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ABSTRACT

Although lots of works have been devoted to devel op the microactuators or microstructures, few researches have
been done on three-dimensional microactuators. Here the feasibility investigation on a three-dimensional electro-
thermally driven long-stretch micro drive (LSMD) is proposed by integrating the LSMD and mechanical hinge
mechanism. The LSMD (about 2000 um x 500 um) consists of two cascaded compliant structures in pardlel. Each
cascaded structure is formed by connecting several basic actuation units in series. The mechanical hinge is used to
allow the LSMD to be lifted as a three-dimensional structure. One of the important issues in fabricating the three-
dimensional microactuator is the conducting circuit to actuate the microactuator. Here the Ni electroplating process is
used to fabricate the mechanical hinge structure and the LSMD, then the mechanical hinge itself can act as the
conductive circuit easily.

From the LSMD simulation results, several design parameters are found to have significant influence on the output
displacements. Larger out-stretching displacements are feasible by proper choice of design parameters. Preiminary
fabrication results of nickel-made LSMD exhibit output displacement of 190 um at input voltage of 3 valts.
Fabrication results of nickel-made three-dimensional LSMD are also presented.
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1. INTRODUCTION

By using a proper hinge structure, a three-dimensional micro device can be lifted. However most of the lifted
MEMS components in previous literatures were microstructures, such as micro mirror [1], micro XYZ stage [2], since
the electric connection in athree-dimensional micro sensor or microactuatorsis still a problem.

For microactuators, a single micro actuator usualy can provide only limited output force and displacement.
Therefore, proper integration of severa basic actuators into an arrayed structure becomes an attractive way to magnify
the output. However, lots of arrayed structure designsin microactuators can only magnify either output displacement or
output force [3,4,5,6]. Only few published work could achieve magnification on both output force and displacement.
The arrayed microactuators to magnify both output displacement and force are often called artificial muscles or muscle-
like microactuators. Among these actuators with the silicon-based micromachining techniques, for instance, actuators
with arrayed microstructures by electrostatic actuation [7,8] require more complicated fabrication process. In addition,
arrayed actuators with eectro-thermal actuation [9,10] have been reported with limited output displacements. For non-
silicon-based micromachining methods, microactuators driven by piezoelectric [11,12], shape memory effect [13,14],
and magnetic actuation principles [15] have been published. However, these non-silicon-based machined actuators
were al in the millimeter to centimeter scale and till not feasible in batch fabrication process.

Here the feasibility investigation on a three-dimensional e ectro-thermally driven long-stretch micro drive (LSMD)
is proposed. This design is realized by integrating the mechanica hinge and the LSMD. The LSMD is composed of
two cascaded compliant structures in parallel. Each cascaded structure is formed by connecting several basic actuation
units in series. When dectrical potential is applied, the output displacement and force are generated from the
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summation of all basic actuation unitsin each cascaded structure; therefore it can produce more displacement and force.
In this paper the mechanical hinge and LSMD will be made of Ni by electroplating. Therefore, the input voltage can be
applied to lift LSMD through metal hinge. Finite element simulation will aso be conducted to evaluate the thermal and
mechanical behaviors of the LSMD.

NOMENCLATURE
N Number of actuation units in each cascaded structure
L  Span of actuation beam
W  Width of actuation beam
T  Thickness of Ni LSMD
6 Bent beam angle
D  Width of constraint-bar

2.CONCEPT DESIGN

The concept design of this proposed device is shown in Fig. 1, where the LSMD can be lifted to out-of-plane
position with the mechanical hinge structure. Figure 2(a) illustrates the design of the long-stretch micro drive which
consists of two cascaded compliant structures in pardlel. Each cascaded structure is formed by connecting severa
basic actuation units (Figure 2(b)) in series. As shown in Fig. 2(a), when electrical current is applied from anchor 1 to
anchor 2 to form a close loop, the output displacement and force are generated from the summation of all basic
actuation units in each cascaded structure. Since two cascaded structures are in parallel arrangement, the total output
force can be doubled. Therefore, more basic actuation units in cascaded structures can effectively magnify the output
displacements and forces of the micro drive in compact size. Each basic actuation unit is composed of two V-shaped
bent beams (width W, bent angle 6) and one condraint-bar (width D), as shown in Fig. 2(b). When the bent actuation
beams are subjected to joule heating, the bent beams expand and lead the actuation unit to stretch outward. It should be
noted that the design of the constraint-bar is helpful in output magnification, where smaller expansion of the constraint-
bar would lead to larger output displacement and force of the micro drive.

