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Abstract

In this paper, an evolutionary optimization procedure is proposed for the design of
compliant thermal microactuators subjected to non-uniform temperature fields.
During recent decades topology optimization techniques have been shown to be
efficient tools to conceive these kinds of distributed compliant mechanisms. The
procedure applied in this paper is based in the evolutionary structural optimization
(ESO) method, which has been successfully applied to several optimum material
distribution problems but not for non-uniformly heated compliant mechanisms
including conduction and convection effects. The validity of this technique is
demonstrated by an example and the design obtained is compared favourably with
the analytical solutions.
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evolutionary, thermal.

1 Introduction

Thermal compliant microactuators provide displacements of different points in the
device through non-uniform temperature fields by virtue of their specially designed
topology and shape. They obtain force and motion transmission capabilities through
elastic deformation and from the flexibility of its components and, as a result, give
large forces or displacements transmission and rise to compact integrated monolithic
systems, since they can be built using fewer parts comparing to conventional rigid-
body mechanisms. Traditional compliant mechanisms work under the application of
a force at an input port and generate the desired force or deflection at the output port.
When the input load is applied, flexible links will deform and therefore flexural
joints will bend, transferring the work through these deflections. Thermal micro
actuators are those compliant mechanisms onto which thermal loading is applied as
input instead of force. These systems function based on the thermal expansion of the



compliant mechanism material while being heated, and convert efficiently very large
forces, associated with thermal auction, into deflection.

One of the first classic methods of choice for converting thermal auction to motion
or displacement are the bimorph devices, composed of two materials with different
thermal expansion coefficients. Using a single material to achieve the same effect in
the plane by virtue of the shape was a newer idea introduced more recently. In this
case the compliant mechanism is not heated uniformly as in classical bimorph
systems. Modern micro actuators are based on electro-thermal actuation in which the
heating is accomplished by Joule heating and deformation is achieved by the non-
uniform temperature field that deforms the compliant mechanism when electric
current is applied. The compliant mechanisms deforms differently depending on the
particular topology and shape of the system. The Guckel actuator is one of the best
examples of an electro-thermal compliant (ETC) microactuator. Its simple design
consists of two arms of different thickness, where due to the different resistive
nature of them one gets more heated and elongates more than the other, causing the
device to deform and bend laterally [1]. The v-shaped thermal actuator, commonly
referred to as a "chevron", is another well known thermal actuator, used in
applications requiring high force and reliability [2]. This actuator is based on the
constrained thermal expansion of four angled beams through material heating and
results in motion of the center shuttle. In all cases the topology of the compliant
mechanism critically affects system performance, as well as the temperature
distribution, convection, thermal expansion parameters, etc. Accordingly,
optimization methods adapted for these tasks are needed and this paper is concerned
with the topology optimization of thermal compliant mechanisms and the
development of an evolutionary procedure for systematic design of non-uniformly
heated microactuators. With the use of finite element analysis in combination with
the optimization strategy adopted in this investigation it is possible to address and
solve the design problem discussed above.

The last few decades have seen dramatic improvements in the engineering design
and topology optimization processes. Solutions obtained by standard sizing and
shape optimization methods always maintain the same initial topology and many
competing topologies are not explored. For this reason topology optimization
algorithms have become increasingly important as potential tools in engineering
design.

The goal of structural topology optimization is to determine the optimal distribution
of material for a given design domain that minimizes a given cost function and
satisfies a series of constraints. The design goals for structures and compliant
mechanisms are quite similar, and the same topology optimization methods may
therefore be adapted to design both types of elements. In the case of compliant
mechanisms, designs must incorporate flexibility as a preferred effect, in contrast to
the stiffness. Additionally, a compliant mechanism also needs to be stiff enough to
be able to sustain applied loads.

In the field of compliant mechanisms design, we can distinguish two approaches, a
kinematic synthesis approach and a continuum synthesis approach. The first method
is based on traditional rigid-body kinematicks, where the basic configuration is
obtained by knowledge from this field and is converted to partially compliant



