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Abstract The design, fabrication and characterization
of a large displacement thermal actuator with a cascaded
V-beam amplification for MEMS safety-and-arming (SA)
devices are presented. The device is comprised of two
V-shape electrothermal actuators, a cascaded V-beam
amplification and two mechanical sliders. Compared with
conventional lever amplifications, the vertical anti-accel-
eration stiffness of V-beam amplifications is much larger,
which can meet the need of high-acceleration weapons.
The special design of two symmetric mechanical slid-
ers can double the displacement to ensure the MEMS SA
device in armed state. The whole device is fabricated on a
SOI wafer and fabrication process is introduced. Under an
applied voltage of 15 V, the displacement of the device is
231.78 pm with consuming power of 5.10 W and response
time of 16 ms. The chip size of the actuator is about
4 mm x 5 mm x 0.5 mm. The proposed actuator possesses
outstanding performance in miniaturization, low cost and
easy integration with other parts of MEMS SA devices.
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1 Introduction

Safety-and-arming (SA) devices are necessary components
for munition fuzes to keep the detonator safe with mechani-
cal sliders during transportation. Once the launch environ-
ment is detected, the SA device would arm the munition
by moving away the sliders via an actuator (Robinson et al.
2005). The miniaturization of the actuator for SA devices
contributes a lot to afford the diminishment in device vol-
ume, which promotes the system intelligence (Zunino
et al. 2008). Weapons with smaller actuators can provide
more space for sensors, power arrangement and signal elec-
tronics. However, most conventional actuators employing
macro manufacturing processes are relatively bulky, expen-
sive and difficult to integrate with MEMS SA devices.

In recent years, MEMS technologies have been adopted
in the military field because MEMS devices may decrease
in the volume, mass, cost and power consuming by a large
margin (Pennarun et al. 2005). But most reported MEMS-
based actuators for SA devices could not be widely used in
small/medium caliber munitions because of the high fab-
rication cost by using LIGA technique (Fan et al. 1998),
restriction in arming force and large volume induced by the
driven structure (Maurer et al. 2006; Hélene et al. 2010).
MEMS electrothermal actuators can generate a large force
with small volume and cheap cost while the output dis-
placement is small. In order to amply the displacement, cas-
caded electrothermal actuators (Hill et al. 2006; Lai et al.
2006), racks (Maloney et al. 2004) and levers (Su and Yang
2001; Yang et al. 2009; Khazaai et al. 2010) are adopted in
the reported papers, respectively. Vertical anti-acceleration
stiffness is a key index of high-acceleration weapons and
reflects the overload resistance of SA devices. Cascaded
actuators and racks could not be used in weapons because
of their small vertical anti-acceleration stiffness. Though
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the vertical anti-acceleration stiffness of levers is larger
than cascaded actuators and racks, electrothermal actuators
with levers are only fit for low-acceleration weapons.

Herein, a thermal actuator with a cascaded V-beam ampli-
fication is proposed for high-acceleration SA devices. Com-
pared with conventional lever amplifications, the vertical
anti-acceleration stiffness of V-beam amplifications is much
larger, which is fit for high-acceleration weapons. The arm-
ing action is driven by two V-shape electrothermal actuators,
which equip outstanding performance in miniaturization,
low cost, low actuation voltage and easier integration with
sophisticated components compared to electrostatic actuators
(Deutschinger et al. 2010; Pustan et al. 2012). To meet the
requirement of large displacement, two symmetric mechani-
cal sliders are integrated to produce opposite movement. This
special design of two reversed sliders can double the displace-
ment to ensure the MEMS SA device in armed state.

2 Device description and analytical modeling

The schematic of the designed actuator for SA devices is
shown in Fig. 1. The two V-shape electrothermal actuators
are symmetric and provide displacement for the amplifica-
tion. Two mechanical sliders are integrated with the actua-
tor and closed to each other when the SA device is in safe
state. When the launch environment is detected, voltage
would be applied to the V-shape electrothermal actuators.
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Fig. 1 The schematic of the designed actuator for SA devices
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The first-stage amplification amplify the output displace-
ment and push the connection mass upwards. Meanwhile,
the second-stage amplification is compressed along the
vertical direction and expanded in the horizontal direction.
Thus, the two mechanical sliders move reversely to ensure
the MEMS SA device in armed state.

