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While the sequential solution procedure (the sequence of solutions) for a steady-state electro-thermal-
compliant (ETC) actuator device has been considered in previous studies, very few researches have con-
currently considered the mutual couplings between fluid and thermal domains and between fluid and
structural domains. Such an analysis allows a straightforward and accurate finite element (FE) simulation
of various flow boundary conditions and different flow types, but makes the involved differential equa-
tions highly nonlinear. Thus, the goal of this research is to develop a new and rigorous monolithic analysis
and optimization framework for an electro-fluid-thermal-compliant (EFTC) microactuator. To accommo-
date the coupling effect of the fluid and thermal domains, a modified incompressible Navier-Stokes equa-
tion with Darcy’s force and a heat transfer equation coupled with fluid motion are additionally
formulated in the present research. In addition, a new nonlinear monolithic FE modeling method that
involves the use of the deformation tensor is employed in order to consider the mutual coupling between
fluid and structural domains. Using the solid isotropic material with penalization (SIMP) approach to
interpolate seven material properties (Young’s modulus, electrical conductivity, heat conductivity, heat
capacity, mass density, heat capacity, and Darcy’s force coefficient) with respect to a density design var-
iable, it is possible to achieve topology optimization (TO) upon consideration of the strong nonlinear cou-
plings of the EFTC actuator. To efficiently solve four sets of nonlinearly coupled equations, a sequence of
iterative solutions to the equations is proposed and a nonlinear sensitivity analysis without consideration
of the iterative solution sequence is derived based on the adjoint sensitivity analysis method. Several
three-dimensional examples are also examined in order to demonstrate the validity and potential of
the present formulations for analysis and TO.
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1. Introduction generated heat, i.e., Joule heat. Through the application of an elec-

tric potential, Joule heating and the associated increase in temper-

Since topology optimization (TO) was introduced to achieve
stiffer elastic structure design, it has been applied to a wide range
of engineering problems and has become an important engineering
tool [1-12]. The method is especially advantageous in the design of
micro-electro-mechanical systems (MEMS), the working principle
of which is often based on more than two nonlinearly coupled
physical parameters [13-18]. Many years of extensive research
have been devoted to achieving a transition from the application
of TO to classical structural problems to applying TO to the non-
structural multiphysics systems of practical devices. Such effort
is required to develop precise numerical simulation and optimiza-
tion schemes for the design of multiphysics systems [1,4-7]. One of
the most well-known applications of TO for multiphysics systems
may be found in the finite element (FE) analysis and structural
optimization of electro-thermal-compliant (ETC) actuators, exam-
ples of which are shown in Fig. 1 [2,6,7,18-21]. These microactua-
tors utilize a difference in thermal expansion due to electrically
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ature inside the actuator induce thermal strain, which in turn
actuates the microstructure [7,17-21]. Shown in Fig. 1 are U-beam
and V-shaped actuators, two typical ETC actuators usually imple-
mented in MEMS [2,18-21]. Recently, the application of microactu-
ators or grippers exposed to an aqueous environment for cellular
grasping were recently researched [22-25]. In [23], an SU-8 micro
gripper was developed for manipulating biological samples in solu-
tion (static liquid). We believe that these actuators are popular for
MEMS applications because they are easy to fabricate and can
achieve very large strokes and displacements. While the over-
whelming majority of existing ETC actuators have a simple geom-
etry (which is convenient for theoretical modeling), such actuators
exhibit sub-optimal performance in terms of actuator displace-
ment and strokes. Thus, there is significant room for structural
optimization, which would result in the realization of optimal de-
vices and applications [2,6,7,18-21].

Most structural optimization methods for the ETC microactua-
tors are based on a numerical simulation of the three sets of gov-
erning equations: the electro potential equation, heat transfer
equation, and linear structural equation. By solving these three
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Fig. 1. Conventional MEMS actuators utilizing thermal expansion due to Joule’s heat.

coupled equations sequentially, as shown in Fig. 2(a), the perfor-
mance of the microactuator can be numerically predicted and also
can be improved. To the best of our knowledge, relevant research
on optimization methods for ETC microactuators is based on sev-
eral assumptions to simplify the analysis procedure. First, for the
sake of simplicity in the numerical analysis and optimization pro-
cess, the involved materials are often modeled as linear: Improve-
ments in the behavior modeling of nonlinear materials with
respect to temperature has been previously reported [7,14]. In
the second assumption, thermal boundary conditions such as the
convection phenomenon and the conduction, which controls the
dissipation of the generated Joule’s energy into the fluid surround-
ing the main device, are simplified that has enjoyed a wide accep-
tance and works well. Constant surface and side convections are
used rather than simulations of sophisticated forced or natural
convection, conduction, or radiation phenomena. Although heat
dissipation in MEMS devices mainly occurs through conduction
as well as convection, complex heat transfer processes can be sim-
plified by constant convection. This assumption has been widely
accepted and verified by many researches. Furthermore, some
researchers have extended behavior modeling to consider the fluid
effect in order to detail thermal modeling [26-28]. In [28], the ef-
fect of forced convection on thermal distribution in micro thermal
conductivity detectors was studied. Under the third assumption,
the influence of fluid and structure interaction (FSI) on the stroke
or actuation displacement is ignored [1,29,30]. As a consequence
of the above three assumptions, the existing solution method for
ETC-based microsystems can efficiently predict the motions of
ETC actuators from a not only analysis but also optimization point
of view.

