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Abstract

A column-type truss structure is generally unstable without diagonal bracing members. It is, however, mechanically stable
in so-called hanging configuration due to the effect of gravitational force. This kind of structure can isolate an apparatus
installed at its tip end from the influence of the vibration of the support ceiling, where the hanging truss structure is
placed. The relationship between the stress and strain of the shape memory alloy (SMA) material in relatively high
temperature condition has a hysteretic loop, which can be adopted for the purpose of vibration attenuation and isolation.
A truss structure with bracing SMA wires in hanging configuration is expected to possess both of the abilities of vibration
isolation and attenuation. In this study, optimal placements of SMA wires are obtained by a GA-based approach from
the vibration isolation and attenuation points of view under the constraint condition of the number of the SMA wires.
Crossover and mutation operators in order to deal with the constraint condition of the number of SMA wire members are
proposed. The non-dominated Pareto fronts are obtained for the cases of various numbers of SMA wire members. On
the basis of the calculations, it has been confirmed that the number and the placement of the SMA wires are significant
factors on the effects of vibration isolation and attenuation. Most of the optimal configurations have one common feature
that the SMA wires are distributed close to the middle of the hanging truss structures and there are few SMA wires at the
truss units near the support ceiling as well as the peripheral end. The placements of SMA wires in optimal solutions show,
however, a tendency of decentralization in the case of emphasis on vibration isolation.

Keywords: dynamic behavior, evolutionary algorithm, hanging truss, multi-objective optimization, shape memory alloy
wire

1. Introduction

In recent years, SMA material has been researched in the area of structural engineering extensively due to the conspicuous
characteristics of the shape memory effect and the pseudo-elasticity. The characteristic of pseudo-elasticity demonstrates a
hysteretic loop under a specific temperature condition, which can be altered by adjusting the constituents of the material in
the process of manufacture. Thus, the composition of the chemical elements is studied and determined on the basis of the
working temperature of the SMA material. The hysteretic loop can be utilized for reducing the vibration energy when the
SMA material is installed in some type of dynamic structural system. For instance, a multi-linear hysteretic constitutive
model of pseudo-elasticity of SMA incorporating residual martensite strain effect has been developed (Parulekar & Reddy,
2012). This model is implemented on a SDOF system and the comparison of the result of experiment and the numerical
response has been made. Pseudo-elastic SMA dampers are effective in mitigating the structural response of building
structures subjected to strong earthquakes (Qian et al., 2013). The study of Fosdick and Ketema contributes to the
understanding of the general macroscopic dynamic characteristics of SMA and its use in vibration damping (Fosdick &
Ketema, 1999). Besides, there are studies on vibration isolation using pseudo-elasticity of SMA material (Ghodke &
Jangid, 2016; Jose et al., 2017).

Vibration isolation using the characteristics of pendulum type structures has been researched extensively in the recent
decades. One of the most significant reasons is that by changing the design parameters of the pendulum type structures,
the natural period of the structure can be large enough than the environmental excitation periods; vibration isolation by
such kind of structure can be expected. Besides, utilization of some energy absorbing materials contributes to energy
attenuation. In the research of Fallah and Zamiri, the genetic algorithm is used to find the optimal values of the isolator
(Fallah & Zamiri, 2013). A variable frequency pendulum isolator has been developed (Murnal et al., 2004). The effect of
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horizontal and vertical component of seismic load was studied through a kind of pendulum type structure (Jamalzadeh &
Barghian, 2015).

In this study, placements of SMA wires in hanging truss are optimally designed using a GA-based method from the
viewpoints of vibration isolation and attenuation under the constraint condition of the number of the SMA wires. The
evolutionary process of NSGA-based method which contains the elite preservation strategy is demonstrated. In order to
reduce the calculation time, a method coupled with the evolutionary optimization algorithm is proposed. The crossover
operator and the mutation operator coping with the constraint condition of the number of the SMA wires are proposed.
The relationships between the placement of the SMA wire members and the objective functions are discussed. The
appropriateness of the proposed optimal calculation algorithm has been confirmed by the simulated examples.

