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Abstract

This paper proposes a method to determine the shape factor in the heat transfer model of silicon
electrothermal V-shaped micro actuators by using ANSYS WORKBENCH. The rectangular cross-section
model (w-width and h-thickness) is built to investigate the heat transfer from the beam to the substrate through
a thin layer of air. Moreover, this model can be used to determine the influence of beam width and beam
thickness or height on its shape factor. Through simulation, the lowest heat emission generated on the beam
when the height-to-width ratio (h/w) is about from 3 to 4. The shape factor is proportional to the ratio of beam
height to beam width as well as the air gap between the V-beam and the substrate. The objective of the paper
is to provide an effective method to determine the shape factor in the theoretical heat transfer model of the
electrothermal V-shaped micro actuators and can be also applied to similar heat transfer models of other

actuators.
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1. Introduction

Electrothermal V-shaped micro actuator is the
element that generates motion and force to drive
MEMS devices or micro systems. Due to some
outstanding advantages such as a large driving force,
low driving voltage and stable working, the V-shaped
micro actuator has been used in micro devices and
systems such as micro gripper [1], nano material
testing system [2], thermal safety device [3], linear
micro motor [4], etc. This actuator works on the
principle of thermal expansion of the thin V-beam
system when applying a voltage. Thus, a mathematical
model is needed to describe the thermal-electrical
energy conversion processes. This process is often
complicated due to the influence of many nonlinear
factors such as the thermal conductivity of the
material, environment, working space, beam
dimension. It is also a goal that is interesting in
research, as well as the topic of many publications
recently. Mathematical methods frequently used to
describe heat transfer models can be listed as direct
analysis [5, 6], finite difference [7, 8], nodal point [9],
equivalent circuit [10], etc.

Heat transfer model using direct analysis method
is applied to determine the temperature distribution on
thin beams. The steady-state heat transfer model in the
form of second-order differential equations has been
elaborated in [11]. In this work, the author mentioned
the effect of heat transfer through the air gap between
the device layer and the substrate. The heat transfer
model has been applied in some later publications such
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as [12, 13]. In [5], the authors improved the method by
adding heat loss through the shuttle to substrate. To
describe the phenomenon of heat transfer through the
air gap between the device layer and the substrate, the
above publications have used the shape factor of the
beam [5, 11-13]. The shape factor is dimensionless
quantity representing the ability of transfer heat from
the beam to the substrate through the air gap. Thus, the
shape factor is an important parameter of the
mathematical models describing the heat transfer
process of the micro-actuator. In the microsystems
with feature size of micrometers, determining this
coefficient experimentally is quite difficult.

This work focuses on establishing a formula to
calculate the shape factor of the V-shaped micro
actuator structure with an air gap changing from 1 to
4 um, device layer thickness varying from 6 to 30 um,
and the beam width ranging from 3 to 10 pm.
Furthermore, the influence of beam width w and beam
thickness % on its shape factor is also presented.

2. Heat Transfer Model

V-Shaped Actuator

of Electrothermal

The configuration of the V-shaped actuator is
shown in Fig. 1. The structure of the micro actuator
consists of three main parts: a shuttle 1, inclined beam
system 2, and fixed electrodes 3. The shuttle is placed
at the center of the actuator and suspended by a
symmetrical V-beam system. The beams have an
incline angle € with the X direction, the other end of
the beam engages with two electrodes.
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Fig. 1. The configuration of the electrothermal V-shaped actuator.

In Fig. 1, L, h and w are the length, the height (or
the thickness of device layer), and the width of a single
beam, respectively; g, is the air gap between a device
layer and substrate.

When voltage is applied to the two electrodes 3,
the current will be conducted through the thin beams
and generate heat. The beams will heat up and expand
in the axial direction, creating a force that pushes the
shuttle to move in the Y direction. When the voltage
drops to zero, the temperature on the beams gradually
decreases to ambient temperature causing the beams to
shrink and pull the shuttle back to the original position.

To simplify the mathematical model, the
assumptions for the analytical heat transfer model are:
material properties to be constant during temperature
changes; neglecting the heat transfer from the shuttle 1
to the substrate through the air gap; assuming the
temperature on the electrodes 3 and the substrate
always equal to the ambient temperature; neglecting
heat transfer due to convection and radiation in the air;
heat transfer is being considered one-way and along
the length of the V-beams (regardless of the influence
of beam angle).

The equivalent beam model of the pair of V-beam
is shown in Fig. 2.

