensor technology.

Some advances have also occured, albeit less substantial, in the field
of actuation. Although the largest part of the new physical sensors
and actuators make use of of inorganic materials as transduction
elements, increasing attention is nowadays being paid to functional
polymers.

In this paper the sensing and actuation properties of these
polymers are briefly discussed.

1. PIEZOELECTRIC POLYMERS
1.1 Generalities

Three major mechanisms have been identified (1), being
responsible of polymer piezoelectricity:

a) piezoelectricity caused by deformations at a molecular level

b) piezoelectricity caused by macroscopic deformations

c) piezoelectricity in systems with inhomogeneous material
properties or containing trapped space charges.

Only the first two mechanisms are piezoelectric in a strict sense,

since they imply the existence of crystalline or paracrystalline
order. The third mechanism can operate also in amorphous systems,
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Only the first two mechanisms are piezoelectric in a strict sense,
since they imply the existence of crystalline or paracrystalline
order. The third mechanism can operate also in amorphous systems,
and it is not piezoelectric in a narrow sense. We limit our discussion
to the two first classes.

In a semicrystalline piezoelectric polymer some of the piezoelectric
coefficients can be zero, depending anisotropy of mechanical
properties and on the average orientation of the permanent dipoles
which  may originate particular symmetry conditions.
Piezoelectricity in polymers is usually observed in oriented films;
four different forms of the piezoelectric coefficient. matrix have
been postulated and experimentally verified (2).

Piezoelectric polymers of synthetic origin which present a certain
scientific and practical interest are some uniaxially oriented
synthetic polypeptides, such as poly-benzyl glutamate (PBG) or
polyhydroxybutirate (PHB) which present a Deo («2) symmetry
class, or polyvinylidene fluoride (PVDF) and some of its copolymers,
which upon uniaxial or biaxial stretching and poling respectively
present a Cooy (com) or C2y (2mm) symmetry.

1.2 Mechanical sensing

In analyzing the sensing response of piezoelectric polymers the
most important factors are selectivity to different components of
the stress tensor, sensitivity and bandwidth.

The selectivity factor is governed by the structure of the
piezoelectric coefficient matrix of the material and by the
mechanical constraints and boundary conditions caused by sensor
mounting.

In the usual configuration for PVDF (and related materials) samples,
the electrodes are parallel to the film plane and orthogonal to the
average orientation of the dipole moments. The voltage response is
proportional to a linear combination of the three normal stress
components acting on the sample multiplied by their respective
piezoelectric coefficient d3i, d32, d33.

A much less utilized configuration is obtained by cutting a PVDF
thick sheet along a direction perpendicular to the sheet plane and
parallel to the drawing direction and then metallizing the resulting
strip onto the cutting planes.

In this configuration the only non-vanishing component of the
piezoelectric coefficient is dps.

This configurationhas been rarely used, but it has been shown to be
very effective and selective in measuring changes in the shear
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stress component in a robotic tactile sensor during slippage of a
grasped object (3). When using PBG or PHB in film form with the
electrodes on the film major surfaces, the only active piezoelectric
coefficient is d25 (= - d14), causing the film to respond only to the in-
plane shear stress component.

The sensitivity of a piezoelectric polymer sensing elements is
related to the values of their piezoelectric coefficients (ranging from
1 to 30 pC/N).

Usually the open-circuit voltage response is calculated, imposing the
charge on the electrodes equal to zero.

In terms of temporal response of piezoelectric polymers, it is well
known that piezoelectric sensors do not possess DC response.

The low frequency roll-off is determined by the souce time constant
Tt =p e. The typical figures of p (resistivity) = 1014 Q-cm and & =
(dielectric constant) 138.85 = 10-12 F/m for PVDF sets t = 115 s.

The high frequency cut-off a piezoelectric polymer working in a
sensor mode is not determined, usually, by electrical factors, but by
the mechanical resonant frequency of the sensor and its mounting.

1.3 Actuators properties

The use of piezoelectric polymers as actuators is limited because of
the high driving voltages required to produce small strains
(typically 2 KV for a 1 p linear displacement of a 1 cm long sample)
and the lack of a steady state response.

Nevertheless, they can be fast and highly reliable, and production
technologies for piezoelectric polymers are quite advanced.

In order to produce useful displacements PVDF can be formed into a
bimorph (4); to reduce the driving voltage, a stack configuration can
be used.

2. POLYELECTROLYTE GELS

A polyelectrolyte gel is composed as minimal elements by a
network of ionizable macromolecules swollen in a polar solvent,
usually water. These gels rheologically behave as viscoelastic solids.
A necessary condition for the formation of a gel is the existence of a
certain degree of cross-linking between the macromolecular chains;
the crosslinks may be due to covalent bonds or physical
interactions. The properties of a gel strongly depend upon the
interactions between its solid and liquid components; the balance of
the forces deriving from these interactions determine the state of
equilibrium of the system as a whole.

The forces acting on an ionized gel originate from the rubber
elasticity of the polymer network, from the polymer-polymer
affinity and from the electrostatic interactions which involve the
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fixed charges on the macromolecules and the mobile counterions in
the interpenetrating liquid.

Any unbalance of these forces caused by an external stimulus
causes the gel to rearrange its status reaching a different
equilibrium volume through solvent intake or expulsion.
Temperature, pH, solute concentration changes in the solution, and
mechanical stress acting on the solid component have been proved
to be capable of causing gel swelling or deswelling.