Staple Hinge pin
Figure 1. Schematic view of the proposed three-dimensional LSMD.
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Figure 2: (a) Design of the long-stretch micro drive (LSMD); (b) Schematic diagram of the basic actuation unit in out-stretching
displacement and parameters definitions.
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3.FINITE ELEMENT MODELING

Finite element smulations are conducted by using ANSY S 5.5 with eectric-therma analysis (3-D element-69) and
thermal-gtructural analysis (3-D element-45). In preliminary study, the FEM modd is constructed without hinge
structures.  Thermal conduction, convection, and nonlinear structural analysis are considered in the simulations.
Therefore, the temperature distributions of the bent actuation beams are not uniform in the analysis. The effects of
thermal radiations are not considered here due to the low operating temperatures of the LSMD (below 400°C). The
material properties of nickel used in smulation are listed in Table 1.

Table 1. Material properties of nickel used in finite element simulation.

Material Properties Value
Modulus of Elasticity (GPa) 200
Density (Kg/md) 9040
Coefficient of Thermal Expansion (10 %/ °C) 12.8
Poisson Ratio 0.31
Thermal Conductivity (W/mK) 90.5
Specific Heat (JKg-K) 443.08
Resigtivity (nQ-m) 80
Convection Coefficient (W/m?2-K) 50

Figure 3 shows the FEM model of LSMD with five basic actuation units in each cascaded structure. In electric-
thermal analyses, electric potentials are applied across contact pad 1 and pad 2. The bottom sides of the contact pads
are set as reference temperature to be zero to define thermal boundary conditions. Convection loads are applied on all
surfaces of the model with constant convection coefficient value of 50. In nonlinear and large-deflection structural
analyses, the bottom sides of the contact pads are fixed. The maximum temperatures of LSMD occur at the connection
parts of actuation bent beams. The simulated maximum temperature is limited to below 400°C. Besides, the maximum
stresses are located at the ends of actuation beams attached to contact pads. Figure 4(a) and (b) show the simulated
load-deflection curve and maximum temperatures of LSMD, at various input voltages, respectively.

ANSYS)

Contact Pad 1 Contact Pad 2
(Ref T=0) (Ref T=0)

Figure 3: FEM model of the LSMD used in simulations (L=1000 um, N=5).
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Figure 4: Simulated (a) out-stretching displacements and (b) maximum elevated temperatures of Ni LSMD at various operating

voltages.
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3.1 Bent Beam Angle 6

Figures 5 shows the steady-state outward displacements of the LSMD with five basic actuation units in each
cascaded structure at various bent beam angles 6 (0.2°~5.0°) under a constant operating voltage (3 volts). In general,
LSMDs can exhibit longer displacements by smaller bent beam angles. However, the bent angles should not to be zero.

Besides, small bent beam angles may cause buckling if the structural thickness is not thick enough to provide strong
mechanical strength.
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Figure 5: Out-stretching displacements of LSMDs (D=30 um, W=8 um, T=11 um) with various bent beam angles at constant
applied voltage (3 volts).

3.2 Constraint Bar Width D

Figures 6 presents the smulated results of constraint-bar width on output displacement. Generally, constraint-bar
provides clamping force on both ends of the actuation bent beams. Therefore, elongation of constraint-bar due to
thermal expansion will depress output displacements of actuation bent beams. In smulations, it is found that a wider
constraint-bar can enhance the output displacements. Thisisdue to lower eevated temperatures of wider constraint-bar.
However, wider congraint-bars will consume more thermal power and depress the maximum elevated temperatures that
actuation beams can achieve at constant applied voltage. Therefore, constraint-bar width in the range of 25~35 um is
better for electro-thermal LSMD with bent beam widths ranging from 4 to 12 um. A constraint-bar too wide only get

limited improvements in output displacements but required more device area. The width below 15 um exhibits poorest
output displacements and should be avoided in design.
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Figure 6: Out-stretching displacements of LSMDs (D=30 um, 6=1°, W=4~12 um, T=11 um) with various constraint-bar widths at
constant applied voltage (3 valts).
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3.3 Bent Beam Width W

Figure 7 shows the simulated output displacements with various bent beam widths of LSMDs at constant applied
voltage. The optimal bent beam width around 8 um is found at the constant applied voltage mode. For narrower beam
widths, the electrical resistances of LSMDs will be higher, therefore it will consume less electrical power and depress
output displacements. On the contrary, for wider actuation bent beam, electrical resistances of LSMDs become smaller
and get more electrical power, however the mechanica siffness El of the bent beams may increase too rapidly and
depress output displacements.