mechanism with flexural segments [3]. The second mayor approach is a continuum
synthesis approach for design of actuators based on a fully compliant mechanism
with lumped compliance. The first applications based on this strategy appeared in
Ananthasuresh et al. [4]. A later approach by Sigmund [5] modelled the output load
by a spring which captures the nature of the work piece held at the output port of the
compliant mechanism and allows control of the input-output behaviour using the
mechanical advantage as objective function. An equivalent but different approach is
based on the maximization of the ratio of two mutual energies, where two different
finite element problems are considered [6]. Frecker et al presented also the synthesis
of compliant topologies with multiple input and output ports, using as objective
function a combination of the mechanical and geometrical advantage of the
mechanism [7]. Path generating mechanisms have been also treated in the work by
Saxena and Ananthasuresh [8], as well as compliant thermal microactuators
topology optimization. Concerning the problem of compliant thermal microactuators
topology optimization under a uniform temperature field was solved and tested with
micro scale prototypes by Jonsmann et. al [9], and several systematic procedures for
topology optimization of electro-thermally actuated compliant mechanics can be
found in the works by Sigmund [10] and Yin and Ananthasuresh [11]. It was
demonstrated that electro-thermal mechanisms behaviour could be significantly
different with and without modelling convection [12]. A comprehensive thermal
modelling for these devices was presented in [13]. Recently, topology optimization
of thermally actuated compliant mechanisms considering time-transient effect has
been also analyzed by Li et. al [14].

Most of these works use a SIMP interpolation scheme for the design domain
parameterization, based on a penalized variable density approach [15], with subtle
modifications and several adjustable tuning parameters for efficiency of the method.
This class of parameterization generally is coupled with optimality criteria [16] or
moving asymptotes algorithms [17]. The pioneering technique based on
homogenized materials for finding the optimal topology of a structure by Kikuchi
and Bendsoe [18] has been also employed for the solution of the topology
optimization problem of compliant mechanisms [19]. During the last years more
suitable methods have appeared to compliment the traditional methods, like the
recently developed level-set method, successfully used in this field of optimization
[20]. Finally, different heuristic or intuition based methods have been proposed to
minimize compliance or other objective functions, like genetic algorithms [21], or
the evolutionary method, also known as Evolutionary Structural Optimization (ESO)
[22]. The ESO method has been successfully applied to several structural
optimization problems so far, like stiffness [23], frequency [24] or buckling [25],
and extended to design dependent loads [26] or complex cases like optimal design of
absorption structures [27]. This work group has successfully applied the ESO
method for planar and 3D compliant mechanism design [28], and showed that it
seems to be promising for the case of thermally actuated devices as well, when it
was used to solve the simple case of compliant mechanisms subjected to uniform
temperature fields [29].

This work generalizes the evolutionary structural optimization method for thermally
actuated compliant mechanism design where the loads arise due to a non-uniform



change in the temperature, considering also convection effects. It will be done by
means of an additive version of the ESO method. To suppress the formation of
checkerboard patterns a sensitivity filter scheme is introduced, which is used to
effectively overcome the mesh-dependency problem as well. This scheme is
complemented by a sensitivity averaging scheme that helps to stabilize the process
occasional chaotic behaviours which make the objective function and topology
difficult to converge [30]. The procedure has been implemented as part of a general
optimization computer program called Odessy [31] and tested in several numerical
applications and benchmark examples to validate the approach.

2 Evolutionary structural optimization method

ESO stands for Evolutionary Structural Optimization, which is a design method
based on the simple concept of gradually removing inefficient material from
structure. The method was first proposed by Xie and Steven [32] and has since been
continuously developed to solve a wide range of topology optimization problems.
The initial concept of the method leads to a rejection criterion based on the local
stress level, where the low stressed material is assumed to be under-utilized and is
therefore removed progressively. Later the commonly used mean compliance was
used to apply the evolutionary procedure for stiffness optimization problems. To
enable more specific design objectives, one of the crucial issues associated with
evolutionary topology optimization is to evaluate the topological sensitivities.
Therefore, a sensitivity number for the mean compliance is defined and indicates de
increase of the objective function as a result of the removal of an element. Since
topology optimization problems may frequently consider objective function other
than stiffness and constraints other than structural volume, different authors dived
into various extended topology optimization problems computing the corresponding
expressions for the sensitivity analysis of several objective functions. A
comprehensive compilation of these investigations can be found in the monograph
book by H. Huang and Y. M. Xie [33].

A natural consequence of the basic rejection ESO process was the exploration of the
evolutionary growth of a structure starting from a minimum initial kernel, exploring
the concept of achieving an optimum structure by adding material. As the name
suggests, in the additive evolutionary structural optimization (AESO) method,
elements were introduced in the areas of the ground structure where they are needed,
and examples demonstrated that this method was capable of producing correct
optimal shapes of structures [34]. In the case of structural topology optimization,
this technique leaded to regions which were lightly stressed and material should be
removed. Since AESO cannot remove elements, a new method was conceived, in
order to combine the removing and addition attributes of both methods, called bi-
directional evolutionary structural optimization (BESO), which has been applied to
several structural topology optimization problems.

