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Abstract

Attaining a specified shape within a required accuracy is one of the basic missions for many structural
systems. In order to meet this requirement, a kind of refinement or adjustment may be required for
the structures; however, the maintenance by human engineers can be difficult or even impossible in
some situations, such as in the case of an antenna structure of an on-orbit satellite. In this study, we
deal with the improvement of structural accuracy by means of a shape refinement process with simple
heating-and-cooling actuation of SMA (shape memory alloy) wires, which utilizes the intrinsic hysteretic
characteristics of SMA. In order to cope with the inaccuracy of actuation results of individual SMA
wires due to this simple actuation, we propose an adaptive multistep approach, where the SMA wires
are actuated one single at a time. We deal with three types of algorithm to determine the actuating SMA
wire in each step. Computer simulations are carried out with 2D truss structures; the basic feasibility of
the proposed shape refinement by means of SMA wires with heating-and-cooling actuation is confirmed.

1. INTRODUCTION: BASIC IDEA

Attaining a specified shape within a required accuracy is one of the basic missions for many structural
systems. In the case that a structure fails to satisfy the required accuracy of its shape for some reasons,
adjustment of its structural parameters has to be carried out in order to achieve the intended shape re-
quirement. Maintenance should be performed in general; however, it can be difficult or even impossible
in some cases, such as in the case of an antenna structure of an on-orbit satellite. This is considered to
be a typical situation that the adaptive structure technique[1] can be applied.

In the case of such geometrical or morphological adaptation, the selection of the actuation device and
the manner of its implementation on the target structure are significant. For example, the conventional
variable geometry truss (VGT), which is a typical structural system having geometry adaptation capabil-
ity, adopts telescopic actuators as its truss members[2, 3] and has a statically determinate topology. The
actuators and the implementation manner of this type enable the VGTs a finite shape change.

In the current study, on the other hand, we deal with a slight modification of structural shape in order
to attain its specified geometrical requirement; this is a kind of shape refinement in other words. Such
shape refinement is expected to be especially effective for a large-scale space structural system such
as the parabola reflector for VLBI space observatory system; its required accuracy is 0.4mm rms for a
9m diameter structure in on-orbit condition[4, 5], for example. On the basis of the circumstances of
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such structural system, the adaptive structure system in our study should be of maintenance free. Shape
memory alloy (SMA)[6] wire is adopted as the actuator, since it is considered to be more reliable than
typical mechanical actuators such as the electric motors having movable parts. In this study, SMA wires
are implemented on the target structure in a statically indeterminate manner so that the resultant shape
change caused by the phase transformation of the SMA wire is kept adequately small in accordance with
the intended shape refinement.

The key feature of SMA taken up in this study is its hysteretic characteristic. On the basis of this
hysteresis, the mechanical state of an SMA wire before and after the heating-and-cooling operation
becomes inevitably different in general; the force due to the difference in its stress state results in the
deformation of the target structure. It should be noted that the deformation is kept without further energy
consumption for the heating in this case, once it has accomplished. We propose to take advantage of this
conspicuous characteristic of SMA wire for the adaptive refinement of target structure shape.

The adaptive structure system dealt with in this study is assumed to have a considerable number of
SMA wires in order to achieve the intended shape refinement, since the required shape modification can
be of various pattern and the deformation attained by the actuation of any single SMA wire by means
of the heating-and-cooling operation mentioned above is considered to be relatively insignificant as well
as inaccurate. We discuss an actuation algorithm taking account of the situation; an adaptive multistep
approach is proposed. In order to verify the basic idea of this shape refinement approach, simulation
studies are conducted with truss structures.

2. STATIC BEHAVIOR OF STRUCTURAL SYSTEM WITH SMA WIRES

In order to determine the actuation pattern to meet the required shape deformation, as well as to
examine the possibility of the proposed structural shape refinement approach by means of computational
simulations, the static behavior of a structure having SMA wires has to be calculated. We do not take
account of geometrical nonlinearity in the following, since the aim of the current study deals with only the
infinitesimal deformation for the structural shape refinement. The detail of static behavior of structural
system having SMA wires based on the piecewise linear characteristic model is dealt with in such as [7]
and [8] for truss structure systems.