Voltage=3wvclis
D=30, Angle=1
‘B 230
k= P
= 220
s /'
S 210 - =
5]
=200
&
= 190 . ' ' '
4 5] 8 10 12
Bent BeamWidth (um)

Figure 7: Out-stretching displacements of LSMDs (D=30 pum, 6=1°, T=11 um) under various bent beam widths a constant applied
voltage (3 valts).

4. Fabrication process

The fabrication process is outlined in Figure 8. First, a0.5 ¢ m oxide layer is deposited on the wafer as the eectrical
isolation layer, followed isthe 5 ¢ m Cu electroplating of the first sacrificial layer (Fig. 8(a)), and then the 11 m
thick Ni layer is eectroplated, forming the LSMD and hinge pin (Fig. 8(b)). After that, a5 um Cu layer is
electroplated as the second sacrificial layer (Fig. 8(c)). Then, the 4/« m thickness Ni film is electroplated (Fig.8(d)) to
form the staple. The following step is to release the sacrificial layer (Fig. 8(e)) in liquid ammonia with hydrogen

peroxide (15 minutes), then followed by a rinse in deionized (DI) water and air drying. The LSMD is lifted up by the
probe finally (Fig. 8(f)).

Cu
7 D2 2222222222228 S O
Substrate
(€) (d)

| ®

Figure 8. Fabrication Process

Proc. of SPIE Vol. 5116 299

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/27/2014 Terms of Use: http://spiedl.org/terms



5. PRELIMINARY FABRICATION RESULTS

The electroplating process is used to fabricate the thick LSMDs made of nickel. Owing to the thick electroplated
nickel structure, the nickel LSMDs are successfully released by rinsing in IPA solutions and drying on the 120°C
hotplate. Figure 9 shows the fabricated 11 um thick nickel LSMD with 8 um actuation bent beam width and 6 um air
gap under this. The measured output displacements of LSMDs are shown in Figure 10. The out-stretching
displacements can achieve up to 190 um at input voltage 3 V.

For the three-dimensional LSMD with metal mechanical hinge, Figure 11 shows the whole device before releasing.
After releasing, excessive force in the lift-up process by the probe may destroy the cascaded structure as shown in
Figure 12. Concerning the hinge part, Figure 13 and Figure 14 show the released SEM of the staple and the released
mechanical hinge mechanism. It is observed that the 11 um thick plates can be lifted up at about 90 degrees. At next
step, LSMD and hinge mechanism will be integrated entirely.

h

(a) Before activation (b) After activation
Figure 9: The preiminarily fabricated 11 um thick nickel LSMD with stretching displacements up to 190 um at 3 volts (L=1000 um,
N=5,W=8 um, D=30 um)
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Figure 10: The testing results of LSMD made of nickel.
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Figure 11: The three-dimensional LSMD before releasing. Figure 12: Lifted LSMD with hinge mechanism
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Figure 13: The staple of hinge. Figure 14: Lifted microstructures with hinge mechanism.

6.CONCLUSIONS

The design, fabrication and finite element analysis of a three-dimensiona electro-thermally driven long-stretch
micro drive (LSMD) is proposed by integrating the LSMD and mechanical hinge, several design parameters, including
bent beam angle, width of actuation beams, and constraining bar width as found to have strong influences on the output
performances of the LSMD. So the metal-based surface micro machining has technique shown to be able to fabrication
the LSMD and hinge mechanism successfully. Preliminary fabrication results of nickel-made LSMD exhibit output
displacement of 190 um at input voltage of 3 volts. Through the mechanical hinge made of nickel, the LSMD is
possible to be a three-dimensional device with mobility in out-of-plane direction
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