As shown by this work group for the case of compliant mechanisms optimum design
under directly applied forces [35], is necessary and sufficient to use the additive
version of the method to obtain the optimal solutions for thermally actuated
problems.



3 Problem formulation

As shown in Figure la, we will consider an arbitrary design domain with several
types of mechanical and thermal boundary conditions. Optimization will be posed as
a material distribution problem where a limited amount is to be distributed in a
larger specified design domain to fulfil certain objectives. In this case, the objective
of thermal compliant mechanisms design is to obtain the topology that maximizes
the displacement u,y, of the output port when the design domain is subjected to a
non-uniform temperature field @ (x, y). Most actuator applications require the
mechanism to resist an output force when interacting with its surroundings, which,
in general, may not be known a priori. For such cases, a spring model is usually
proposed to approximate this force with a constant K at the output port.
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Figure 1: Design domain subjected to thermal load and unit dummy case.

The flexibility requirement can be captured by using the concept of mutual mean
compliance, based on the reciprocal theorem for linear elasticity. For this purpose it
is usual to adopt a second artificial load case, where a unit dummy load is applied at
the output port in the direction of the desired displacement, as shown in Figure 1b.
The finite element equilibrium equations that need to be solved for the real thermal
load case are:

K,®=F, KU,=F,(®) ()

where Kr is the thermal stiffness matrix, @ denotes de nodal variable temperature
field vector and Fy represents the nodal heat source vector. The stiffness matrix K
corresponds to the thermal-stress analysis, and obviously represents the regular
stiffness matrix of the structure for elastic analysis, where the stiffness of the spring
is also included. Finally F; is the thermal load nodal vector and Uy is the nodal
displacement vector. The equivalent thermal vector F; is calculated from the
temperature distribution, @, obtained in the heat flow analysis, in the following way:



F, = [B"Eta®[1,1,0] dA=T® )
Q

where B is the strain-displacement matrix, E is the elastic coefficients constitutive
matrix and o is the thermal expansion coefficient. This expression can be rewritten
using the transformation matrix T between nodal temperature and nodal equivalent
thermal force. This will be useful for derivation in the sensitivity analysis. It should
be remembered that the thermal stiffness matrix Kt contains two terms since
convection may occur on a part of the boundary, denoted by I'., where it appears
that a modification of the stiffness matrix occurs. The first term corresponds to the
conductivity constitutive matrix, and the second one contains the convection
coefficient on the boundary [36].

Concerning the second load case where only a unit dummy load is applied in the
output port, we have the well know elastostatic finite element equilibrium equation:

KU, =F, 3)

where K is the stiffness matrix. Likewise, this matrix contains the stiffness of the
finite elements in the design model as well as the output spring stiffness, and F; is a
vector with the value 1 at the degree of freedom corresponding to the output point
and with zeros at all other places. We call U, the nodal displacement vector for this
auxiliary load case.

Relying on both load cases we can use the following equation to express the
displacement at the output port as:

u,, =UIKU, 4)

that is, the objective function we want to maximize for compliant mechanism
design.

Summarizing, the finite element formulation of the optimization problem can be
written as:

Minimize ~-UIKU,
Subject to K, ®=F, (5)
KU, = F,(0)

y v, <V * v, € 0,v/
> o}

where v; is the actual element volume, v;° represent the total volume of the element
and V* refers to the prescribed total volume in the design. Here we will take v; as
discrete design variables that state the absence (0) or presence (v;i°) of an element.
The overall objective of the formulated problem is to gradually add elements of



volume v;° which results in the maximum increase of output displacement until the
constrained total volume reaches its given limit.

4  Sensitivity analysis

This chapter shows the computation of the a; sensitivity numbers for all the finite
elements in the design model. This numbers will describe the effect of element
addition on the output displacement and the material volume (see Figure 2). The
volume change calculation is straightforward because the addition of an element will
be traduced in a change of volume Av; equal to the total volume of the selected
element, v;*. Obviously, if all the elements in the mesh have the same size, all of
them will be increased by equal volume portions and Av; will be the same for all the
elements in the mesh. The change in the output displacement can be found to be
given by equilibrium conditions before and after the change.
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Figure 2: Element addition and sensitivity analysis.