In this research, we aim to improve different aspects of the
physics modeling of ETC microdevices by concurrently considering
the two bidirectional couplings: the couplings between fluid and
thermal domains, and those between fluid and structural domains.
We first introduce a modified fluid equation, i.e., the Navier-Stokes

(a) (b)

Fig. 2. Comparison between coupling equations of (a) existing electro-thermal-
compliant formulation and (b) present electro-fluid-thermal-compliant formulation.
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equation with Darcy’s force, which plays an important role in the
two bidirectional couplings [1,5]. One of the benefits of solving
the modified fluid equation is that it is possible to directly deter-
mine the heat transfer or dissipation rate due to fluid motion,
i.e., forced convection and conduction. Changing the flow direction
or the type of fluid that is used to offset the generated Joule’s heat
varies the heat dissipation rate along the structure. In other words,
the thermal model for the constant surface and side convections
can be improved [31]; however, note that the ETC simulation also
works well for simulation and optimization. To consider the cou-
pling between fluid and structural domains, the monolithic analy-
sis and optimization method proposed by the author is
implemented. It is expected that, depending on the fluid inlet
direction, the magnitude of fluid flow, the material properties of
the fluid, and the fluid drag force exerted on the structure will
influence the actuation of the microactuator. With a low-pressure
or low-speed airflow, the fluid drag force acting on the actuator
may not be significant. However, if a high-pressure or high-speed
fluid flow is applied, consideration of the forces generated by the
fluid can improve the accuracy of the prediction. In order to con-
sider the FSI coupling, the monolithic FE modeling formulation
using the deformation tensor is implemented. One of the main dif-
ferences between the present monolithic modeling approach and
the previous staggering or monolithic procedures is that a unified
analysis domain that exhibits linear elasticity and also follows
the Navier-Stokes equations is employed with the FSI coupling
boundary conditions. The coupling boundary conditions for the
continuities in traction and velocities are treated in a different
manner. Detailed descriptions can be found in [1,32]. Consider-
ation of these additional couplings and equations allows for the
design of a novel optimal actuator, which is termed an electro-
fluid-thermal-compliant (EFTC) actuator, in this study. The mutual
couplings among the four sets of differential equations are shown
in Fig. 2(b).

This remainder of this paper is organized as follows. In Section
2, the basic equations for the EFTC actuator are described and the
proposed algorithm is developed. The interpolation scheme for
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Fig. 3. Reference and deformed configurations.
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Fig. 4. Domains and material properties of (a) electric, fluid, thermal, and (b) structural domains (electric: the electric conductivities of the solid and fluid are denoted by
Ok solid and 0 ig, respectively. Thermal: the thermal conductivity, capacity, and density of the solid are orsqiia» Csolia and psoiig, and those of the fluid are o7, ayia,Criuia and pruia
respectively. Fluid: the Darcy’s force coefficients of the solid and fluid are o« and O, respectively. Structure: Young’s moduli of the solid and void space are Es,j;g and Egyig,

respectively).

both the material properties and the physical parameters are also
presented. In Section 3, several three-dimensional (3D) numerical
examples are considered so as to demonstrate the advantages
and disadvantages of the present numerical procedure. Concluding
remarks are ultimately presented in Section 4.

2. Unified FE formulation for EFTC system

To derive a unified FE formulation for an EFTC system, four par-
tial differential equations coupled with each other are provided
and the development of new numerical procedures for perfor-
mance and sensitivity analyses is described. In this research, some
assumptions are made. First, because the response time of the EFTC
microactuator is very short, only the steady-state solution is con-
sidered. According to the experiments conducted in [33], it nor-
mally takes less than 80 ms to ensure that the assumption of a
steady-state solution is feasible. Second, the structural simulations
developed here are based on the assumption of small structural
displacements; such an assumption results in the spatial differen-
tial operators before and after deformation in the parts represent-

2.1. Monolithic governing equations for EFTC actuator

The EFTC actuator under consideration is characterized by
strong mutual couplings even under the assumption that the mate-
rial is linear. First, the electric potential distribution generates
Joule’s heat inside the structure. Due to the generated heat, the
temperature of the structure increases. The forced convection
occurring on the surface of the structure and the conduction
through fluid media and anchor cool the structure. According to
the experiment and simulation data in [13], heat dissipation
through anchor and surrounding fluid is one of key factors in high
power consumption. From a structural point of view, both the ther-
mal expansion due to differences in temperature and the surface
force due to fluid motion influence the actuation motion of the
structure. Furthermore, because the structural displacements

Table 2
Interpolated material properties of present monolithic approach for EFTC device.