2.1 MECHANICAL SENSING

Polyelectrolyte gels are capable of converting mechanical input
energy into electrical signal mainly through two mechanisms (5,6).
The first mechanism is related to the occurrence of streaming
potentials when a relative motion between the solid and the liquid
components of the gel in present.

Assuming a gel made by a polyacid partially dissociated carboxylic
groups covalently bound to the polymer backbone hold a negative
charge which is balanced by the positively charged mobile
counterions when the gel is compressed, a liquid pressure gradient
across the sample is induced producing fluid flow past the gel
micropores; since the liquid holds a net charge, a spatial
dishomogeneity of charge is created, originating the streaming
potential which can be recorded across suitable electrodes. When
the relative velocity between the liquid and the solid fractions goes
to zero, the streaming potential also become zero; this sensing
mechanism is, so, intrinsically dynamic.

A different mechanisms also operates in polyelectrolyte gels which
may be used to detect mechanical signals of static nature (7).

In the case a mechanical load causes the solid polymer volume
fraction in the gel to be perturbed from its initial, uniform state, the
electrical charge density of the gel also becomes spatially
inhomogeneous. In order for the conditions of electroneutrality and
electrochemical equilibrium to be satisfied within the gels’
interstitial fluid, the inhomogeneity in charge density must be
accompanied by a spatial inhomogeneity in concentration of mobile
ionic species.

In principle, these resultant concentration differences can be
measured by using ion-selective electrodes.

2.3 Actuation properties

Recent work related to the development of new materials for
actuation has focused on preparing stronger and faster polymer gels
through chemical and physical processes.
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A variety of gels differing in their chemical composition, degree of
cross-linking, inter-link average molecular weight and other factors,
can be used for actuation. An extensive review of chemomechanical
materials has been given by Osada (8).

Recently, various research groups have synthesized and
characterized hydrogels with the aim of obtaining high-performance
actuation systems.

Umemoto et al. (9) have prepared fiber by spinning a copolymer of
acrylamide and methacrylic acid, crosslinked with buthadiene
diepoxy. These fibers showed rapid elongation and contraction upon
solvent exchange (water-acetone).

Matsumura et al. (10) also used modified polyacrylonitrile (PAN)
fibers as chemomechanical materials.

By heating the PAN fibers at 220°C and then hydrolyzing them in a
concentrated NaOH solution, they obtained fibers with an
amphoteric behavior; by changing the bath pH from alkaline to
acidic and viceversa, a contraction ratio (under no load) of the order
of 70% was observed.

Isometric force densities of 1 MPa or more were obtained with a
time constant of the order of 2 seconds, using 30 um diameter
fibers.

Thermosensitive gel fibers have been prepared by Hirasa et al. (11),
through 7-ray irradiation of polyvinyl-methyl-ether (PVME) under
mild heating to obtain microphase separation.

Microporous fibers were obtained with an average diameter of 200
pm. Reversible contraction and elongation were observed upon
changing temperature above and below 38°C respectively.

The time constant for length changes was of the order of 1 second
and the generated force, for a single fiber, was about 0.3 m N.
Suzuki et al. (12) described the preparation of a tough hydrogel of
polyvinil alcohol (PVA) and polyacrylic acid (PAA), made so by
repetitive freezing and thawing and thus obtaining a macroporous
structure.

Because of the cooperative hydrogen bonds among PVA chains, the
tensile strength can be as high as 0.5 MPa. The material has
reversible chemomechanical properties and high durability
compared with other chemically cross-linked hydrogels. The
contraction ratio strongly depends on the load; for example, 30% for
no load and 10% for a load of 0.1 MPa.

The generated power density is found to be around 0.1 kW/kg for a
10 pm thick film, almost of the same order of that skeletal muscles.
Liquid crystalline gels have also been synthesized (13) with the aim
of preparing ordered polymers to increase contraction force and
speed through the cooperative action of oriented structures. These
LC gels, however, only swell in organic solvents and no mechanisms
for their electric drive has yet been suggested.
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Some form of material structuring and modification is also required
for the intimate contact between the contractile network and
electron conducting materials delivering the electrochemical stimuli.

3. ELECTRON CONDUCTING POLYMERS

The most highly conducting polymers are those with w-conjugated
electrons in the main chain backbone such as polyacetylene,
polypyrrole, polyanilyne, polythiophene and their derivatives.

In their pristine undoped state these polymers are insulators, with

conductivities of the order of 10-6 S/cm.

To render a polymer conductive, charge carriers are created in the
polymer by reaction with a reagent with redox properties, or by
electrochemical oxydation. In the latter case, a potential is applied
between the polymer and an electrolyte containing the dopant in
ionic form. Once charged, the polymer then absorbs a quantity of
the ion that depends on the applied potential and the concentration
of dopant. The ions act as local counter-ions, and render the
polymer a semiconductor.

A large variety of applications has been proposed for conducting
polymers ranging from batteries to chemical and biological sensors,
electrocromic devices, EM shielding coatings and other. Much less
attention has been given till now to their electromechanical
transduction properties.

3.1 Mechanical sensing

Conducting polymer elements have been used in combination with
interdigitated electrodes as strain sensors and are now
commercially available (14).

Information on piezoresistitive properties of electron conducting
polymers are scarce, mostly owing to the recent availability of
materials possessing good mechanical properties. Polypyrrole doped
with sodium benzensulfonate, prepared electrochemically (Lutamer
from BASF AG) has been found to possess a gauge factor
GF=AR/ (Rg) of the order of 0.8 in its fully doped state and a GF of
0.4 when largely dedoped electrochemically (15).