2.1 Piecewise-Linear Model of SMA Behavior

SMA has two crystalline phases called the martensite in low temperature condition and the austenite
in high temperature condition. In both phases, its behavior exhibits the hysteretic characteristic and
high nonlinearity. Figure 1(a) shows such a typical stress-strain relation of SMA. An accurate model
of such SMA behavior is fairly elaborate[6] for computation of a system consisting of a humber of
SMA elements. In addition, our approach of structural shape refinement to be proposed does not assume
accurate actuation of the individual SMA wires. We adopt a piecewise-linear model of the stress-strain
relation of SMA shown in Fig.1(b) in this study.

The stress-strain relation of SMA is not one-to-one correspondence due to the hysteresis. We formu-
late the mechanical behavior of SMA based on the introduced piecewise-linear model in the following
form:

E; = E(e,0) E_=FE_(e0) (1)
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Figure 1. Piecewise-linear model of stress-strain relation of SMA

wheree ando are the strain and stress of the SMA element &hdand E_ are the Young’s moduli
corresponding to the cases of increasing and decreasing strain. These Young's moduli take different
values at the upper and lower boundary of the hysteretic part of the piecewise-linear stress-strain relation
shown in Fig.1(b).

2.2 Formulation and Solution of Static Problem

We deal with the deformation of the target structure in terms of an adequate vector dendéfed by
its corresponding stiffness matrix is expressedkas We denote the thermomechanical state of SMA
wires byS that consists of the stress, strain and temperature of all the SMA wires, which depend on their
thermomechanical history as well. Taking account of an assumed corresponding externl,ftree
static equilibrium condition of structural system having SMA wires at deformdticand SMA stateS
can be formulated in the following form:

K(U + AU) + K(S,D)AU + F(S) = F, (2)

where K is the stiffness contribution of the SMA wires corresponding to the further deformatign
and F is the internal force due to the stress of the SMA wires. It should be notedsrdgpends not
only on S but also onD, which denotes the direction of further deformation of SMA wires, since the
Young’s modulus of each SMA wire differs in accordance with the further deformation direction as in
Eq.(1).

We adopt the following iterative approach to solve the equilibrium equation (2), since the further
SMA deformation directiorD in the equation actually depends &U .

1. Assume the parametér as all the SMA wires are to be elongated.

2. Solve Eq.(2) based on the assumed paranietes

AU = (K +K(8.D)) (F-F(S) - KU). (3)
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3. In the case that the deformation direction of SMA wires corresponding to the calculated further
deformationAU and the assumeR are inconsistent, updafe accordingly and repeat froz

4. Update the deformation of the target structurdas— U + AU. The thermomechanical state of
SMA wiresS should also be updated.

It should be again noted th#& is constant since the assumed deformalibis infinitesimal; however,
K andF significantly depend on the thermomechanical state of SMA wires.

3. ACTUATION APPROACH TAKING ACCOUNT OF INACCURACY

It is not necessarily impractical to conduct an accurate control of SMA behavior[9]; however, such
an approach requires sensing and control devices for each of the SMA elements and does not assume to
be applied to our case that significantly utilizes the hysteretic characteristics in order not to require any
energy consumption in its steady state after actuation. There can also be individual differences among
the SMA characteristics in accordance with their own individual thermomechanical history. We develop
an actuation approach taking account of such inaccuracy of individual SMA wires.

3.1 Adaptive Multistep Shape Refinement

We introduce a binary-valued vectBrthat denotes the actuation conditions of SMA wires; the values
0 and 1 of each element @ respectively represent before and after the heating-and-cooling actuation
of the corresponding SMA wire. It should be noted that the transition of the elemé&hiirreversible
and restricted to 0 to 1; that is, the heating-and-cooling actuation can be performed only once and cannot
be cancelled.

Taking account of the inaccuracy, we conduct a multistep actuation; the heating-and-cooling actuation
of SMA wire is performed one single at a time. Transition of the structure deformé&tiand the SMA
thermomechanical stai® based on the heating-and-cooling actuation of a single SMA wire can be
expressed in the following form as

{U,S} —=T({U,S},n), (4)
B — B+ B,, (5)

where7 describes the transition of deformation and SMA state based on the heating-and-cooling actua-
tion of SMA wire n and B, is the binary-valued vector having 1 only for the element corresponding to
SMA wire n.