. . . . . Solid Fluid
ing conduction in the electric, thermal, and structure equations - —
being equal [32]. What should be emphasized here is that, due to Ellsicsrlc lcr?v“e‘isgt;‘gr%gf))imy @ Zf‘;”g g”’”"d (<O s0iid)
this assumption, the electric and thermal stiffness matrices be- o
come independent of the structural displacements, whereas the Thermal g‘;ﬁ‘:ﬁ;tz‘;')ty (an) Z“‘?’"d Z”"‘”'d
force terms of the four systems become dependent on the struc- Heat capacity (C,) C::Z C:,I::j
tural displacements. Furthermore, if the structural displacements . - ,
become sufficiently large, they should be considered when calcu Linear elasticity  Young's moc,lqums 2 Esota Eria (<Esot)
’ - Fluid stress filter (¥) 1 0
lating the stiffness matrices of an EFTC system.
Table 1
Final equations for electric-fluid-thermal-compliant actuator.
Physics Weak formulation
Electric potential fs"Q VxoVEapVxVedQ =0
Temperature = Jog Vx0T 01VXTdQ = [ o M[(pcpv)vxr - aEv,Z(vE] do
Fluid ~Jog 5vT{p(v . F’Tvxv)}HFHdQ = me FTVxov Ty ||F||dQ + Joa oovTv||F||dQ — fFﬂrw ppndl’ — anQ P {(Vx - V)}||F|ldQ =0
Structure

~Jo 38T -TodQ = [og ¥-FT6S(u,0u)" - p|[FdQ + [ ¥ - FTou- Vxp|[F|ld2
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change the fluid domain and the associated fluid-structure interac-
tion boundary condition, some iterative computational procedures
among these physics are necessary to produce solutions that con-
sider these mutual and strong couplings. In short, the study of the
EFTC nonlinear system is considerably more complicated than that
of ETC systems because of the abovementioned couplings.

To provide a rigorous formulation for the EFTC actuator or
mechanism, a distinction is made between the coordinates of the

(a)

undeformed domain, ,°Q, and the deformed domain, '@,
(O =E,FE,T,S for electric potential, fluid, thermal, and structural
domains, respectively) as follows:

x=X+u, (1)
where u is the structural displacement and x ={x;} and X ={X;}

(i=1,2, 3 for 3D) are the Cartesian coordinates of the material point
in the deformed and undeformed domains, respectively (see Fig. 3).
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Fig. 5. Solution procedures: (a) monolithic analysis procedure, (b) staggered analysis procedure, and (c) proposed staggered analysis procedure (note that the term
“monolithic procedure” is used to indicate the four physics used simultaneously in the analysis and design domains. We distinguish the monolithic design procedure from the

monolithic analysis procedure).
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Fig. 6. Analysis example 1 of microactuator (solid: E = 169 GPa, v =0.3, oz = 2.568 x 10 °K!, 67 =146.4 W/km o = 1/4.2 x 10~*K/Q m, p = 8908 kg/m®, applied voltage =
15V, bulk temperature =300K. Air: E=169 x 107° GPa, or=0.025W/km, op=10"°/42 x 1074 K/Qm, p=1.1839 kg/m>, Csyiia =26.07 J/K,Criia = 1.012 J/K, viscosity =
17.4 pPas; Water: electric conductivity =6.4 x 107> K/Q m, thermal conductivity = 0.6 W/km, specific heat capacity =4184 J/K, density = 1000 kg/m>, viscosity = 1.002

mPa s, character length = 120 pm).
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This distinction is somewhat necessary in order to consider the
abovementioned strong coupling among the four physics.

From the relationship expressed in (1), the deformation tensor F
(or the deformation gradient) that transforms fundamental quanti-
ties such as the mechanical strain, stress, mass density, and volume
can be defined. It is well known that this deformation tensor can
transform the differential and integral operators of the unde-
formed and deformed configurations. A thorough analysis of con-
tinuum mechanics is given in [1,32]. Using the deformation
tensor, the following relationships can be obtained:

ox

F=i @)

Vx=F'Vy, Vi=F TVX/ ()dQ = / OIIFllde, 3)
©

where Vx and Vy are the differential operators of the undeformed
and deformed configurations, respectively. The determinant of the
deformation tensor is ||F|. As stated above, because the
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configurations of these four domains continuously change during
an iterative solution procedure, we emphasize that it is necessary
to consider the two coordinates x and X.

2.1.1. Governing equation for electric potential
Without an internal charge, the electric potential of the struc-
ture can be calculated by solving the following Laplace equation:

Energy balance : Vi (65VxVe) =0 in ;/'Q(u), (4)

where o is the spatially varying electrical conductivity and Vg is
the electric potential. In (4), it should be noted that the differential
operator of the deformed domain, ;' (u), is dependent on the struc-
tural displacements (u). Therefore, the above equation can be
solved iteratively considering the structural displacements. How-
ever, in this study, the coupling effect between the differential oper-
ator and the structural displacements in the left side of the above
equation is neglected. This assumption is similar to the assumption
of geometrical linearity in the structural analysis and was verified in

-4 -3.5 -3 =25 -2 -1.5 -1 -05
o°

(b) y-displacement (m )

0 5 10

(d) Voltage (V)
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Fig. 7. Structural displacements and fluid (air) motion with fluid velocity of 1 pm/siny-direction.
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the electrostatic system in [4]. By neglecting this effect of structural
displacements on electric potential, the electric potential can be cal-
culated by solving the following Laplace equation defined at the
undeformed domain, °Q, in the FE context with appropriate
boundary conditions

Strong form : Vx - (0gVxVe) =0 in °Q, (5)

0

Weak form : / VxoVioeVxVedQ =0 in °Q, (6)
Q
E

where the virtual electric field is 6VE.