2. Optimization Problem Dealt with in This Study

We make a brief introduction on the pseudo-elastic constitutive model of SMA material. Multi-objective optimization
formulations are demonstrated and an evolutionary algorithm to deal with the problem is established. The operators for
dealing with the constraint condition of the number of the SMA wires are shown.
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Figure 2. Truss topology (a) and simulated vibration of the support ceiling (b)

2.1 Constitutive Model of SMA

Figure 1(a) shows the stress-strain relationship of the pseudo-elastic constitutive model of SMA material considering the
crystalline structure of the austenite phase and the martensite phase. For the purpose of simplification of the calculation
process, we introduce a piecewise model of pseudo-elasticity as shown in Figure 1(b). The fundamental equations utilized
in this research can be seen in (Auricchio & Sacco, 1997; Hu, 2013; Lagoudas et al., 2001).

2.2 Dynamic Problem

Dynamic formulations and the corresponding numerical calculation process can be found in (Zhang et al., 2017). The
structure dealt with in this study is exhibited in Figure 2(a), where the thick lines stand for rigid members and the broken
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lines stand for the possible placements of SMA wire members. In the simulation examples, the environmental motion is
given in the form of vibrational motion of the support ceiling, whose corresponding displacement trajectory is sinusoidal
shown as the waveform in Figure 2(b). The dynamic behavior in horizontal direction of an apparatus installed at the
peripheral end indicated in Figure 2(a) is to be examined.

2.3 Formulation of Objective Functions

The objective functions are formulated as the RMS values of the horizontal acceleration of the apparatus assumed at the
peripheral end. The vibration isolation and attenuation capabilities are respectively evaluated in terms of the acceleration
during and after the vibratory motion of the support ceiling and are expressed as follows:

1 t=Tg
Wi = (— f alz,dt)
T Ji-o

1 1=Tg+Tc (1/2)
Vi = (— f Clidl)
TC t=Tkg

where Tg is the time period of the vibratory motion of the support ceiling and T¢ is the evaluation time period after the
vibration ceased. Subscript k reflects the number of SMA wires installed in the truss. Parameter a,, is the acceleration of
the apparatus in horizontal direction.

2.4 Optimization of the Configuration of SMA Wires

D

Optimization of the configuration of SMA wires of the truss is dealt with as a combinatorial problem. In order to take
account of this multi-objective optimization problem, we deal with the following minimization problem based on the
multi-objective function:

Minimize F = F(Wy, Vi)

: 2)
with respect to Pk(1)7 Pk(g), ey Pk(s), ey Pk(hk)

where F is the Pareto ranking value of the two objective functions. Pareto ranking describes the relationship of predom-
inance among all of the values in the Pareto solutions and the process for determining the Pareto ranking values is as
follows:

step 1: Setr = 1.
step 2: Find all the non-dominated designs. They are referred to as the rth Pareto front.
step 3: Eliminate the rth Pareto front.

step 4: Repeat from step 2 until all the designs are eliminated, with r < r + 1.

Parameter Py is the sth combinatorial pattern of k-SMA-wire case. Parameter / is the total number of the installation
patterns of k SMA wires. Design variable Py is expressed in the following binary form as:

0 (no wire)

Py = [b1 b ... boul, bi = :
ko) = b1 02 ... b {I(SMAwure)

Note that the number of "1 bits in Pyy) is constrained to k. The bit length K corresponds to the maximum possible number
of SMA wires, where K = 2u and u is the number of bays of the truss in the current study.

2.5 Optimization Approach

In this research, a NSGA-based multi-objective optimization approach is used (Deb et al., 2002). This approach uses the
elite preservation strategy. The constraint condition is the number of the SMA wires. The algorithm is shown as follows:

step 1: Prepare N,,, individuals as parent population. Generation g = 1.
step 2: Evaluate criteria Wy and V.
step 3:

(1) g = 1: Determine the rank values.
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(2) g > 1: Select N,,, individuals as parent population in generation g from the offspring population and the
parent population in generation g — 1 based on the order of rank values of the individuals.

step 4: Perform crossover operator and mutation operator to generate the offspring population in generation g.

step 5: Repeat from step 2 to step 4.

The probability of selection of the jth individual (Murata et al., 1996) in the process of roulette is expressed as:

Fj_(Fmax+1)

pj= 3)
L E — (Fua + D)

where parameter F; is the Pareto ranking value of the jth individual, parameter F,,, is the total number of layers of the
Pareto fronts which can be attained on the basis of the determination process of the Pareto front ranking as in section 2.4.
In order that the rearmost layer of the Pareto front can be selected, we plus 1 to F,,, as in Equation (3).