3.3 Actuation properties

Conducting polymer (CP) have only recently been used for
actuation, but have already have been shown to possess very high
force generation capabilities [16] [II-electron conjugated polymers
can exert tremendous forces, hundreds of times greater than those
of muscles. In very thin CP fibers, where diffusion distances are
minimized, response times can be of the order of milliseconds.
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These fibers do, however, tend to have lower displacements (1-10
percent) than polyelectrolyte gels, but not as low as those of
piezoelectric polymers. Pei and Ingands [17] have investigated the
mechanical properties of a bilayer CP strip of PPy.

On application of 0.8 V, the strip bent by 0.5 cm. The process was
fairly slow, but reversible.

CPs are rather solid compact polymers, and it is this feature that
limits the response times of anything other than very thin fibers or
films.

To circumvent this limitation, a number of different approaches to
designing CPs are being investigated. The synthesis of a polymer gel
incorporating a CP backbone has been attempted [18]. However, this
trial and error type approach may take several years before a
useful polymer with adequate mechanical properties can be
synthesized.

Alternatively, it may be possible to produce a microporous CP
structures, rather than a gel, using a phase inversion spinning
process.

This method would produce a polymer structure with a fast
response time, at the expense of a slightly reduced force density.
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1 INTRODUCTION

Advanced technology has become too much complicated for general public to understand.
Very limited expert can understand and treat this sort of complicated technology. Advanced
technology is losing close contact to most people. The present speaker characterize this
phenomenon as technomonopoly. Unless people accept and support technology,
environmental issues cannot be solved. Intelligent materials have to be developed to simplify
technology in order to recover friendship to general public. When general public understand
technology, feel satisfied with technology and think technology of their own,
technodemocracy is thus achieved.

2 ASPECTS OF SPAGHETTI SYNDROMES

Complicated features of technology are called as spaghetti syndromes. The word primarily
came from the aspect of a patient entangled with many tubes and electric wires. The first aspect
of spaghetti syndrome is the phenomenon itself difficult to find a key to unknitting. The
second aspect is the way of thinking where additional parts are required for improvement.
Thus technology becomes more complicated. The third aspect of spaghetti syndrome is
misunderstanding, the more complicated the more advanced. The fourth aspect is focusing
not to essential but to trivial. The last and fifth aspect is degradation of the performance. Many
parts lead to higher probability of failures. The complicated feature segregate general public.
Intelligent materials are to be developed to avoid this spaghetti syndrome of technology, but
not to enhance.

Intelligent materials are required to develop to solve serious troubles arising from materials
or technologies developed under guiding principles above mentioned. If intelligent
mechanisms are put into materials by complicated ways suffering spaghetti syndrome, they are
not friendly to people. If bridges are constructed with many sensors, the cost for sensors may
exceed hat of bridges themselves. Sometimes week points are designed to assure effectiveness
of sensors. This is the wrong way around.

3 INTEGRATION OF STRUCTURAL AND FUNCTIONAL PERFORMANCES IN KEN-
MATERIALS

The intelligent materials proposed by the present author are without any additional sensors
except structural materials themselves as will be discussed later upon the composite between
carbon fiber and glass fiber to achieve self-diagnosis function. Structural materials are there
functional materials at the same time. This may be more advanced than the method where
intelligence is given with complicated design. To distinguish intelligent t materials with simple
structure or design from intelligent materials with complicated features the present author uses
the word "ken materials". Ken means wisdom, construction, health, saving, sensing,
combination, and sphere all pronounced same way for their Chinese characters. Wise
materials are intelligent materials with simple structures. Intelligent materials are not limited
to tiny materials for electronics. Intelligence is also or more required for the construction
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materials used for large structures such as bridges or buildings. Healthy technology may be
constructed with the ken materials. Health in technology means technodemocracy. Saving
energy/resource is friendly to environment and saving complexity or avoiding spaghetti
syndromes is friendly to people. Sensing is self-diagnosis within structural materials.
Combination of structural and functional performance in identical materials is thus achieved.
Finally sphere means "eco-", ecology conscious technology. Materials scientists and
engineers are required to develop ken-materials for survival to 21st century with the
philosophy based upon ken-materials. The present speaker and supporters have established
recently "Ken-materials consortium” to enhance R & D activity and to help spread ken-

materials and philosophy based there on.

The structural material with self-diagnosis function is considered as integration of structural
and functional performances. This integration is the direction along which material scientists
and engineers are requested to develop materials. Until very recently structural materials
have been developed independently of functional materials. Diagnosis of structural materials
is usually designed with additional sensors, which leads to the second aspect of spaghetti
syndrome. We have to reconsider the way to obtain diagnosis without complexity. Only the
way is to integrate structural materials and functional materials into integrated materials.

4 METHODS FOR ACHIEVING RELIABILITY

The method for achieving reliability of structure has been changing. It used to be to make
thicker structure, consuming much amount of resources and leaving much waste. The next
way is to make materials stronger. Unfortunately, the stronger materials fracture more
suddenly. To improve reliability the way adopted is still to improve strength. Fracture of those
materiais take still place suddenly, whereas recycling of those materials too much strong is
seriously difficult.