2.1.2. Governing equation for temperature

To calculate the temperature rise in the structure neglecting
viscous dissipation and buoyancy, the Joule’s heat generation and
the heat convection due to fluid motion should be considered as
follows:

Vi (01VT) = (pCp¥) - ViT — 0:V2Vg  in ;/Q(u), (7)

where o7, p, and G, are the spatially varying thermal conductivity,
density, and heat capacity, respectively. As in Egs. (4) and (5), we

neglect the effect of structural displacements on Vy in Egs. (5)
and (6) and simplify these equations as follows:

Strong form: Vx - (67VxT) = (pCpv) - VxT — GEV,Z(VE in ;°Q, (8)

0

Weak form : f/ VT o VxTdQ
Q
T

- /0 5T((pCv) VxT - 0:VV|d@ in 00, )
T Q
where 6T is the virtual temperature field.

One of advantages of the above multiphysics modeling is that
the assumption of the constant convection for the surface and side
convections is not necessary. Because it is usually difficult to model
the convection considering fluid motion in MEMS, heuristic or
experimental measurements of this phenomenon are often
adopted [3,7,8,34]. However, the present theory allows for clear
modeling of the convection phenomenon.

2.1.3. Governing equation for fluid: monolithic Navier-Stokes equation

The steady-state Navier-Stokes equation and the incompress-
ibility constraint with the spatial derivative are expressed as
follows:

6
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Fig. 8. Numerical tests of the actuator of Fig. 7 with downward fluid flow. Maximum vertical displacement and maximum temperature (a) of air and (b) of water. (WFD:
downward fluid with fluid drag force, WOFD: downward fluid without fluid drag force.)
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Momentum : p(v-Vy)v=Vy -Tf—av in'Q(u), (10)
Continuity : - Vx-v=0 in ;'Q(u),
Tp = —pl + p(Vv + Vv'), (12)

where v and T; are the fluid velocity field and the symmetric stress
tensor of incompressible flow, respectively. p is the fluid density,
which is same as the density in Eq. (9). p is the constant dynamic
viscosity for Newtonian flow. It should be noted that the material
derivative operator Vy at time t is also defined for the control vol-
ume Q(u). The steady-state FSI boundary condition (continuity in
velocity) is described along the interface boundary ,'I",(u) = 'I";(u)
as follows:

v=u=0 on/Tiu)(=,T,(u) (interface boundary condition),
(13)

In Eq. (10), the viscous force, av, proportional to the fluid velocities
is added to the Navier-Stokes equation. This modified Navier-
Stokes equation was proposed so as to make it possible to solve
the TO problem of the fluid [1,3,5]. In this work, the concept of vis-
cous force for TO of the EFTC device is also adopted. With a suffi-
ciently large value of «, the velocities along the interfacing
boundaries approach zero, thus satisfying the condition of the con-
tinuity in velocity. As such, a very large value can be assigned to the
solid domain for zero fluid velocities inside the structural domain
and along the interface boundaries [1,5].

o = Omax > 0 for solid or interface boundaries (v = 0),
{ «=0 for fluid.

(14)
As stated above, the theory of continuum mechanics is used to
reformulate (10) and (11) in the undeformed domain, °Q(u):

- / VT {p(v - FTVxv)}||F|d2
0Q

F
:/ F’TVxévTTf||F||dQ+/ 2ovTV|[F||dQ
FOQ . FOQ

—/ p,ndr, (15)
Urpx

- [ " (Vx-v)IFlde 0. (16)

where p,,. is the applied pressure along the boundary FOFP* with the
normal direction vector n. This transformation of the Navier-Stokes
equation between the two configurations using the deformation
tensor was originally proposed and validated in our previous work

[1].

2.1.4. Governing equation for structure: monolithic linear elasticity
equation

In the governing equations for electric, fluid, and temperature
domains, the involved material properties of each governing equa-
tion are changed for nonstructural and structural domains (see
Fig. 4). However, in the linear elasticity equation, explicit bound-
aries between nonstructural and structural domains are required
so as to consider the so-called displacement dependent boundary
condition (see [1,2] for details of the displacement dependent
boundary condition). In other words, while the concept of employ-
ing a sufficiently weak Young’s modulus in the right side of (24)
can be used to convert the integral of the structural domain to that

of the entire domain, the explicit boundary, /'I";(u) (: ffl"'_(u)),
which is itself a function of u, should be defined. To address this
issue, we define the solid (,,'Q) and fluid (mfo) domains inside

the total analysis domain (5'Q2) at time t as follows:

Q= _""0uU mftQ. (17)

Without including the external body force, the governing equation
of the structure with thermal expansion can then be formulated

with Cauchy’s stress, Ts, in the deformed structural domain, ,,,,'Q(u)
1
5= (Viu+ V), (18)
T, =C(S—ae(T —To)I) (I: Identity tensor, T : ambient temperature),
(19)
c— E(1-v)
T (1+v)(1-2v)
i1 111' 1Xv i
1 e
™ T 1
X 1-2v s
2(1-v)
Elements not shown are zeros o
1-2v
L 2(1-v) J
(20)
Vi -Ts=0in Q) (,'Q): structural domain), (21)

where the linear strain S and the associated structural stress T are
defined above, C is the linear constitutive matrix, o« is the thermal
expansion coefficient, E is Young’s modulus, and v is Poisson’s ratio
[32].