From Equations (1) and (3) we get

(K +AK)U, +AU,)=(F, + AF,)

6

(K+AK)U, +AU,)=F, ©
where it can be noticed that for the first load case of thermo elastic analysis, the
applied load vector, F;, depends on the design variables. One of the differences
between this design problem and the directly applied forces case is that sensitivities
have to take the nodal load vector change into account. The nodal force vector in the
second load case is assumed to be zero, since the unit dummy load does not depend
on the design variables and it is unaffected by the material distribution over the
design domain. By subtracting Equation (6) from Equations (1) and (3) and
neglecting higher order elements, we get:



AKU, + KAU, = AF,

(7
AKU,+ KAU, =0

Similarly, the variation in output displacement can be written from Equation (4) in

the following way

Au,,=AUIKU,+U)AKU, + U} KAU, (8)
After substituting the Equations (7) in the first and the last term of Equation (8)
Au,, =-UiAKU,+U)AKU, +U! (AF, - AKU, ) 9)
and simplifying, we obtain

Au,, =UYAF,-UTAKU, (10)

out
This expression gives the change Au,, in the specific displacement component at the
output port due to altering the i-th element. According to definition of the finite
element stiffness matrix, when i-th element is introduced to the domain, only the
stiffness corresponding to the added element is affected. Therefore, the variation of
the stiffness matrix shown in Equation (10), AK, can be obtained in a simple
manner:

AK = K'-K = K, (11)

where K’ is the stiffness matrix of the resulting structure after the i-th element is
added and K; is the stiffness matrix of the added element. In contrast, the
computation of the load vector variation, AF;, is a bit cumbersome, because it
denotes the variable temperature field in the design domain and must be obtained
based on the heat flow equilibrium equation. The global load vector given by
Equation (2) is obtained by integration over the entire region €, and as it is well
known it is calculated as a summation of integrations over each element, where @
contains the necessary temperatures at the nodal points of each element. Taking
differences in the thermal load vector of Equation (2), we get:

AF, = [ B"AEta®[1,1,0] d4+ [ B" Etar®[1,1,0] dA=AT® +TA®  (12)
Q Q

in terms of the transformation matrix T. Now the first term of Equation (10) will
read

UIAF, =UIAT® +UITA® (13)
Again, the variation of the elastic coefficient matrix, AE, is obtained directly

because corresponds to the added element’s elastic matrix with the full value of
young modulus:



AE=E'-E=E, (14)

since before the addition the soft kill method had assigned a very low elastic
modulus to void elements. As previously stated, the alteration, addition in our case,
of a conductive element will lead the temperature field @ to changing by a value that
must be computed using the heat equilibrium equation, and affects the second term
of the integral in Equation (13). When obtaining the variation of the output
displacement written in Equation (10), it was not necessary to calculate the variation
of the displacement vectors explicitly. However, in this case the second term of
Equation (13) contains the variation of the heat flow problem unknown field, @,
which in turn must be obtained by taking the derivative of the equilibrium Equation
Kr® = Fr. In our topology design problem we work with a low number of
constraints comparing the number of design variables. Thus, the most effective
method for calculating the variations of the nodal temperatures is to use the adjoint
method. Differentiating the equilibrium equation we have

AK,® + K,AD = AF, (15)

and assuming that the variation of an element has no effect on the heat load vector,
that is, it is not design dependent,

K,AD =-AK,® (16)
Now an arbitrary but fixed adjoint vector A can be introduced as
A"K,AD =-A"AK @ (17)

and it can be easily proven that one can compute the second term of Equation (12)
multiplied by U," in the following way

UITA® =-A"AK , @ (18)

if the adjoint vector it satisfies the adjoint equation
K, A=TU, (19)
Therefore the sensitivity analysis requires only on additional thermal analysis to be
solved at each iteration. Moreover, previous factorization of the thermal stiffness

matrix can be used and only forward and backward substitutions are needed to solve
Equation (19). Combining the obtained relations it can be found easily that:

Au,, =(UTAT - ATAK )} - UT AKU, (20)

Recalling that when an element is introduced to the domain, only the properties
corresponding to the added element are affected, the necessary vector and matrix



changes can be simply calculated at one element level. Therefore, from Equation
(10), when i-th element is added to the design domain, the displacement change
would be

Au, =U"AF, -UT'K'U; 1)

where K' is the element stiffness matrix, as it was stated in Equation (11), and the
displacement vectors, U;' and U, contain the nodal displacement of the candidate
element . The first term where the nodal vector displacement of the unit dummy load
case is multiplied by the change in the thermal vector can be computed again only in
terms of the i-th element which sensitivity we want to evaluate after being added to
the domain