If we can notice some signals before fatal fracture takes place, we can repair or replace the
materials. There are two different directions, one suffering and the other avoiding
spaghetti syndromes of technology. Installing sensors at the points where fracture initiates
looks reasonable. However, unless we know the points beforehand we cannot identify the
places for applying sensors. If we do not know the places, we have to use many sensors to
cover whole area of the structure. This is fourth aspect of the spaghetti syndrome. To
minimize the number of sensors and to improve the performance of sensors the method
frequently applied is to design some points where the strength is small. This is the fifth aspect
of spaghetti syndromes, the wrong way around.

The best solution is to design the structural materials which can diagnose themselves.

5 DESIGN OF SELF-DIAGNOSIS

To avoid sudden fracture of the materials with high elastic modulus and small value of
ultimate elongation, material A, usually applied is to hybrid materials with high tenacity and
large value of ultimate elongation, material B. The present speaker's proposal is to apply a
conductive material for the material A and an insulating material for the material B. Fracture
of the material A is easily monitored by distinct increase of resistance. If the material is
composed only of the material A, distinct increase of resistance corresponds to the death of
the material. The presence of the material B keeps the hybrid material still alive although
suffering from serious damage. This is not diagnosis of the death of the materials but that of
suffering from a disease. Unless any remarkable increase of resistance is observed the
materials are of no serious troubles. This is health diagnosis. A typical combination of
materials A and B is carbon fiber and glass fiber. Carbon fiber and glass fiber reinforced
plastic, CFGFRP, has primarily been developed by the people at Shimizu Corp. for an
alternative of steel bars, the most serious disadvantage of which is to rust with salty water.
The present speaker has considered the CFGFRP as the material of self-diagnosis.
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The relation between strain or and resistance upon the material is shown in Figure 1. In the
region H the material is under healthy condition, in the region C it suffers from a serious
damage although still alive with an allowance of 40% in the case, and the point P with zero
load after the region C shows that the material has once suffered from a serious damage. This
is a carte of the material. With use of ordinary sensors it is very difficult to have memory of
damage. Very little residual strain is observed. Identification of damage is possible only
under the criterion where one knows that a serious damage has once taken place. The damage
appears apparent only under load. It disappears with unloading. The residual resistance at the
point P is remarkable on the other hand. The very small residual strain by 0.04% is now
easily noticed by observing the large residual resistance by 12.4% in the experiment.

6 APPLICATIONS OF MATERIALS WITH SELF-DIAGNOSIS FUNCTION

The material, CEGFRP, has important self-diagnosis functions, checking health, suffering
from serious damage although still alive with much allowance until its fatal damage and
memorizing the past maximum damage. Applications are expected very widely. The present
speaker counts up those as in aircraft, automobiles, buildings, highways, guard walls etc.
Especially checking latent damage after an earthquake with the material is very effective.
Recent earthquake in Los Angels has raised necessity of this sort of concept and materials with
self-diagnosis functions.

7 CONCLUSION

Intelligence of materials or technologies may be evaluated with a function,

Iw=(Required merits)/(Number of elements applied)®
n greater than 1.

The higher the index, the familiar the technology to general public and environment.
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Smart Hydrogels in Devices

Professor Neil B. Graham
Department of Pure and Applied Chemistry
University of Strathclyde, Glasgow, Scotland, UK

General

Hydrogels are materials which will swell in water but not dissolve. They are a large
family of materials rather than a single entity. Indeed much of living tissue comprises
hydrogel and the variety and function of this class presents the scope for the
development of synthetic materials which can perform many so-called “ Smart”
functions. The action of muscles, the selectivity of membranes and the contraction and
expansion of various sphincters and the control of blood flow in veins and arteries
might all be simulated with synthetic analogues. Such materials are now being
demonstrated and systems which undergo large dimensional changes with changes in
hydrogen ion or other ionic concentration have been reported while hydrogels which
bend when subjected to an electrical potential difference have been made. Hydrogels
can be incorporated into devices which can act as transducers, as sensors and as
accurately controlled timing devices for the release of drugs and in other potential
applications. This paper will illustrate a selection of these applications utilising
hydrogels developed in our laboratories and based on crosslinked poly(ethylene oxide).
The dry form of the hydrogel will be referred to as a xerogel and the term hydrogel will
refer to the material swollen to some degree with water.

Simple swelling devices controlling the release of contained drugs

When discussing “Smart” systems one can reasonably ask the question “How Smart is
Smart?”. If we take “Smart” to mean any system which responds in a desirable
manner with respect to it’s environment then simple xerogels which swell in an
environment of water can be reasonably considered as “Smart”. So most of the
systems on which we have been working over the past twenty years would now be
considered as “Smart”, even though we didn’t know they were at the time! The first
of these(1) is a system to protect active drugs and to provide a desirable and largely
constant rate of release when the containing xerogel device is immersed in an aqueous
environment. This has just received it’s clearance for marketing in the UK. It is a
lozenge shaped piece of xerogel which contains 10mg of prostaglandin E,. It is of
dimensions such that it behaves approximately as an infinite flat slab. If the thickness
of the slab of dry xerogel is in the order of > 0.5 mm then the release of the drug on
immersing the slab in an aqueous environment is essentially constant for at least the
first fifty percent of the release. This swelling along with the characteristics of the
materials provides the “Smart” response which shows a dramatically improved zero
order release profile compared with the reducing rate of release which is obtained
from an initially fully swollen device. A generic drug delivery system is thus obtained
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which can be applied, in particular, to the delivery of many drugs in the form of inserts
into bodily cavities such as the vagina and rectum. Thus work on the rectal delivery
of a narcotic analgesic and the vaginal delivery of an antifungal agent have been
reported(2,3).