For the structural equation, the steady-state fluid-structure
interaction boundary condition (continuity in traction) is described
as follows:

n-T;=n-T; on /I (u)(=,T (u)) (interface boundary condition).
(22)

This condition states that the product of the normal vector and the
external fluid stress should be the same as that of the product of the
normal vector and the internal mechanical stress along the FSI
interaction boundaries. Then, the external work due to the pressure
stress tensor (Ty) at the interface boundary condition can be defined
as follows:

External work = / ou'(n - Tp)dr, (23)
“ strx
v=v,,T=300K
3000um
I L =
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1500 m /N/
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Fig. 9. Analysis example 2 of microactuator (solid: E=169 MPa, v=0.3, or=
2.568 x 10°°K™!, or=1464W/km, o0=1/42x1074K/Qm, p =8908 kg/m>,
applied voltage =15V, bulk temperature=300K. Air: E=169 x 10~°GPa, or=
0.025W/km, 0p=10"°/42x10°4K/Qm, p=1.1839kg/m> Csyig=26.07 J/K,
Criia = 1.012 J K, viscosity = 17.4 pPa s. Water: electric conductivity = 6.4 x 1073 K/
Qm, thermal conductivity = 0.6 W/km, specific heat capacity = 4184 J/K, density =
1000 kg/m?>, viscosity = 1.002 mPa s, character length = 120 pm).
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Fig. 10. Numerical tests of the actuator of Fig. 9 with downward flow. Maximum vertical displacement and maximum temperature (a) of air and (b) of water. (WFD:
downward fluid with fluid drag force, WOFD: downward fluid without fluid drag force.)
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<
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Design domain

Non-design domain

Fig. 11. Synthesis of electro-fluid-thermal-compliant actuator (nickel: k;= 100 N/m, Young’s modulus = 200 GPa, Poisson’s ratio = 0.3, depth = 15 pm, electric conductiv-
ity=6.4 x 10°K/Qm, Csyig=26.07 /K, thermal conductivity =90.7 W/km, thermal expansion coefficient=15 x 107°K~!, applied voltage Vo =03V, P;;=10"% N/m?,

Pouc = 0.0 N/m?, p=0.4).
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where éu is the virtual structural displacement at the piecewise 1 for solid domain (,,,,'Q)
continuous interface bgundary. Using the principle of virtual' dis- V= {0 for fluid domain (mftg) (26)
placements, the following weak form can be derived for the linear
elasticity equation for an FSI system / su”(n-Ty)dl — / Vy(ou" - Ty)dr
Linear elasticity equation : / oS'T,dQ = / ou'(n - Ty)dr. i '€
ms'? i o = /59 ¥ . Vy(ou" - Tp)dQ (27)

Now, the surface integral of the above equation can be transferred By further approximation, the following is obtained:
into a volume integration using the divergence theory / V(ou" - T)dr :/ . Vy(ou” - T;)dQ
mst @ tQ
/ su”(n-T)dr = / Vy(ou" - T)dQ. (25) :
4 ms'Q = / PoS(u,ou) Ty + Pou' - ViT;dQ
tQ
S

To convert the integral in ,,.‘Qinto one in (‘Q, the filtering function .
() for fluid and solid domains is introduced; the function is zero :/ {—‘PéS(u, ou)’p—wou"- pr}dQ. (28)
for fluid domains 512

(a) Optimal layout
0 0.05 01 0.15 0.2 025 03 300 400 500 600 700 800 900

(b) Electric potential (V) (c) Temperature (Kelvin)

s 8 7 6 S5 4 3 2
x10°

(d) X-displacement (m ) (e) Streamline

Fig. 12. EFTC actuator design with air (air: electric conductivity = 6.4 x 107> K/Qm, thermal conductivity =0.025 W/km, Cppig=1.012]/K, density = 1.1839 kg/m?,
viscosity = 17.4 pPa s): (a) optimized layout, (b) electric potential, (c) temperature, (d) x-displacement, and (e) streamline.
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It should be noted that (28) is defined in the analysis domain at
time t. Therefore, as with the other three physics, we transform
the equation into one in the undeformed domain

- / oS8T . T,dQ = / ¥ . F ToS(u,su)" - p||F||dQ
SDQ SO'Q

Geometrically linear analysis
+ / ¥ . F "ou - Vxp|F|dQ. (29)
SOQ
The final equations for the EFTC actuator are summarized in Table 1.
2.2. SIMP interpolation of material properties

To conduct TO of the EFTC devices, the material properties of
the four differential equations must be interpolated. The interpo-

lated material properties for each physical parameter are summa-
rized in Table 2. We chose to interpolate the seven material
properties in the context of TO. In the electrical equation, the elec-
tric conductivity (o) is interpolated from the conductivity of solid
(0Esolia) to the conductivity of fluid (0 fuiq). In the fluid equation,
only the coefficient of Darcy’s force (o) is interpolated from a very
large number to zero (a proven concept in [1,5]); the other material
properties are set to those of the employed fluid. In the thermal
equation, we interpolate the thermal conductivity (o7), heat capac-
ity (Gp), and density (p) with respect to the design variable, as
shown in Eq. (30).

Approach1: (pCpv)VxT
B { (0s01idCs0iaV) VxT =0 for solid or interface boundaries (v =0),
N for fluid,

(PrriaCruiaV) VT
(30)

(a) Optimal layout

0 0.05 0.1 0.15 0.2 025 03

(b) Electric potential (V)

9 8 -1 6 5 -4 -3 2 A
3
x 10

(d) x-displacement (m )

(c) Temperature (Kelvin)

(e) Streamline

Fig. 13. EFTC design with different thermal interpolations using (31).
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Approach2: (pCpv)VxT
{ (PrwiaCruiaV) VxT =0 for solid or interface boundaries (v =0),

B (PriaCruiaV) VxT for fluid.