Since we take into account the fixed number of SMA wires of the truss as the constraint condition, the numbers of "1’ and
0’ bits of the resultant offspring have to be maintained. We introduce the following crossover and mutation operators to
cope with the situation. Figure 3 illustrates these operations. The crossover operation shown in Figure 3(a) is as follows:

step 1: Determine the crossover point randomly in parent 1.

step 2: Replicate the left part of the crossover point of parent 1 to the left part of the offspring.

step 3: Cancel the same numbers of 1 and O bits of the replicated part from the left part of parent 2.

step 4: Transfer the rest bits of parent 2 to the right part of the offspring in accordance with the order.
The mutation operation is performed as shown in Figure 3(b) and expressed as:

step 1: Determine the positions of 1 and 0 of the offspring.
step 2: Choose a position of 1 and a position of 0 randomly.

step 3: Change the positions of the selected 1 and 0.

For the purpose of reducing the calculation time of the optimization process, we propose a method for dealing with this
situation. All of the individual bit patterns appeared in the course of calculation are recorded along with the corresponding
values of the objective functions. Evaluation of the objective functions are performed based on the record in the case that
the pattern to be evaluated is already in the record.
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Figure 3. Proposed operators
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Figure 4. Dynamic behaviors of the hanging truss structures

3. Condition of Environmental Vibration and the Typical Behaviors

Table 1. Specification of truss

Parameter Member Symbol Value
Member diameter (mm)  rigid ag 10mm
SMA Asma Imm
Young’s modulus (GPa)  rigid Er 210GPa
Density (kg/m®) rigid PR 7860kg/m’
SMA Psma 6500kg/m’
Table 2. SMA characteristics
Parameter Symbol Value
Maximum phase transformation strain A 0.05
Young’s modulus of austenite phase E, 70GPa
Young’s modulus of martensite phase Ey 30GPa
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Typical dynamic behaviors of hanging truss structural system are discussed in order to demonstrate the effects of the
hanging configuration and the SMA wire members. Corresponding parameters for the simulations and characteristics of
SMA wire are listed in Tables 1 and 2. The vibration frequency of the support ceiling is SHz and the amplitude is 0.03m.
In our simulation examples, an apparatus of 5kg is assumed to be placed at the peripheral end of the hanging truss for the
purpose of suppressing the influence of the vibration of the ceiling. The total mass of the truss without considering the
SMA wires and the apparatus is 18.52kg. Time step for the numerical integration is 50us. This tremendously small time
step is for the purpose of dealing with the nonlinearity of this kind of dynamic problem.

3.1 Dynamic Behaviors of the Truss Structures in Typical Configurations

Figure 4(a) is a column-type hanging truss without any bracing wire members (k = 0). From the corresponding dynamic
behavior result of acceleration in Figure 4(b), we can see the vibration isolation effect in the time period of Os — 4s. The
RMS value in this time period is 1.60m/s? and the corresponding value of the support ceiling is 20.94m/s?. The vibration
isolation is especially obvious at the time period of Os — 1s due to little vibration energy transmission because there are no
bracing wire members and it takes some time to transmit the vibration energy from the support ceiling to the peripheral
end. The RMS value at this time period is 0.05m/s>.

Figure 4(c) is a hanging truss structure having k = 20 SMA wires. The corresponding acceleration behavior is the result
of Figure 4(d). The RMS value of the apparatus acceleration in the time period of Os — 4s is 7.72m/s?>. From the two
acceleration behaviors shown in Figures 4(b) and 4(d) in the time period of Os — 4s, we can see that the vibration isolation
of truss as shown in Figure 4(a) is more significant. The RMS values of Figures 4(b) and 4(d) in the time period of
4s — 8s are 2.83m/s> and 4.94m/s? respectively. Therefore, after the cease of vibration motion of the support ceiling, the
residual vibration of Figure 4(b) is smaller than that of Figure 4(d). Vibration attenuation effect in Figure 4(d) can be
seen. However, owing to the unattenuated vibration energy transmitted from the support ceiling to the peripheral end by
the bracing SMA wire members in pure austenite phase, the suppression of residual vibration by attenuation becomes
ineffective as can be seen in Figure 4(d), promptly after the vibration of the support ceiling ceased. Because there are no
bracing wire members in the truss of Figure 4(a), vibration transmission from the support ceiling to the peripheral end
does not occur significantly in this case.