Hydrogels as Precise timing devices

For some therapies it is desirable to have pulsatile rather than constant release
Diffusion is governed by a combination of thermodynamics and kinetics. It can be
shown that diffusive events follow a precise pattern with regard to time. Though the
swelling of hydrogels with changing dimensions and hydrogel/xerogel boundaries 1s a
problem not easily amenable to clean mathematical solution it can be solved with the
aid of computation and bond-graph theory. It can also be readily demonstrated
experimentally(4) that the swelling of a block of hydrogel follows a precisely defined
pattern with progressing time. The relationship obeyed is given in the equation below
for the time (t) taken for a the xerogel-hydrogel boundary to move a distance (.

t=KI

‘K> and ‘x> are constants for a given composition of xerogel.

This pattern of behaviour has been utilised by Polysystems Ltd and Scherer DDS (5,6)
to develop an advanced precisely timed pulsed delivery capsule called Pulsincap ™.
This “Smart” capsule is shown in Figure 1.

hydrophobic
exterior
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Drug inside xerogel plug
the capsule which swells
and comes out

Figure 1. The Pulsincap™ Device

In this device the drug is placed inside a hydrophobic capsule which is the size of a
conventional hard gelatine capsule. It is sealed in place with a short cylinder of
hydrogel which when placed in an aqueous fluid begins to swell at a rate which is very
precisely time defined by it’s composition and dimensions. It begins to work it’s way
out of the hydrophobic shell like a cork coming slowly out of a champagne bottle and
at a very precise period of time after it commences swelling separates from the capsule
with the result that the contained drug is very quickly released thereafter. The device
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can be made even “Smarter” by coating it with a pH sensitive enteric coating. This
prevents the swelling of the xerogel plug until the drop of pH from around 2 to maybe
6.8 is encountered in passage through the pyloric sphincter on exit from the stomach.
Depending on the particular disease state being treated either one or the other choice
might be utilised.

Smart Transducers

The swelling of hydrogels in water is reversible and in reality depends on the chemical
potential of the water in equilibrium with the xerogel/hydrogel. It is no surprise
therefore that hydrogels can swell and deswell equally well in water vapour as in liquid
water albeit more slowly in the former case. At 100% relative humidity the hydrogels
will swell to the same degree as in pure water. The degree of swelling of the
poly(ethylene oxide) based hydrogels are dependent on the temperature. The swelling
decreases steadily with increasing temperature. These properties combined with the
physical strength of the hydrogels allows them to be utilised as the transducing
mechanism controlling a simple design of hydraulic valve which can control fluid flow
directly or, in principle, indirectly via remote fluidic signalling. One design of such a
valve is shown in the diagram below.

A
Hydrogel D
il Plastic Hydrophobic Film
Water > =j r——' Water
in N out
B
Moulded Plastic
body

Figure 2. Hydrogel Actuated Controller Valve.

The valve above comprises four simple pieces. Two moulded plastic parts A and B
comprising the top and the base of the main body of the device, a section of plastic film
C separating the upper and lower body components and a small circular cross section
slice of xerogel D. The gap between the upper and lower body parts is shown with a
gap and each side of the plastic film for clarity but is in fact sealed. The flow of liquid
water in the lower compartment is completely contained beneath the plastic film. The
upper compartment is open to the surrounding environment . If the external
environment is dry then the xerogel remains unswollen and the water flow in the lower
compartment continues uninterrupted. If the exterior of the controller valve becomes
immersed in liquid water or water vapour at high humidity, then the xerogel swells
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with the water and in its swollen hydrogel form presses the film over the entrance hole
for the water and cuts off the flow. A simple application for this device is the
automatic watering of plants from a water supply. The valve is labour saving allowing
labour free watering control and is efficient in water use. It is thus of potential utility
in both the developed countries and the less developed countries where conservation
of the water supply is of considerable importance. ~The changing response of this
design of valve to temperature points to control of flow rates with temperature. They
could conceivably be utilised to control the cooling water to a reactor where an
increased flow of cooling water is required as the reaction temperature rises. The
response time of these devices is currently minutes rather than seconds, which is
perhaps slow for the rapid control of a reactor. A rather different potential use would
be as a remote control detector of e.g. flooding or water level. The continuous flow
through the device and associated tubing in a closed fluidic circuit can be monitored
via the flow in the tube at some point remote from the tranducer valve. In the event
that the valve is in contact with water the flow will cease and the condition may be
detected at a distance. Alternatively the reverse process could be used to switch on a
water supply when the conditions around the valve were dry. An example of such an
application might be to automatically activate the watering systems on a golf course.
Many other applications can be envisaged.
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Fault Detection employing Transducer Optimisation Procedures

K. Worden , G.R. Tomlinson, A.P. Burrows
Dynamics and Control Research Group, Department of Engineering
University of Manchester, UK.

Abstract

This paper describes one possible way forward for smart structures in the domain of
fault detection and classification using neural networks and genetic algorithms.
Consideration is given to the incompatibility between numerical training data sets and
real structures and how this may be ameliorated using optimisation procedures for
determining the number and location of transducers required to locate and classify a
fault.