UT'AF, =UT'AT'® +UT'T'A® =UT'T'®' — AT K,'®' = (UZT T - ATiKTi)aﬁi (22)

In Equation (22) Kr1' is the element thermal stiffness matrix and @' denotes the nodal
temperatures of the element. Here T' and A" correspond to the transformation
matrix and adjoint vector of the candidate element, respectively. Summarizing, the
output displacement variation would be obtained by

Au,, = (Uj T - ATiK,f)mf ~UT'K'U, (23)

All the matrix and vectors over each element can be easily calculated using the
results available from the finite element analysis of the thermoelastic and static
problems for both the thermal load and the virtual unit load, respectively, defined in
the two load cases of Equations (1) and (3). We have seen that it is also necessary
and additional adjoint equation to be solved (Equation (19)) at each iteration, but the
changes in the required stiffness matrixes and in the nodal vectors are not difficult to
calculate since they correspond directly to the added element matrixes and vectors.

5 Optimization algorithm

The element addition strategy proposed in this work is based on the Evolutionary
Structural Optimization method. The traditional principle of ESO is that the
structure evolves towards an optimum by eliminating inefficient elements of the
finite elements mesh inside the design domain. First a design domain with a given
boundary and load conditions is defined. Then the necessary finite element analysis
are performed, where the required element matrixes and vectors are computed to
determine displacements for the load cases considered, The next step is the
sensitivity analysis, where a sensitivity number o; is calculated for all elements.
Finally volume can be reduced gradually by eliminating under-utilized portions from
the structure removing elements of the smallest or highest sensitivity number,
depending on the optimization problem. In this case we will adopt the additive
version of the method, where elements with largest o; will be added to the design
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domain. This process is repeated until the structure reaches the prescribed volume.
The optimal design of the mechanism is obtained by repeating the cycle of finite
elements analysis and element additions until the volume reaches the prescribed
value, producing the largest increase of u,, for the given volume. It is easy to
understand that depending on the volume limit, we may get an unconnected
structure for low values or a solution that does not fulfil the flexibility requirement if
too much material is present in the design domain. If we do not want to end up with
an unconnected structure we should not to use too small values for the final volume.
For large predefined volume limits it is also recommended to check if a convergence
criterion (defined in terms of the relative change in the objective function in several
successive iterations) is less than a given tolerance, to verify if the maximum value
of uoy has been reached and stop before two much elements are added to the design
domain:

m

m
i—k+1 i-m—k+1
Z uout _Z uout
k=1 k=1
m
i—k+1
2 o
k=1

<¢g (24)

where 1 is the current iteration number, € is the convergence tolerance and m is an
integer number that denotes the number of iterations over which the change in the
objective functions is calculated. It would be also interesting to select the best
solution by comparison out of solutions generated for different final volume
fractions. The addition of elements from the mesh is obtained directly by a soft kill
method, where optimization starts with a discretized design domain full of elements
with a low elastic modulus and when an element is added, they are assigned the real
isotropic elastic modulus. It is mandatory to define an element addition ratio to
control the inclusion of elements and ensure that not too many elements are added in
a single iteration. From numerical experience it is determined that the element
addition or rejection ratio should not be larger than 1 % in the structural
evolutionary method [37]. In this paper we will adopt the smallest possible ratio in
order to improve the accuracy of the solution and ensure a smooth change in the
output displacement, so the total element amount will be increased only by one in
each iteration. The sensitivity numbers o; obtained in the previous section could
become zero order discontinuous across element boundaries when the continuum
structure is discretized using low order elements, which may lead to checkerboard
problems [38]. The presence of checkerboard patterns causes difficulty in
interpreting and manufacturing the solution obtained. Another problem related to
topology optimization is the so-called mesh dependency problem, that refers to the
problem of obtaining different topologies when different finite element meshes are
used. This situation usually is not desired, since ideally mesh refinement should
result in a better modeling of the same optimal design and better description of
boundaries, but not in a more detailed or qualitatively different structure [39].

To suppress the formation of these patterns, here we will apply the sensitivity filter
scheme to the proposed element addition strategy [30].
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Figure 3: Flowchart of the optimization procedure.

The previous smoothing technique will be complemented with an averaging scheme
in order to stabilize the optimization process. It has been often observed that
oscillations may happen in the evolution history due to discrete nature of the
optimization method, which makes the objective function and topology difficult to
converge. Huang and Xie has found that averaging the sensitivity number with its
historical information is an effective way to solve this problem.