1)

As with the electrical equation, the thermal conductivity (o7) is
interpolated from that of the solid (orsiq) to that of the fluid
(01muia)- In addition, it should be noted that in the first term of
the right side of the thermal equation expressed in (7), the density
(p) and heat capacity (C,) are multiplied by the fluid velocities (v)
and the temperature gradient. Therefore, we may not have to inter-
polate the heat capacity and density as in Approach 1 and (30).
Actually, the term (pC,v)VxT can be fixed at (ppyidCruiaV)VxT as
in Approach 2 and (31); this will be demonstrated in the numerical
section. We choose to interpolate the density and the heat capacity
using Approach 1 and (30).

In the elasticity equation, we interpolate Young’s modulus and
the fluid stress filter. Young’s modulus of the fluid, Eg;qg, is much
smaller than that of the solid (Esyjq). For the interpolation func-
tions, we implement the solid isotropic material with penalization
(SIMP) approach with the same penalty value, n = 3, for all of the
examples ((32)-(38)) in the next section.

Electric conductivity : o¢(y) = (GEsolid — O Fia)Y" + OF Fuid, (32)
Inverse permeability : o(y) = Olmax)", (33)
Thermal conductivity : 67(}) = (Orsotid — O Fuwid)}" + O1.Fuid,  (34)
Mass density in thermal equation: p(}) = (Pseid — Pruia)}" + Pruids

)
Heat capacity : Cy() = (Csotid — Cruia)Y" + Criuia, (36)
Young's modulus: E(y) = (Esotig — Epia)}" + Eruia, (37)
Fluid stress filter: ¥(y)=7", (38)

(a) Optimal layout

0 005 0.1 0.15 02 0.25 03

(b) Electric potential (V)

8 7 6 5 -4 -3 2 A
x10°

(d) x-displacement (m )

(e) Streamline

Fig. 14. Design with water (Water: electric conductivity = 6.4 x 107> K/Q m, thermal conductivity = 0.6 W/km, specific heat capacity = 4184 ]/K, density = 1000 kg/m?>,
viscosity = 1.002 mPa s, = 0.4). (a) Optimized layout, (b) electric potential, (c) temperature, (d) x-displacement, and (e) streamline.
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where the density design variable defined at each FE is denoted by
7.

2.3. Numerical analysis and sensitivity analysis

To solve the governing equations listed in Table 1, the Newton-
Raphson iteration procedure is used. For a simpler discussion, we
define the following residual R as

C‘R(vEyTyv7p7u) = 07 (39)

where Vi, T, v, p, and u are the electric potential, temperature, fluid
velocities, pressure, and structural displacement vectors in the FE
procedure, respectively. To solve the above nonlinear equation,
the staggered approach shown in Fig. 5(c) is employed rather than
the procedures in Fig. 5(a) and (b). The reason for choosing the stag-
gered approach in Fig. 5(c) is that the interaction between the elec-
tric and thermal domains is a one-way coupling, while the
interaction between the fluid and structural domains is a mutual
coupling. In our numerical tests, the three solution methods yield
almost identical solutions. However, one of the advantages of the
procedure shown in Fig. 5(c) is that the memory used in the solu-
tion procedure is reduced because a tangent stiffness matrix is
not built for all of the unknown variables. To calculate the sensitiv-
ity value of the objective functions with respect to the design vari-
ables, the adjoint variable method (AVM) is used.

2.3.1. Analysis example

To test the present theory, the actuation displacement of the
actuator shown in Fig. 6 in air and water is calculated. In water,
it can be assumed that the actuator is coated with an insulator such
as a SiO substrate to prevent short-circuiting. To embed this micro-
actuator inside of a flow, a larger box with a size of 3000 pm x
1000 pm x 120 pm is modeled. For the fluid boundary condition,
a downward flow in the y-direction is assumed at the top boundary
of the larger box (Fig. 6). Shown in Fig. 7 are the x- and y-direction
displacements, temperature, voltage, equivalent von Mises strain,
and streamline when an air flow of 1 um/s is applied. In Fig. 7(d),
the equivalent von Mises strain with an airflow of 1 um/s is plot-
ted. The developed strain is small enough to assume material line-
arity in the structural analysis. However, with a higher applied
voltage, a local temperature rise where the local stress and associ-
ated strain may be higher than the elastic limit is possible. Fig. 8 is
a plot of the maximum transverse displacements of point A in
Fig. 6 and the maximum temperature in air and water with respect
to various fluid velocities; the temperatures with and without fluid
drag force are almost identical. When the fluid velocity increases,
heat dissipation through conduction and convection and the fluid
drag affect the actuator performance. By increasing the fluid veloc-
ity, the maximum temperature decreases. Consequently, the struc-
tural displacement due to thermal expansion decreases, but the

(a) Optimal layout

03

0 005 01 0.15 02 025

(b) Electric potential (V)

7 8 5 4 3 2 2
x10°

(d) x-displacement (m )

300 350 400 450 500 550

(c) Temperature (Kelvin)

(e) Streamline

Fig. 15. Reanalysis without the auxiliary heat structure of Fig. 14.
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actuator can still move down due to the increased fluid drag with
the weak solid structure. This feature can be clearly seen in Fig. 8.