1. Introduction

Structures which suffer from degradation due to faults such as cracks, corrosion, debonding etc.
could benefit from procedures which provide optimal sensor distribution. It is well known that
problems which have no well-defined solutions but produce characteristics that can be separated
in pattern space are strong candidates for pattern recognition algorithms such as Artificial Neural
Networks (ANNs).

These methods have found wide applications [1,2] and are becoming increasingly accepted by
industry. However, we are still on a learning curve in terms of "best topology" for these
algorithms, guidelines for the design of ANNs for particular applications and relating their
internal structure to a mathematical framework.

Nevertheless, these procedures do offer a capability as described in earlier papers on fault
detection and location [3,4]. In this work, finite elements (FE) were used to generate training
data for supervised learning since it allows a large mapping space for simulated faults, boundary
conditions, static/dynamic load cases and high spatial resolution. This can however, introduce
its own problems as high spatial resolution cannot often be met in practice. As a result it may
be necessary to optimise the number and location of sensors which can then be related to a finite
element model for use with a neural network in fauvlt detection.

This paper describes one approach to these problems by considering how to locate and classify
the severity of a fault in a cantilever plate by optimising the sensor placement using various
"fitness"” measures.

2. Fault Location in a Cantilever Plate

A cantilever plate of dimensions 300 x 200 x 2.5mm was chosen as the basic structural model.
A discretisation of 20x20 elements was used to generate the training sets for a neural network
in which faults of different severity were simulated by "removing" small groups of elements. The
20x20 mesh size was sub-divided into a 4x4 grid, each grid bounding a group of 5 x 5 elements
into which one of three fault severities could be introduced by deleting one, five or nine elements
as shown in Figure 1. These are referred to as fault levels 1, 2 and 3 respectively.

Measurements were assumed to be available at only the nodes of the 4x4 grid as shown in
Figure 2, thus creating a situation in which only a sub-set of the total information available from

the finite element was being used.

The basic input/output topology of a neural network was therefore established in that the
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restricted set of measurements was chosen as the network inputs giving a total of 20 input nodes,
the outputs of the network being selected to correspond to the transducer locations giving 16
output nodes.

The network was trained to respond in proportion to the severity of a fault which related to the
area of the damage (see Figure 4), the desired outputs at each of the element locations being
0.1, 0.5 and 1.0 for the three fault levels. A single hidden layer was used with the final network
structure resulting in a 20 : 18 : 16 architecture.

Training the network on the first mode shape data, a location matrix was obtained as shown in
Table 1. The ability of the network to unambiguously detect the correct fault level and location
would return a diagonal matrix (note that X’s have been used to signify a 100% correct
diagnosis). However, the network had difficulty in reporting accurately the lowest level of fault;
the desired output of 0.1 being commensurate with the output variances of the network. This
was due to the problem of small changes occurring in the mode shapes when the damage is
located in the elements at the free end of the cantilever plate. Figure 3a, shows these effects
where comparisons between the desired and actual network outputs over the whole training set
are presented. In Figure 3b, corresponding to element 4, the level of variation is above the
minimum value of 0.1 required to detect fault level 1. Itis possible to minimise this insensitivity
by weighting the modal responses for these elements to give more significance in the training
data set; this was not investigated in this work.

Had the network been trained using the 20x20 mesh instead of the 4x4 mesh, improvements in
the diagnostic procedure would have occurred. However, this highlights the problem of what is
possible in practise in relation to the number of measurement points available compared with
the data set available from an FE model, which can be orders of magnitude higher.

3. Sensor Placement

As already stated, using an FE model to generate a supervised learning data set for a neural
network has few restrictions in terms of the number of data points (corresponding to computed
displacements, strains etc). For the plate used in this work, the modeshapes were defined at
twenty points (the actual number available was 400), which may be impractical from a modal test
point of view. Thus the question arises as to how many sensors are necessary to produce a
diagnostic network with a given probability of error and where the optimum positions of the
sensors would be, assuming that the sensor positions allowed can only occur at the twenty
locations shown in Figure 2.

The first approach taken was based on a defined "measure of fitness". The initial state assumes
that all the sensor locations are occupied and that when a single sensor is removed, there remains
twenty possibilities for nineteen sensor patterns. From these patterns the ability of the trained
neural networks to locate/classity the fault are ranked according to the measure of fitness. The
"fittest" is considered as the ‘best’ nineteen sensor distribution and the corresponding missing
sensor is permanently deleted, leaving an array of eighteen sensor distributions which can be
employed in a repeat procedure. Obviously this is a time consuming process and an automated
procedure was used which allowed automatic fitting of many networks, using an input mask
option which created a data file containing all possible input sets masked to inform the network
program to train a specified subset.

As an example, if measurements from twenty sensors are available, and data from only three
sensor locations, say 3, 10 and 17, is used the network program is passed the
mask 00100000010000001000. This representation is used throughout this work.
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In order to establish a measure of fitness a normalised mean square error (MSE) difference
between the desired network responses y,, and those estimated produced by the network after

training, ¥, was used defined as,
100 o
MSE §) = — Y [0 - 50)f

-1
NtoyiJ

i represents the i™ output neuron, N, the training sets indexed by j. The network performance
can be judged on the average value of the MSE over the whole set of outputs or the maximum
of the set of output MSEs can be used.

Fault level three, and the first modeshape corresponding to unfaulted and fault cases were used
to train the networks. In this case, noise was added to the computed (FE) modeshapes during
the training phase. The fitness was established by ranking the networks according to the average
and maximum error, number of misclassifications and awarding points accordingly. The overall
results of applying the procedures are shown in Table 2.