3.2 Dynamic Behaviors for Displaying the Vibration Attenuation Capability

Figures 5(a) and 5(b), corresponding to the trusses shown in Figures 7(p) and 7(s), demonstrate typical behaviors of
hanging trusses that exhibit both vibration isolation and attenuation capabilities. At the time period of Os — 4s, the RMS
values of Figures 5(a) and 5(b) are 2.00m/s> and 2.94m/s?, respectively. The RMS values in the time period of 4s — 8s
are 1.35m/s> and 1.23m/s?, respectively. Compare these objective function values with the corresponding function value
of Figure 4(b), we can confirm that the vibration isolation of the truss structures in Figures 7(p) and 7(s) are not that
excellent but their vibration attenuation capability are better than the truss having no bracing members. This indicates that
a hanging truss with a number of bracing pseudo-elastic SMA wires with appropriate configurations have the capability
of vibration attenuation.
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Figure 5. Acceleration behaviors of the truss structures for demonstrating vibration attenuation
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4. Obtained Optimal Designs

With the constraint condition of the fixed number of bracing SMA wires, the optimal design is conducted by means of the
NSGA from the viewpoints of vibration isolation and attenuation. Vibration isolation and attenuation effects are evaluated
by the RMS values of acceleration in the time periods of Os — 4s and 4s — 8s, respectively. The optimal designs for the
cases of constraint condition of SMA wires, k = 2,4, 6, 8, 10 are conducted. In the calculation process, the parameters are
as follows for the multi-objective genetic algorithm.

¢ Population size: Np,, = 50.
e Crossover probability: P, = 0.8.
e Mutation probability: P,,, = 0.01.

o Evolution generation: g = 100.

4.1 Pareto Fronts and Numbers of SMA Wires

Pareto front solutions with the constraint conditions of k = 2,4, 6, 8, 10 are shown in Figure 6. The abscissa axis is the
RMS value in the time period of 4s — 8s, which describes the objective function of vibration attenuation; the ordinate axis
is the RMS value in the time period of Os — 4s, which describes the objective function of vibration isolation. The attached
label k — ¢ denotes the optimized configurations in Figure 7. Label ¢ means the number of the configuration in the case of
k SMA wires. For example, 10 — 1 is the coordinate of the objective functions of the first optimized configuration with 10
SMA wires that is shown as in Figure 6 and the corresponding truss is shown in Figure 7(s) with the label. For the sake of
avoiding untidiness, only the first and the last labels are indicated for each of the Pareto fronts in Figure 6. The solutions
listed from the left to the right in the Pareto fronts in Figure 6 with k — = correspond to the truss configurations from the
left to the right in Figure 7 with k — x*, respectively.

We can see that the moving tendency of Pareto front with different values of & is that the Pareto front moves from the
lower right to the upper left in accordance with the increase of the SMA bracing wires. Truss structures in case of small
number of SMA wire members show more advantage in vibration isolation and less advantage in vibration attenuation
and in case of relatively large number of SMA wire members demonstrate opposite effects.

4.2 Influence of Configurations of SMA Wires

In Figure 6, we can see that the vibration isolation effect when k = 0 is excellent but its vibration attenuation effect is
worse than most of other solutions. This demonstrates the capability of vibration attenuation of the bracing SMA wires.
Howeyver, the solution & = 0 dominates the solution 10 — 8. It means that both of the vibration isolation and vibration
attenuation effects for the case of k = 0 is better than the solution 10 — 8. This indicates that an unsuitable placement of
SMA wires does not contribute to the vibration attenuation capability even in the case of large number of SMA wires.
This is due to the unattenuated vibration energy transmitted from the support ceiling to the peripheral end because of
the pure austenite phase of the SMA wires. In addition, the vibration isolation capability due to the pendulum effect of
the hanging truss is hindered by the SMA wires in such a case. These conclude that appropriate placement of bracing
SMA wires is quite significant for the performance of this truss structure from the viewpoints of vibration isolation and
attenuation.

4.3 Influence of Number of SMA Wires

On the basis of the values of criteria given in Figure 6, the optimal designs have better vibration attenuation capability in
the case of more SMA wires. In contrast to that, the vibration isolation capability becomes more ineffective in accordance
with the number of SMA wires in general. It should be noted, however, that the result of trusses in Figures 7(b) and 7(c)
corresponding to the solutions 2 — 2 and 2 — 3 show better performance in both attenuation and isolation capabilities than
the truss having no SMA wires.