The deformed geometry of the target structure is express&d-ad/, where vectotX expresses the
initial geometry without shape refinement. In order to evaluate the refined shape of the target structure,
we introduce the geometry evaluation vector expressed as

W = A(X +U), (6)

where A is the binary coefficient matrix that is adopted to extract the part to be evaluated from the
geometry of the structure deformed by means of the SMA actuation. The error function to be minimized
is expressed as

Jo %(w W)W - W) (7)
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whereW is the reference geometry to be attained by means of the shape refinement.
We propose the following adaptive multistep refinement of the target structure shape that is intended
to gradually minimize the errak:

1. Measurement of the current error veciéf,,, = W — W .

2. On the basis oW ..., determine SMA wiren to be actuated in this step, which has not yet been
actuated, that is, whose corresponding elemer @ 0. In the case that an adequate next SMA
wire to be actuated is not found, terminate the shape refinement process.

3. Perform the heating-and-cooling actuation of SMA wireUpdateB accordingly and continue
from 1.

It should be noted that the actuation sequence of SMA wires cannot be determined beforehand, since the
inaccuracy of the simple heating-and-cooling actuation result has to be taken into consideration in each
step.

3.2 Strategy to Determine Actuating SMA Wire

In the above-mentioned adaptive multistep shape refinement procedure, the key point is how to de-
termine the actuating SMA wire in 2, based on the obtained measuremenWéf,... We introduce
the following shape refinement coefficient corresponding to the heating-and-cooling actuation of single
SMA wire n:

AW,=W,-W=AX+U,) - AX +U) =AU, -U), (8)

whereU ,, is obtained by means of the calculated transition (4) based on the actuation of SMA wire
from the initial conditionZ andS. This value is not accurately corresponding to the actually attained
value due to the above-mentioned situation in our case; it can be used to determine the SMA wire
to be actuated, however, because we adopt the multistep one-by-one approach taking account of such
inaccuracy.

These shape refinement coefficients are considered to be applicable throughout the refinement pro-
cess, since we confine our shape refinement to the case of infinitesimal deformation. This means that
although the computational cost for the calculation of the coefficient is not insignificant due to the re-
quirement of iterative calculation of the transition process (4), it is only necessary to calculate them once
for all of the SMA wires beforehand.

In the current study, we deal with the following three types of algorithm to determine the actuating
SMA wire that has not yet been actuated, based on these shape refinement coefficients.

3.2.1 Local Search

Solve the following problem:
Find» such thatW.,, — AW ,,| — min 9)

and use the obtained SMA wirefor the actuation in each step. This is a typical local search algorithm.
Terminate the process in the case that further shape refinement cannot be attained, that is, in the case of
W epr — AW | > |W .| for the obtained SMA wirex.
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3.2.2 Simple Global Search

Solve the following problem:
Find A such thatW,, — AW 4| — min, (10)
whereAW 4 is expressed in terms of sdtof non-actuated SMA wires as

AW 4 =) AW,
icA
Problem (10) is a typical combinatorial optimization based on the shape refinement coefficients; the
genetic algorithm[10] is adopted in this study. We use A such that

W err — AW | — min

as the SMA wire to be actuated. This is a kind of global search algorithm; although the one-by-one
actuation is adopted in order to take account of the inaccuracy. Terminate the process in the case that
further shape refinement cannot be expected, that is, in the cdBé of — AW 4| > |W | for the
obtained solution of (10).

3.2.3 Constrained Global Search

It is expected that the simple global search previously introduced tends to result in the heating-and-
cooling actuation of many number of SMA wires. Taking account of the intrinsic actuation inaccuracy in
our case, however, a fine shape deformation obtained as a combination of deformations, each of which
is of relatively significant magnitude, might cause a deterioration in the shape refinement result.

In order to avoid such deteriorated results due to combinatorial actuation, we introduce the following
constraint for the SMA wiré to be included in the solution sgt of problem (10) as

Wem - AW, >0 for ic A (11)

That is, only the shape refinement coefficients in the same direction as the target error vector in the step
are taken into consideration.

How to solve the problem (10) and the condition to terminate the shape refinement process are the
same as the above simple global search.