The flow chart in Figure 3 summarizes the additive version procedure that will be
used in this work.

6 Example and discussion

This example is presented to illustrate that thermally actuated compliant
mechanisms optimization problems can be dealt with the described additive
topology optimization algorithm. Moreover, after a visual inspection of the results
and due to the simplicity of the problem, the output displacement can be
approximated analytically to check and justify the optimum topologies obtained for
different temperatures fields.

The mechanical material properties adopted for the example are chosen to those of a
common silicon material, Young’s modulus E = 200 GPa, Poison’s ratio 0.3 an
thermal expansion coefficient o = 20.10 °C™". This example represent a rectangular
domain of 10 x 20 mm where the left edge is clamped (see Figure 4). The thickness
of the plate is | mm and it has been discretized using 3200 four node elements mesh.
To illustrate that the proposed method is able to predict different optimal topologies
when the temperature distribution changes, first we will use a prescribed and fixed
non-uniform temperature field. Figure 4 shows the temperature distribution that will
be assumed in this test example. Temperature variation is linear in y direction and
constant in x, where we recall that ®; = T| — T, and ®, = T, — T,. Taking advantage
of the symmetry of the problem, it is taken to be the same in the top and bottom
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sides of the design domain. The example was solved for three different temperature
fields: ®; = @y = 100 °C, ®; = 2d; = 200 °C and ®; = 300 °C. Obviously the first
case is a particular situation where the temperature field is uniformly distributed
over the design domain. In all cases the final volumes of the designs are 10% of the
initial volume.
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Figure 4: Design domain and boundary conditions with linear temperature variation.

Top row in Figure 5 contains the optimized topologies for different temperature
distributions, where a two bar truss-like structure is obtained. The optimization
procedure redistributes material in order to form a hinge-like region where two bars
are connected, so that when temperature is raised, the elongation of members results
in a horizontal displacement of the output port. The first case is a singular case,
where both bars are merged in a unique horizontal bar. Deformation and temperature
distribution patterns of the optimized actuators are included in the bottom row of
Figure 5. As expected, horizontal displacement at the output port is higher for larger
variations of the temperature field in the compliant mechanism. It is interesting to
note that the inclination of the vertical members is different depending on the
temperature variation.

This result can be obtained analytically in an approximate way comparing obtained
topologies with a truss structure consisting of two bars hinged at the ends (Figure
6a). The reaction force of the spring can be derived in a straight forward manner
from the equilibrium equations and the compatibility relation in node C, using
strength of materials’ classic formulas:

Rza[(CDl—(I)O)LsenﬁJr ®,L }/[1 L } (25)

2cos’ @ cos’ 6 K 2EA cos’ 0

where E and A denote the elastic modulus and the section area, respectively.
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Figure 5: Temperature fields and optimum topologies.

For this example we have chosen deliberately a high stiffness spring, so that for
simplicity we may assume that the spring constant K is infinite, and Equation (25)
can be approximated by

R = aFA[(®, - D, )senf +2®, cos O] (26)

Taking the first derivative, we can easily calculate the optimum angle for a range of
different values of ®@; / ®; and plot the dimensionless reaction force variation in

terms of O (see Figure 6b):
[ﬂ_ IJ 27)
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20 = ozEA[(d)1 — d)o)cosé?— 20 sen 49] =0=>1g0= @, -9, =
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Figure 6: Curves from the analytical solution.
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This inclination angle will maximize the output reaction force and, for a fixed high
value of the spring constant, the output displacement will be the largest possible.
When temperature distribution is almost uniform, we get the maximum reaction
force and horizontal displacement at output port for small values of angle 6.
Actually, if @;/ @y = 1, we get a single horizontal bar. On the contrary, when
temperature is higher at the upper side of the design domain, dilatation in members
is higher for larger values of 6 and it is more effective to increase the inclination of
the bars for maximum displacement in node C. It can be noted that the optimum
angle 0 is increasing as the slope of the linear temperature distribution gets higher,
showing that obtained topologies agree well with this analytical results. For the case
of high @, / @, ratios the optimum value of angle 0 is always the maximum
allowable value, m/4 in this case. It can be seen that the resulting topologies are very
close to that of the analytically obtained optimum designs but, obviously, there must
exist a discrepancy between both numerical results, accredited to the perfect hinges
and straight bars assumed in the analytical model where the bending of the
continuum solutions are not included, and affect the overall performance of the
compliant mechanism.