For the second analysis example, a simplified Chevron actuator
composed of solids is considered (Fig. 9). As in the first analysis
example, the maximum temperature and vertical displacement of
point A in Fig. 9(a) were calculated (see Fig. 10) by increasing the
downward fluid velocity. As illustrated in Fig. 10, the increase in
the air and water fluid velocities serves to lower both the temper-
ature at A as well as overall temperature. Consequently, the dis-
placements also decrease. Because of the low density and heat
capacity of air, the vertical displacements and the maximum tem-
peratures with and without considering the fluid drag do not differ.
Due to the relatively higher density and heat capacity values for
water, significant changes in the values of the displacements are
observed. With a faster flow of air and water, the increased heat
dissipation lowers the temperature, but the fluid drag force exerted
on the actuator pulls down the V-shape actuator.

3. Synthesis of EFTC device

In this section, the application of the developed monolithic for-
mulation and numerical solution method to the TO of an EFTC de-
vice is described. For the optimization algorithm, the method of
moving asymptotes is employed [34]. In the first design example,
we solve the TO problem for a single-direction actuator with two-
dimensional (2D) ETC actuator layouts that are available for a pos-
sible comparison. The actuator has a relatively simple geometry and
boundary condition. It is our belief that such an actuator can serve
as a benchmark example because the 2D version of this problem has
been widely studied [2,3,6]. In this example, we also test the effects
of the type of surrounding fluid and the geometry of the work piece.

For the second design example, a programmable actuator that
changes its direction depending on the applied voltage is consid-
ered so as to demonstrate the versatility of the developed method.
In all of the numerical examples presented here, 3D regular meshes
are used. The geometry, material properties, and boundary condi-
tions are basically chosen so as to show the potential application
of the developed theory. Further validations with more complex
and practical systems are currently being investigated.

3.1. Synthesis of single-direction EFTC actuator

Consider a box domain whose size is 800 um x 520 pm x
215 pum (Fig. 11). Inside this larger box, there is a thin layer with
a thickness of 15 pum; this layer is chosen as the design domain
(£24). The other domains are filled with fluid. The two sides of this
thin layer, which are rendered in gray in the figure, are electrically
charged and fixed as solid domains so as to simulate the equal po-
tential condition inside the anode and cathode (perfect conductor).
At the front panel of the design domain, a spring with a spring con-
stant of 100 N/m is attached as a substitute for a work piece. To ob-
tain optimal layouts that maximize the stroke of the EFTC actuator
to the work piece, the x-displacement (u,) at the spring is maxi-
mized and subject to a mass constraint as follows:

Min Up

(40)

S.t. ydQ - B <0,

1
Q4] Jo,

where u, is the x-direction displacement at the work piece point
due to induced thermal expansion, and f and |€24| are the allowed
mass ratio and volume of the design domain, respectively. To
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Fig. 16. Comparison of the temperature distribution at the middle sections of the two designs post-processed for intermediate design variables: (a), (b) temperature
distributions and (c) the displacements with respect to the Reynolds number (character length = 520 pm).
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prevent a complex manifold structure in the z-direction inside the
design domain, i.e., a structure with a varying thickness in the z-
direction, the design domain (the thin layer) is discretized with
one element in the z-direction. The fluid is assumed to flow from
the front panel to the back panel due to the input pressure at the
front panel; it is possible to use an input velocity profile. It should
be noted that the objective in (40) and the simulated boundary con-
dition are similar to the topology layouts of 2D ETC actuators [2,6].
Because of the strong couplings between fluid and thermal domains
and between fluid and structural domains, the optimization algo-
rithm should offer optimal layouts so as to maximize the stroke
to the spring when considering these strong coupling effects.

The optimized layout when air is selected as the surrounding
fluid is shown in Fig. 12(a). As expected, the optimized design is
similar to the available designs for ETC actuators. Although not
shown here, similar actuation layouts are obtained for slow air
velocities because the effects of fluid drag and convection heat dis-
sipation through air are negligible. In addition, some kinks are ob-
served at the two sides due to local optima. Shown in Fig. 12(b)-(e)
is the electric potential distribution, temperature distribution, x-
direction displacement, and streamline, respectively. The effect of
different thermal interpolations using (31) yields a similar result,
as shown in Fig. 13. This proves that it is possible to use the alter-
native interpolation schemes in the temperature equation.

To test the effects of the type of fluid, we change the surround-
ing fluid from air to water and the design in Fig. 14(a) is obtained.
By changing the type of fluid, the significant change in the heat dis-
sipation through conduction and convection is possible. It should
be noted that a different mechanism is obtained. As for the design
in Fig. 12, the two narrow necks near the mechanical spring expe-
rience higher thermal expansions due to the higher Joule energy
for actuation. However, an additional narrow structure appears

Problem definition

Non-design domain

Problem definition

Non-design domain

(a)