4. DEMONSTRATION IN TERMS OF TRUSS STRUCTURE SIMULATION

In order to demonstrate and confirm the feasibility of the proposed shape refinement approach, com-
puter simulations of 2D truss structure having SMA wire members are conducted. All of the simulated
trusses consist of square truss units of riim. The ordinary non-SMA truss members are aluminum
of 50mn? cross-section. The SMA wire members are typical NiTi of 0. ’hanoss-section, whose me-
chanical characteristics in both martensite and austenite phases are modeled as shown in Fig.1(b). The
target reference shape to be attained by means of the refinement is straight-line arrangement of the left-
most nodal positions of the truss. We assume the error in truss member lengths as the fundamental cause
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of the geometrical error and they are given as uniform random valug$) 8mm, except if otherwise
stated. Initial strain of the SMA wire members is assumed to be 4%; in order to simulate the actuation
inaccuracy of individual SMA wires, initial strain error is also assumed for each of the SMA wires and
given as uniform random values fl %.

4.1 Shape Refinement for Geometrical Error

Figures 2 and 3 are typical results of shape refinement simulations of truss struct@res 3sf
units. The diagonal members of the truss units of the right row are the SMA wires used for the shape
refinement. The target shape of the leftmost nodes and the corresponding attained geometry by the truss
are indicated by the lines placed left side of the truss, with the error magnification factor of 250. All of
the results shown in Figs.2(b)-(d) and Figs.3(b)-(d) demonstrate the significant reduction of error values.
Figure 3(b) shows a typical result corresponding to a local optimal solution obtained in case based on the
local search. As shown in Figs.2(c) and 3(c), the simple global search gives comparably good results;
however, the number of actuated SMA wires is considerably many. As shown in Figs.2(d) and 3(d),
comparably good results are obtained by means of the constrained global search as well; it should be
noted that the number of actuated SMA wires are significantly reduced compared to the case of the
simple global search.

4.2 Shape Recovery against External Force

Figure 4 shows a typical simulated result of the shape recovery against an exerted horizontal external
force of 5N at the top node. The error in truss member lengths in this case is given as uniform random
values of+0.01mm; that is, the main cause of the geometrical error of the truss is the external force.
Figure 4(a) shows the initial deformed shape due to the force and Fig.4(b) shows the result of shape
refinement based on the constrained global search. The result demonstrates the feasibility of the shape
recovery of this type based on the proposed SMA-wire approach.

5. CONCLUDING REMARKS

Hysteretic mechanical behavior is one of the intrinsic characteristics of shape memory alloys. In
the current study, we utilize this characteristic of shape memory alloy and propose a shape refinement
approach of structural system that does not require energy consumption for SMA actuation once the
refinement has been completed.

The approach dealt with in this study is based on the implemented SMA wires on the target structural
system. The simple heating-and-cooling operation is adopted for the actuation of individual SMA wires.
In order to cope with the inaccuracy due to this type of actuation, we adopt an adaptive multistep shape
refinement procedure, where SMA wires are actuated one single at a time. In order to determine the
actuating SMA wire in each step, we deal with three types of algorithm in this study, that is, the local
search, the simple global search and the constrained global search.

Computer simulation studies are carried out with 2D truss structures having SMA wires as a part of
their truss members. On the basis of the obtained results, it is demonstrated that the RMS error to the
reference target shape is significantly improved and reducédnte- 1/14 by means of the proposed
shape refinement. The approach based on the constrained global search gives comparably good results
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Figure 2. Simulated results of shape refinement
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Figure 3. Smulated results of shape refinement
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Figure 4. Shape refinement on external force (actuated SMA wire: —)
(Member length error: 0.0lmm, SMA initial strain error: 1%, Tip-end horizontal force 5N)

with relatively small number of actuated SMA wires. A shape recovery simulation result against an
exerted external force is also conducted; the result demonstrates this feasibility as well.

It should be noted that the actuation of SMA wire by the heating-and-cooling operation can be per-
formed without any sensing as well as control devices; it has been confirmed, however, that the proposed
adaptive multistep actuation procedure can deal with the inaccurate situation considerably well. The
shape refinement approach is considered to be applicable to many structural systems such as large scale
antenna structures expected in the future space missions.

Practical designs including SMA-wire placement and its conditioning, application to other structural
systems and experimental studies taking account of actual shape measurement instruments are the can-
didates of future works.
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