7  Conclusions

It has been demonstrated the ability of the evolutionary structural optimization
method for thermal compliant actuators topology design subjected to non-uniform
temperature fields. An additive version of this method has been adopted in order to
achieve the optimum design, since the traditional ESO method’s element removal
technique is not efficient in this case. The most efficient discrete element addition is
achieved adding elements in regions with elements with positive sensitivity number
during the optimization process, which gives the largest increase of the output
displacement for the prescribed volume. The example prove that the evolutionary
optimization method is a promising tool for design of electro-thermal actuators,
since the solutions obtained converge to the topologies expected if compared to
approximated analytical calculations. Since the final solution depends on the pre-
assigned volume, if we do not want to end up with a highly non optimal solution, a
tolerance should be defined for the convergence check, and stop the process when
the maximum output port is reached since it is clear that further addition of material
will not improve the solution. Mesh dependency problems and convergence histories
of the objective function are greatly improved by introducing a filtering scheme and
by averaging the sensitivity numbers. Further work will include the expansion of
this topology optimization algorithm to incorporate complicated thermally actuated
compliant mechanisms specifications, like electro-thermal actuators subjected to non
temperature fields derived from Joule heating, since supplying constant heat flux
might not be efficient in practice. Future investigation should explore the application
of the bi-directional algorithm, which would help to yield a more stable convergence
and a general behaviour closer to that of other optimization methods.

15



References

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

H. Guckel, T. Klein, K. Christenson, M. Skrobis, E.G. Lovell, “Thermo-
magnetic metal flexure actuators”, in proceedings of the Fifth IEEE Solid-
State Sensors and Actuators Workshop, Hilton Head Island, SC, Technical
Digest, USA, 73-75. 1992.

L. Que, J. Park, Y. Gianchandani, “Bent-beam electro-thermal actuators — Part
I: single beam and cascaded devices”, J. Micro-Electromech. Systems 10,
247-254,2001.

M. 1. Frecker, N. Kikuchi, S. Kota, “Optimal synthesis of compliant
mechanisms to satisfy kinematic and structural requirements — preliminary
results”, Proc. ASME Design Engineering Technical Conf., Irvine,
96DETC/DAC-1497, 340-399, 1996.

G. K. Ananthaturesh , S. Kota, Y. Gianchandani, “A methodical approach to
the design of compliant micromechanisms”, Solid state sensor and actuator
workshop, 189-192, 1994.

O. Sigmund, “On the design of compliant mechanisms using topology
optimization”, Mechanics of Structures and Machines 25, 493-524, 1997.

M.I. Frecker, G.K. Ananthasuresh, N. Nishiwaki, N.Kikuchi, S. Kota,
“Topological synthesis of compliant mechanisms using multicriteria optimi
zation”, Journal of MechanicalDesign — Transactions of the ASME119, 238-
245, 1997.

M. L. Frecker, N. Kikuchi, S. Kota, “Topology optimization of compliant
mechanisms with multiple outputs”, Structural and Multidisciplinary
Optimization 17, 269-278, 2005.

A. Saxena, G.K. Ananthaturesh, “Topology synthesis of compliant
mechanisms for nonlinear force-deflection and curved path specifications”,
Journal of Mechanical Design — Transactions of the ASME 123, 33-42, 2001.
J. Jonsmann, O. Sigmund, S. Bowstra, “Compliant thermal microactuators,
Sensors and Actuators”, 76, 463—469, 1999.

O. Sigmund, “Systematic design of micro actuators using topology
optimization”, in Proceedings of SPIE’s 5th Annual International Symposium
on Smart Structures and Materials, San Diego, CA, USA, 3328, 23-31, SPIE,
Bellingham, WA, 1998.

L. Yin, G. K. Ananthasuresh, “Novel design technique for electro-thermally
actuated compliant mechanisms”, Sensors and Actuators, 97(8), 59-96, 2002.
N. Mankame, G. K. Ananthasuresh, “Effect of thermal boundary conditions
and scaling on ETC microdevices”, Proceedings of the Modelling and
Simulation of Microsystems Conference, San Diego, CA, USA, 609-12, 2000.
N. Mankame, G. K. Ananthasuresh, “Comprehensive thermal modelling of the
basic electro-thermal actuator”, Journal of Micromechanics and
Microengineering 11, 452, 2001.

Y. Li, G. K. Saitou, N. Kikuchi, “Topology optimization of thermally actuated
compliant mechanisms considering time-transient effect”, Finite Elements in
Analysis and Design, 40, 1317-31, 2004.