Even in the case of small number of SMA wires, the residual vibration is destined to be attenuated due to energy absorption
by the hysteretic loop of pseudo-elastic SMA wires. Thus, the RMS value of the trusses in Figures 7(b) and 7(c) after
the vibration of the support ceiling ceased are smaller than the truss having no SMA wires. The hysteretic loop of the
SMA wire also contributes to vibration isolation due to phase transformation strain energy consumption. The vibration
transmission due to the bracing SMA wire members is attenuated by the hysteretic loops in the time period of vibration
of the support ceiling. The RMS values of these two configurations are smaller than the truss having no SMA wires.
The trade-off relationship between the vibration transmission by the bracing members and the energy consumption by the
hysteretic loop of the SMA wires can be understood. Suitable number of SMA wires is significant for the performance of
the hanging truss against the environmental vibration.
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4.4 Overall Tendency of Optimal Configurations

All of these optimal configurations in Figure 7 have two common features. One is that there are no SMA wire members in
the truss units which are near the support ceiling or near the apparatus except for the configuration in Figure 7(d). This is a
typical feature of structural system for the suppression of vibration transmission from basement to the objective structure
by flexible connections at the basement as well as at its peripheral end. The vibration transmission from the ceiling to
the truss and from the truss to the peripheral end are suppressed in the case that there are no bracing wire members in the
truss unit near the peripheral end as well as the support ceiling. On the basis of this kind of arrangement, the vibration
transmission from the support ceiling to the peripheral end can be suppressed due to the effect of pendulum and the energy
exerted by the ceiling can be absorbed due to the SMA wire members in the middle truss units simultaneously.

The other common feature is that with an emphasis on vibration isolation, the placement of the SMA wire members
becomes approximately more and more decentralized as shown in Figure 7. Owing to the hanging truss structures with
ubiquitously distributed placement of the SMA wires, more truss nodes are influenced by the force of the SMA wire
members. The residual vibration becomes more significant in such distributions due to more nodes are influenced by the
stiff SMA wires in the pure austenite phase. The energy absorption for the attenuation is not sufficient in such cases.
On the contrary, in the case of intensively distributed placement of the SMA wires, vibration transmission becomes non-
significantly due to less truss nodes are affected by the force of the bracing members and less vibration energy can be
transmitted to the peripheral end. Thus, the RMS values of these trusses become smaller relative to the trusses with
ubiquitously distributed SMA wires after the vibration of the support ceiling ceased.

In all of these optimal configurations, the number of right-up diagonal SMA wires is significantly larger than the number
of right-down diagonal SMA wires. On the basis of the calculations, we noticed that in the time period of Os-4s, in the
cases that the number of the bracing wire members are small, the deformation of the right-up SMA wire is significantly
larger than the deformation of the right-down SMA wires. More hysteretic loop can be utilized to consume the vibration
energy in such configurations that the number of right-up diagonals is larger than the right-down diagonals.

Most of these optimal configurations demonstrate better vibration attenuation effects than the hanging truss having no
bracing members since no energy consumption members are in the hanging truss without SMA wire members. A few
number of the optimal configurations with larger RMS values than the hanging truss having no SMA wires after the
vibration of the ceiling ceased. The reason is that the vibration is transmitted by those bracing SMA wire members to the
peripheral end; however, those transmitted vibration energy can not be totally attenuated due to the pure austenite phase
of those SMA wire members after the vibration of the support ceiling ceased.

5. Conclusion

In this study, we studied a truss structure having the capabilities of vibration isolation and attenuation. The isolation
effect is achieved by the hanging configuration of a column-type truss structure which demonstrates the characteristic of
pendulum; the attenuation effect is achieved by the pseudo-elastic mechanical property of SMA wire members which
demonstrates a hysteretic loop of the relationship between stress and strain. Once the topology of the hanging truss is
fixed, there are two factors influence the dynamic behaviors of the structure: the number and the configuration of SMA
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wire members.

In the case that relatively large number of SMA wire members are placed at the hanging truss, the characteristic of
pendulum is less evident. Therefore, the number of the SMA wires is a significant factor on the vibration isolation
effect. Inappropriate placements of the SMA wires also lead to insufficient effect from the vibration reduction point of
view. Taking both of these two factors into consideration, we conducted an optimization problem of this hanging truss
from vibration isolation and attenuation viewpoints under the constraint condition of the number of SMA wire. The
algorithm of a non-dominated sorting genetic algorithm in order to deal with this multi-objective optimization problem is
constructed. The operators for the purpose of coping with the constraint condition has been developed.

On the basis of the calculations, we obtained that most of the optimal configurations have one common feature that the
SMA wires are placed significantly in the middle part of the optimally designed trusses. The placements of SMA wires
in optimal solutions show a tendency of decentralization in the case of emphasis on vibration isolation.
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