(b)
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behind the main actuation structure, whose function was not
clearly understood. This type of structure has not been obtained
before. To clarify the role and effect of this narrow structure, we
investigate the temperature distribution at the middle section in
Fig. 16(b) and find out that this narrow structure serves as a heater
to compensate dissipated energy at the actuation area (marked by
a circle in Fig. 16(b)) where most of heat is generated and dissi-
pated. In other words, because of a higher heat capacity and higher
conductivity of water when compared to air, the dissipated heat
and energy due to the motion of water become significant. Thus,
to use the higher conductivity of water to maximize the thermal
expansion in the area marked by a circle in Fig. 16(b) and to min-
imize the heat loss due to the forced convection (which is propor-
tional to the difference between the surrounding fluid temperature
and the structure temperature), it seems that this auxiliary struc-
ture works as a heater to increase the temperature of the surround-
ing fluid so as to minimize heat loss due to forced convection.
Therefore, it proves that temperature distribution and actuation
magnitude are influenced by the type of fluid employed. To exam-
ine the effect of the auxiliary structure in more detail, reanalyses
with and without this auxiliary structure are performed after post
processing for intermediate design variables; the results are shown
in Figs. 15 and 16. The maximum displacement decreases from
7.5620 pm to 7.2650 pum and the maximum temperature is also
changed from 608.55 K to 597.63 K. It should be noticed that the
structure in Fig. 15(a) is similar to the existing actuator structure
based on 2D electric-thermal-compliant analysis. In Fig. 15(c),
the displacements with various fluid velocities are plotted. As
shown in Fig. 16(c), as the fluid velocity is increased, the effect of
the auxiliary structure is decreased.

Up to now, in order to simulate a work piece, the spring is
simply attached to the design domain without considering its

Layout

Fig. 17. Test of the work piece geometry with water flow for (a) a centered work piece (tip displacement = 8.2936 um, max. temperature = 634.1 K); (b) an offset work piece
(tip displacement = 6.0316 pm, max. temperature = 653.3 K); and (c) an obstacle (tip displacement = 6.0316 um, max. temperature = 653.3 K).
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Fig. 18. Synthesis of programmable microactuator (nickel: ks =1000 N/m, Young’s modulus = 200 GPa, Poisson’s ratio = 0.3, depth = 15 pm, electric conductivity = 6.4 x
106 K/Q m, thermal conductivity = 90.7 W/km, thermal expansion coefficient = 15 x 1076 K~!, applied voltage Vo =0.3 V, P;; = 0.1 N/m2, P, = 0.0 N/m2, §=0.2).
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Fig. 19. Optimization results with air (air: electric conductivity =6.4 x 107> K/Qm, thermal conductivity =0.025 W/km, specific heat capacity =1.012J/K, den-
sity = 1.1839 kg/m>, viscosity = 17.4 puPa s): (a) optimized layout, (b) voltage, y-displacement, and temperature of Configuration 1, and (c) voltage, y-displacement, and
temperature of Configuration 2.
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geometry. Indeed, it would be interesting to investigate the effect
of the work piece geometry on the optimal layout. A cylindrical
work piece with a spring constant of ks=100N/m is modeled
and the optimized layouts shown in Fig. 17(a) and (b) are obtained
for two different work piece positions. The advantage of the pres-
ent numerical method lies in the fact that the simulation is very
straightforward without certain simplicities for convection and
conduction phenomena or prior tuning.

3.2. Synthesis of programmable microactuator

For the second example, the synthesis of a programmable mic-
roactuator shown in Fig. 18 is considered. The goal is to control the
actuation direction by changing the applied voltage configurations,
which are denoted as Configuration 1 and Configuration 2. Except
for the voltage boundary condition, the boundary conditions of
Configuration 2, including the fluid boundary condition, are identi-
cal to those of the Configuration 1. This type of actuator can be
used in microrelays and to manipulate cells. In this example, we
want to determine an optimal layout that changes the actuation
direction by changing the applied voltage configurations. For the

problem, u;**" and u}™** are used to denote the first and second
voltage configurations, respectively
State,1 State,2
Max u, ™ —u,
1 41
St TN ydQ — B <0. “1)
|Q4] Jo,

The obtained optimal layout is shown in Fig. 19. By varying the volt-
age configurations, we have different actuation directions. Depend-
ing on the applied voltage configuration, it is possible to control the
actuation direction.

4. Conclusions

After a review of some essential concepts of topology optimiza-
tion (TO) for an electro-thermal-compliant system, a new TO for-
mulation for an electro-fluid-thermal-compliant (EFTC) system
design was presented in the form of a newly developed monolithic
solution procedure. The coupling of four physics, i.e., electrical,
fluid, thermal, and structure, has never before been attempted
for structural optimization. We showed that it is possible to couple
these physical parameters in a stable manner using the proposed
monolithic modeling approach. For the material and physics inter-
polations, the seven material properties of these equations were
interpolated via the SIMP approach. Compared with previous stud-
ies, the heat dissipation due to fluid motion, which leads to forced
convection and conduction, and the fluid-structure interaction
were newly considered in this study during the optimization pro-
cess by introducing a modified Navier-Stokes equation and the
monolithic concept for FSI. One of the shortcomings of the present
formulation is that it requires additional degrees of freedom when
compared to the staggered analysis method. However, the pro-
posed formulation makes it possible to conduct TO for an EFTC de-
vice. Furthermore, the undershooting problem caused by the
constant convection is not observed. Other shortcomings include
the assumption of a small displacement in the structural analysis
and neglect of the structural displacement effects on the stiffness
matrices of the electric potential and temperature. From numerical
examples, it was found that consideration of the couplings among
electric, fluid, thermal, and structural domains can be important
with high heat capacitance and thermal conductivity values. With
some fluids having a low conductivity and a low heat capacity, i.e.,
air, the effects of fluid are small enough and can be neglected.
Therefore, it is still valid to use the existing constant convection

model.In future studies, the results of the present research can
be extended so as to consider the effect of nonlinear material prop-
erties and to design more complex MEMS devices. Furthermore, in
future research it will be important to consider the effect of large
displacements in calculating the stiffness matrices of an EFTC
system.
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