16



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

M. P. Bendsoe, “Optimal shape design as a material distribution problem”,
Structural and Multidisciplinary Optimization 1, 193-202, 1989.

G.LN. Rozvany, O.M. Querin, Z. Gaspar, V. Pomezanski, “Extended
optimality in topology design”, Structural and Multidisciplinary Optimization,
24,257-261, 2002.

K. Svanberg, “Method of moving asymptotes—a new method for structural
optimization”, Int. J. numer. Meth. Engng, 24, 359-373, 1987.

N. Kikuchi, M.P. Bendsoe, “Generating optimal topologies in structural design
using a homogenization method”, Computer Methods in Applied Mechanics
and Engineering, 71, 197-224, 1988.

G. Allaire, F. Jouve, “Optimal design of micro-mechanisms by the
homogenization method”, European Journal of Finite Elements, 11, 405-16,
2002.

M. Y. Wang, S. Chen, S. Wang Y. Mei, “Design of multimaterial compliant
mechanisms using level set methods”, Journal of Mechanical Design, ASME
127, 941-55, 2005.

C.D. Chapman, K. Saitou, M. Jakiela, “Genetic algorithms as an approach to
configuration and topology design”, Journal of Mechanical Design —
Transactions of the ASME, 116, 1005-1012, 1994.

Y.M. Xie and G.P. Steven, “Evolutionary structural optimization”, Springer,
London, 1997.

D.N. Chu, Y.M. Xie, A. Hira, G.P. Steven, “Evolutionary structural
optimization for problems with stiffness constraints”, Finite Elements in
Analysis and Design 21, 239-251, 1996.

Y.M. Xie, G.P. Steven, “Evolutionary structural optimization for dynamic
problems, Computers and Structures”, 58, 1067-1073, 1996.

D. Manickarajah, Y.M. Xie, G.P. Steven, “An evolutionary method for
optimization of plate buckling resistance”, Finite Elements in Analysis and
Design, 29, 203-230, 1998.

X. Huang, Y. M. Xie, “Evolutionary topology optimization of continuum
structures including design-dependent self-weight loads”, Finite Elements in
Analysis and Design, 47, 942-948, 2011.

X. Huang, Y. M. Xie, G. Lu, “Topology optimization of energy absorbing
structures”, Inter. J. Crashworthiness, 12, 663-675, 2007.

R. Ansola, E. Vegueria, A. Maturana, J. Canales, “3D compliant mechanisms
synthesis by a finite element addition procedure”, Finite Elements in Analysis
and Design, 46, 760-769, 2010.

R. Ansola, E. Vegueria, J. Canales, “An element addition strategy for
thermally actuated compliant mechanism topology optimization”, Engineering
Computations, 27, 694-711, 2010.

X. Huang, Y. M. Xie, “Convergent and mesh-independent solutions for the bi-
directional evolutionary structural optimization method”, Finite Elements in
Analysis and Design, 43, 1039-1049, 2007.

E. Lund, J. Rasmussen, “A general and flexible method of problem definition
in structural optimization systems”, Structural and Multidisciplinary
Optimization, 8, 86-93, 1994.

17



[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

Y.M. Xie, G. P. Steven, “A simple evolutionary procedure for structural
optimization”, Computers and Structures, 49, 885-896, 1993.

X. Huang, M. Xie, “Evolutionary Topology Optimization of Continuum
Structures: Methods and Applications”, John Wiley & Sons, London, 2010.

O. M. Querin, G. P. Steven, Y. M. Xie, “Evolutionary structural optimization
using and additive algorithm”, Finite Elements in Analysis and Design, 34,
291-308, 2000.

R. Ansola, E. Vegueria, J. Canales, J.A. Tarrago, “A simple evolutionary
topology optimization procedure for compliant mechanism design”, Finite
Elements in Analysis and Design, 44, 53—-62, 2007.

N. Ottosen, H. Petersson, “Finite Element Method”, Prentice Hall, London,
1992.

M. H. Abolbashari, S. Keshavarzmanesh, “On various aspects of application
of the evolutionary structural optimization method for 2D and 3D continuum
structures”, Finite Elements in Analysis and Design, 42, 478491, 2006.

C. S. Joga, R. B. Haber, “Stability of finite element models for distributed-
parameter optimization and topology design”, Computer Methods in Applied
Mechanics and Engineering, 130, 203-226, 1996.

M. P. Bendsoe, O. Sigmund, “Topology Optimization - Theory, Methods and
Applications”, Springer, Berlin, 2003.

18




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