The energy balancing equation in x-direction of a
beam element at x is as follows:

dq.vt = dch + dqlx + dqe (1)
where, gy, qed, qis and gq. are the heat stored, heat
conduction, heat loss through the air gap and heat
generated by applying voltage in a beam element,
respectively. They are expressed as:
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where, C,, Dy and k are the specific heat, density and
thermal conductivity of silicon, respectively; k, is the
thermal conductivity of air; S is the shape factor of
beam; U is the driving voltage; po is the resistivity of
silicon at room temperature; 7 and 7p are the
temperature of beam element and ambient. A is the
section area of the beam.

The equation describing the heat transfer process
in the equivalent heat state of V-beams (Fig. 2) has the
following form [6]:
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From (6), the heat density loss through the air gap

on a beam cross-section is expressed as:
k,S
hg

(T'-T,) (7

qls =
a

From (7), the shape factor S can be inferred as
follows:

hg,
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S =q15'
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Fig. 2. The equivalent beam model (a) and one beam element ()
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Fig. 3. The 2D model of a beam section in an air domain

According to (8), when the parameters such as g,
h, k,, the temperature T and heat density g;s are clear,
the shape factor S will be completely determined.

To determine the value of the shape factor, a
FEM simulation method has been proposed in [11], in
which the shape factor is examined and established as
a formula for the range of air gap from 0.5 to 3 pm.
Various formulas of shape factors have also been
determined by FEM simulation and used in the heat
transfer model of the others [6, 7, 13]. Although these
formulas are suitable for the mathematical, structural
and material models of the above publications, they
have different calculation methods and tend to have
different values of the shape factor. Therefore, it is
difficult to choose one present formula of the shape
factor for the electrothermal micro actuator fabricated
by SOI-MEMS technology.
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3. The Model of Beam Cross-Section in ANSYS
WORKBENCH

The 2D geometric model of a rectangular beam
cross-section placed in an air area with radius R, is
designed in ANSYS WORKBENCH as Fig. 3.

To determine the shape factor S, the Steady-State
Thermal model in ANSYS (steady thermal state
simulation) will be used. The properties of the beam
material and air are given in Table 1.

In practice, the air domain has no size limitation,
but computational or simulation modeling is finite.
Therefore, if the radius of the air domain R, is too
small, it does not match the requirements of the
problem (only considering heat transfer through the air
gap). This means that the value of radius R, needs to
be investigated and selected to suit the requirements of
each heat transfer problem.
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When the beam width w is fixed as 10 pum with
the parameters in Table 1, the influence of the air
radius R, on the temperature of the beam cross-section
is simulated and gives the results as shown in Fig. 4.

According to the graph in Fig. 4, the temperature
of the beam cross section increases with the radius of
the air layer and reaches saturation when the air radius
is larger than 180 pm. Thus, the value of the air radius
suitable for the simulation model is selected as
R, =200 pm.

Table 1. The properties of beam material (silicon) and air

Based on the above geometry, material
assignment, meshing and boundary condition setting
are performed in the Steady-State Thermal model,
respectively.

In this case, the boundary conditions proposed as
the temperature on the boundary of the air layer
assumed to be equal to the ambient temperature 7y; the
heat density ¢ is assigned on the beam cross-section
as shown in Fig. 5.

Name Symbol Value
The thermal conductivity of silicon ks 148 x 10° pW/um
The thermal conductivity of air ka 0.0257 x 10° pW/pm
Ambient temperature Ty 25°C
Heat density qis 2.5 x 10° pW/um?
— 815
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Fig. 4. The relation between R, and the temperature of a beam element.

Fig. 5. Boundary conditions of the simulation model
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4. Results and Discussion

To validate the exactness of the simulation model
determining the shape factor in our work, it is
compared with the shape factor of previous publication
[11] as shown in Fig. 6 (at the same value g, = 2 um
and £ =20 um). We can see that the average deviation
of the shape factor S between the two researches is not
significant (lower than 3% as in Fig. 6b) when the ratio
h/w changes from 2 to 10. Thus, the values of the shape
factor determined by ANSYS model as mentioned
above are acceptable and quite appropriate in the heat
transfer problem for the V-shaped beam in the
examined dimension range.

According to (8), with the given parameters in
Table 1, the shape factor S will be completely found
when the temperature of the beam cross-section is
determined by simulation. The temperature results of
the beam cross-section are determined by simulation
when changing the design dimensions such as beam
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thickness /, beam width w and the air gap g, as shown
in Fig. 7 and Table 2. The relation between
temperature and ratio #/w is illustrated in Fig. 8.