In order to ‘test’ the answers, the best *10° sensor distribution was chosen and compared to ten
randomly generated sensor distributions and ten distributions suggested by symmetry (sequential
deletion of alternate sensors).

Table 3 shows these test results where it can be seen that the algorithmic approach produces the
best results in terms of the lowest misclassifications and prediction errors. Figure 4 shows the
best ‘10’ sensor location from the algorithm.

Previous work had shown that the use of curvatures (or gradients) as training features for
locating faults seemed to be more reliable than direct modeshapes [3]. Thus the procedure was
repeated using gradients, calculated from the modeshapes for various fault levels.

In this case however, the fitness was judged on the average error, maximum error and probability
of error and an additional strategy was assessed. This was an ‘insert’ strategy where the
procedure starts with diagnostics generated for all one-sensor patterns. In this simulation the
probability of error alone was used to determine fitness. The one with the lowest probability is
carried forward to the next stage when another sensor is added, the process continuing until all
twenty sensors has been added. The results are summarised in Figure 5 which shows the
probability of error as a function of sensor number. It is interesting to note the similarity in the
results indicating that the mixed fitness method offers no advantages over the insert sensor
method. Further, to be sure of a greater than 99% chance of successfully locating the faults, a
sensor distribution appears to be sufficient.

Sensor Placement using a Genetic Algorithm

For the sake of completeness, a brief discussion of genetic algorithms (GAs) will be given here,
for more detail the reader is referred to the standard introduction to the subject [5]. The
training data used for this section were the level 3 curvature data.

Genetic algorithms are optimisation algorithms which evolve solutions in a manner analogous to
the Darwinian principle of natural selection. They differ from more conventional optimisation
techniques in that they work on encoded forms of the possible solutions. Each possible solution
i.e. each set of possible parameters in solution space is encoded as a gene. The most usual form
of this gene is a binary string e.g. 00011010110. The first hurdle in setting up a problem for
solution by genetic algorithm methods is working out how best to encode the possible solutions
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as genes. In the case of the sensor location problem, a natural coding is provided by the input
masks described earlier e.g. the gene 00100010000000001000 represents a solution in which
transducers are placed at positions 3, 7 and 17.

Having decided on a representation, the next step is to generate, at random, an initial population
of possible solutions. The number of genes in a population depends on several factors, including
the size of each individual gene, which itself depends on the size of the solution space.

Having generated a population of random genes, it is necessary to decide which of them are
fittest in the sense of producing the best solutions to the problem. To do this, a fitness function
is required which operates on the encoded genes and returns a single number which provides a
measure of the suitability of the solution. These fitter genes will be used for mating to create
the next generation of genes which will hopefully provide better solutions to the problem. Genes
are picked for mating based on their fitnesses. The probability of a particular gene being chosen
is equal to its fitness divided by the sum of the fitnesses of all the genes in the population. Once
sufficient genes have been selected for mating, they are paired up at random and their genes
combined to produce two new genes. The most common method of combination used is called
crossover. Here, a position along the genes is chosen at random and the substrings from each
gene after the chosen point are switched. This is 1 point crossover. In 2 point crossover a
second position is chosen and the gene substrings switched again. There is a natural fitness
measure for the sensor location problem, namely the inverse of the probability of
misclassification. This is modified here by the addition of a penalty function which suppresses
solutions which do not have the desired number of sensors. A simple quadratic penalty function
was used.

If a gene in a particular generation is extremely fit, i.e. is very close to the required solution, it
is almost certain to be selected several times for mating. Each of these matings however involves
combining the gene with a less fit gene so the maximum fitness of the population may be lower
in the next generation. To avoid this, a number of the most fit genes can be carried through
unchanged to the next generation. These very fit genes are called the elite.

To prevent a population from stagnating, it can be useful to introduce perturbations into the
population. New entirely random genes may be added at each generation. Such genes are
referred to as new blood. Also, by analogy with the biological process of the same name, genes
may be mutated by randomly switching one of their binary digits with a small probability.

With genetic methods it is not always possible to say what the fitness of a perfect gene will be.
Thus the iterative process is usually continued until the population is dominated by a few
relatively fit genes.

One or more of these genes will generally be acceptable as solutions.

Note that the gene encoding used here is only suitable for numbers of sensors close to ten. This

. -~ . 0 -
is because the number of distinct n-sensor genes 18 i. and this is very strongly peaked at ten.
n

This means that genes introduced into the population by the various operations will have highest
probability of having close to ten sensors. For this reason the GA was only used to generate
distributions with 9 to 12 sensors. Fifty generations were used in each case, the GA used a single
member elite and introduced five new blood at each step. The resulting probabilities of
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misclassification for the fittest gene in each case are given in Table 1.

Number of sensors Probability of error
9 0.0017
10 0.0017
11 0.0011
12 0.0016

Table 1 : Probabilitics of error for the various GA-generated Sensor distributions.

Comparison with Figure 5 shows that the GA sensor placements outperform those from the
heuristic method of the previous section. In fact, the results were quite close, the 10-sensor
distribution from the insert strategy had eight sensors in common with that from the GA.

This is very much a preliminary study. Work continues using more complex gene encodings
which do not bias the search towards the 10-sensor distributions.
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Table 1: Location matrix from network trained on first modeshape
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Table 2¢ Classification matrix from network trained on first modeshape - noise RMS 0.001 (0.1%
signal) - Fault severity 3.