According to Fig. 8 and Table 2, the temperature
of beam cross-section increases rapidly with the h/w
ratio lower than 3. Beyond this value, the beam
temperature tends to decrease gradually. The
maximum temperature can be obtained in the range of
h/w ratio from 3 to 4, so in this range, the ability to
transfer heat from the beam to the substrate through the
air gap is the lowest (i.e. the temperature of beam is the
highest). Therefore, to avoid beam-overheating when
designing V-shaped actuator, the ratio 4/w should not
be chosen between 3 and 4. It is clear that the beam
dimension ratio (A/w), as well as the air gap g,
significantly affects the heat transfer of the beam
cross-section to the substrate. In other words, the shape
factor S depends strongly on these parameters.
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Fig. 6. The comparison of shape factor values (@); The relative deviation E of shape factors (b)
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Fig. 7. Temperature distribution around the beam cross-section.
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Table 2. The relation between the beam temperature and its geometric dimensions

w h T(C)
h/'w
(um) (um) 8a=1um 8a=2um 8a =3 um ga =4 pm
3 30 10 117 148 169 184
4 27 6.75 126 165 191 210
5 24 4.8 128 173 203 226
6 21 3.5 125 173 206 231
7 18 2.57 119 167 201 227
7,5 15 2 107 150 181 206
8 12 1.5 93 132 159 181
9 9 1 80 112 137 156
10 6 0.6 64 88 107 122
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Fig. 8. The relation between temperature and ratio A/w at various air gaps

Table 3. The dependent of the shape factor (S) on the
ratio (h/w)

S

hiw g=1 gu=2 g=3 g.=4

um um um um
10,0 3,11 4,66 6,02 7,25
7,0 2,57 3,72 4,72 5,64
5,0 2,23 3,13 3,92 4,63
3,5 2,00 2,72 3,35 3,92
2,6 1,83 2,43 2,95 3,43
2,0 1,75 2,29 2,76 3,18
1,5 1,67 2,15 2,57 2,95
1,0 1,58 1,98 2,33 2,64
0,5 1,47 1,80 2,08 2,33
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From (8) combined with the data in Table 1 and
the results in Table 2, the values of the shape factor are
completely determined as in Table 3. The relation
between the shape factor S and 4/w ratio is given in
Fig. 9. As shown in Fig. 9, the shape factor S is almost
proportional to the height-to-width ratio (A/w) at the
examined air gaps. For each value of the air gap, there
is a linear relationship between the shape factor S and
the h/w ratio. It is also clear that with the larger air gap,
we get a larger shape factor value. It shows that the
shape factor depends not only on the geometry of the
beam cross-section, but also on the gap between the
device layer and the substrate. In other words, the heat
transfer process depends strongly on the beam shape
when the air gap is larger.

In order to demonstrate the influence of the shape
factor on the temperature distribution of beam, the
temperature distributions of two V-beam structures
with the material and geometrical dimension
parameters are listed in Tables 1 and 4 and shown in
Fig. 10.
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Fig. 10. The distributions of temperature along the V-beam at two values of S

Table 4. The parameters of the V-beam

5. Conclusion

Name Symbol Value This paper has examined a rectangular beam
Applied voltage U 20 (V) crgss—section model of the electrothermal V-shapgd
micro actuator by ANSYS WORKBENCH. This
Resistivity of silicon Do 2300 model was used to investigate the influence of beam
(Q.pum) cross-sectional dimensions as well as the air gap on
The height of V-beam 1 h; 30 (um) heat transfer process from the beam to the substrate via
The width of V-beam 1 wr 6 (um) the shape factor S From the simulation anFI calculation
' results, some discussions and conclusions can be

The height of V-beam 2 h> 18 (um) summarized as follows:
The width of V-beam 2 w2 10 (um) The heat transfer process from the V-beam to
The air gap e 4 (um) substrate through the air gap depends strongly on the

According to Fig. 10, the shape factor impacts
strongly on the distribution of temperature along the
V-beam. It is clear that the temperature in the case of
the i/w = 18/10 is larger than the temperature at the
ratio of 30/6. Furthermore, the simulation results also
confirm that: At the same cross-sectional area, the
magnitude of the temperature distribution on the
V-beam is inversely proportional to the value of the
shape factor.

ratio of the rectangular cross-section dimensions 4/w
and the value of air gap g..

If the A/w ratio ranges from 3 to 4, the heat
transfer from the beam to the substrate is minimal and
can lead to a beam-overheating phenomenon while the
device operates at a high temperature. Therefore, when
designing, this range of 4/w ratio should be avoided for
the safety of the device.

The shape factor is almost linearly dependent on
the ratio (h/w) of the beam cross-section. The value of
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this coefficient is proportional to the height-to-width
ratio as well as the air gap between the V-beam and the
substrate.

In the future, the influence of the number of beam
pairs and the distance between them on the heat
transfer process through the air gap will be
continuously considered and examined.
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