Source of Sensor Average | Maximum | Failures
Pattern Pattern Error Error
Algorithm | 01010101011000011011 20.03 53.11 0
Symmetry | 01010101010101010101 26.74 62.86 1
10101010101010101010 | 31.66 72.26 1
Random | 01101101000011001110 | 32.55 77.39 0
11000100100111001011 | 29.80 73.85 0
00010110001111100101 29.32 75.56 1
01010101001000111101 25.45 67.05 1
01110111000001101010 | 32.12 73.20 1
000101110C5:10111100 | 30.12 78.86 1
11101101110000101000 | 27.10 79.58 1
11011101100100000101 29.06 78.79 2
11011101110000100100 | 28.84 80.19 3
11011101110010000001 | 28.07 78.25 2

Table 3: Test of 'optimum’ 10 sensor pattern against random patterns; feature is first modeshape.
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Figure 2 : Numbering system for sensor locations.
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Figure4: Best 10-sensor pattern for modeshape diagnostic.
Algorithm based on three separate fitness measures.
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Figure 5 : Probability of error as a function of sensor number.
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A Cellular Automaton Generating Topological Structures

Norio INOU, Naoko SHIMOTATI and Takefumi UESUGI

Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo 152, Japan

Abstract: This paper describes a cellular
automaton based on adaptive function of
living systems. We simulated the behavior on
a computer giving each cell local rules such
as "death", "birth" and "division" like an
organism. The computational results showed
that the model generates a clear framed
structure for a mechanical condition. We
also reported on diverse topological
structures inhered in the system.

1. Introduction

Living structure for supporting the body such as
bone or wood has a function to adapt mechanical
environment. In case of bone, it can change the shape
or the inner structure. When a stress at a part of bone
is not set up for a long time, the part is weakened by
decreasing the bone density. Conversely, when a part
of bone is highly stressed, the part is strengthened by
increasing the bone density. As a result of ‘the
continuous process, the whole bone forms a proper
We call the
phenomena functional adaptation or remodeling. From

structure to outer circumstance [1].

a viewpoint of engineering, remodeling can be
explained as a congregation of local feedback
mechanisms. If such a system was realized, it would
self-organize a proper structure for a loading condition.

In the actual living system, the capability of
remodeling is not so strong. It is difficult to
synthesize such intelligent material in the near future.
However, we can simulate the behavior of the system
on a computer setting a characteristic of remodeling.
We propose a distributed mechanical system for the
simulation as shown in Fig. 1. The model consists of
same elements which mechanically connect each other.
Each element senses mechanical conditions and
changes the material property itself.

This is a sort of a cellular automaton which
consists of autonomous cells. The cellular automaton
is generally known as a pattern generator. We expect
that our model has a new feature to generate

mechanical structures as it includes mechanical

property.

In this paper, we focus on examining the
performance of the model. First, we explain our
simulation method. Second, we show the performance
of the model giving each cell local rules like an
organism. Third, we point out diversity of structures
inhered in the same mechanical condition and evaluate
the topological structures on a diagram with global
criterions.

(O: element with a function
of changing mechanical

property

---: mechanical connection

Fig. 1 Cellular automaton based on remodeling.

2. Simulation method

The simulation is executed by the following

iterative process.

Step 1. Give an acting space of cells.

Step 2. Set loads and fixed conditions on cells.
Step 3. Calculate stresses in the cells.

Step 4. Evaluate the stresses.

Step 5. Change material property of the cells.
Step 6. Return to Step 2.

The above algorithm is basically same as
Growing-Reforming Procedure [2] which reforms the
shape of structure by partial modification. In our
model, Young’s modulus of each cell is changed. As
far as the partial modification, there are many similar
methods in the field of structural optimization.
However, our method does not include any global
estimation because of the cellular automaton although
other optimal methods are based on sensitive analysis.
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Each cell modulus

independently by the following equation.

changes the Young's

E“"=E1+a(0/o,-1)} O

Where E: Young’s modulus, t: iteration steps, O:
equivalent stress, O,: target stress value, o.: constant
value about 0.1.

The equation acts so that the difference between
stress of each cell and the target stress at the each place
gradually decreases. We expect that a condition to satisfy
the relation o/c,=1 for almost cells is formed by
iterative calculations.

The simulation was executed on a personal computer
(CPU:80486, S50MHz) with a batch program including
several tasks. For the calculating stress of each cell, we
used a finite element program called NISA II (EMRC)
as a solver. After changing Young’s modulus of each
cell by local rules, we rewrote the data in the input file
of NISA II. As the solver accepts about 320 kinds of
Young’ s modulus, we provide a table of Young’ s
modulus in advance and selected the nearest value among
them after calculation of Young's modulus from the

equation (1).

3. Behavior of the total system by local rules
Behavior of the proposed model is affected by local
rules which each cell possesses. In this chapter, we

report on this point.

3.1 Non-linear relationship in changing modulus
First, we examined the effect of change of Young’s
modulus on the total system. A change of Young’ s
modulus of a cell means a change of density and
strength. The relationship is important because the
strength corresponds to the target stress value in
equation (1). We expect that it has an effect on the
self-organization of structure. In case of bone, the
strength is proportional to the Young’s modulus [3].
But it is very difficult to describe the relationship
analytically because it depends on micro structure of
material. In order to examine the effect, we set up two
relationships as shown in Fig.