2.1 Analytical modeling of an electrothermal V-shape
actuator

Figure 2 shows the structure of an electrothermal V-shape
actuator. The V-shape actuator can generate relevant heat
when electric current passes through the beam. The heat
transfer path in an electrothermal actuator is illustrated in
Fig. 3. The length of the V-shape actuator is much larger
than its cross section size. Thus, the heat analysis can be
seen as a one dimensional heat diffusion problem (Enikov
et al. 2005). The temperature distribution of the V-shape
actuator can be obtained by the following equation:

d>*T (x) B = Sky T(x) = T,

k 1
with the thermal boundary conditions:
T =T =T, @)

where S = %[2’7" + 1} +1and B = 2%1' [; is the thermal

conductivity of silicon. 9; is the voltage applied on the actu-
ator. p is the electrical resistivity of silicon. A is the thick-
ness of the air gap. ky is the thermal conductivity coeffi-
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Fig. 2 The structure of an electrothermal V-shape actuator

Heat dissipation
Heat flux to circumstance
x i x+adx
s whem ]
i Heat dissipation T
Air—— b
fo substrate l

Si Substrate

Fig. 3 The heat transfer path in an electrothermal actuator
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Fig. 4 The structure of a V-beam amplification

As the two ends of the V-shape actuator are anchored,
thermal expansion caused by Joule heating pushes the apex
outward, resulting in a rectilinear displacement. The maxi-
mum apex displacement of a V-shape actuator could be
expressed as follows (Gianchandani and Najafi 1996):

J _ niTsin6 ;
fnax = (w/l)2 + sin® 6 )
where T = m fozl cost T (x)dx. n is the thermal expan-

sion coefficient of the material.

The output stiffness k,,; of a V-shape actuator can be
calculated by the following equation when the beam slope
is in the range of 0.05 ~ 0.2 rad (Long et al. 2001):

2 sin% OwhE
kour = — 4)

where E is the Young’s modulus.

2.2 Analytical modeling of a cascaded V-beam
amplification

By taking the system symmetry into account, the second-
stage amplification can be simplified to a first-stage amplifi-
cation under the same displacement on both sides. Thus, the
first-stage amplification and second-stage one have the same
operation principle. The first-stage amplification is taken as
an example for the following theoretical analysis. The struc-
ture of a V-beam amplification is illustrated in Fig. 4.

2.2.1 Amplification factor of a V-beam amplification

In consideration that the displacement is large and the
width of the V-beam is small (less than 20 pwm), one half
of the first-stage V-beam amplification can be regarded
approximately as a triangulation amplification with hinges
at the ends of the beam. The simplified model of one half of
a V-beam amplification is shown as Fig. 5.

The mechanical amplification factor of a V-beam can be
expressed by the geometric relationships as:

Ay /B~ (s — Axp)? — ly siny
Axq - Axq

&)

The formulas obtained from analytical methods are
then validated by finite element method (/; = 1,000 pwm,
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Fig. 5 The schematic of one half of a V-beam amplification
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Fig. 6 The curves of the output displacement versus the input one

w1 = 10 pm, 81 = 0.0875 rad, £ = 50 wm). Figure 6 shows
the curves of the output displacement versus the input one,
where the maximum deviation between two curves is 6.25 %.

2.2.2 Vertical anti-acceleration stiffness of a V-beam
amplification

The vertical anti-acceleration stiffness of a mechanical
amplification is defined as follows:

ma

Kn = (©6)

Vmax

where m, a and vmgax is the mass, vertical acceleration and
maximum vertical deformation of the mechanical amplifi-
cation, respectively.

A V-beam amplification can be simplified to a double-
clamped beam. Thus, the vertical anti-acceleration stiffness
of a V-beam amplification can be calculated by the following
equation:

o AEWIR
mETs (7)
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Fig. 7 The structure of a lever amplification
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Fig. 8 a The vertical anti-acceleration stiffness of the lever amplifi-
cation. b The vertical anti-acceleration stiffness of the V-beam ampli-
fication

The structure of a lever amplification is illustrated in
Fig. 7. According to principle of equilibrium in mechanics,
the vertical anti-acceleration stiffness can be obtained as:

@ Springer

Konr — 20J?
T o0 202 30 ®
where o0 = %53}13.
S

Figure 8 shows the vertical anti-acceleration stiffness
of the two different amplifications with specific size. It
is obvious that the vertical anti-acceleration stiffness of
V-beam amplifications is almost two orders of magnitude
larger. Though the overall dimension of actual designs
may vary, the vertical anti-acceleration stiffness of V-beam
amplifications is still much larger than that of lever ampli-
fications when the amplification factor is the same. Thus,
actuators with V-beam amplifications are much more suit-
able for high-acceleration MEMS SA devices.

2.2.3 The input stiffness of a V-beam amplification

Linear behaviour is assumed and elementary bending the-
ory is adopted when the input stiffness of a V-beam ampli-
fication is analyzed. Thus, the input stiffness of the first-
stage V-beam amplification is obtained as:

_ kakr
" kg cos? 0 + ky sin? 6,
where kg = Ewih/liand kr = Ew?h/l?.

The input stiffness of a cascaded V-beam amplification
can be derived by theory of linear spring as:

ki1 ®

kin = k2 ki (10)
B—w?

where e = Zandn = —1—L—.
ki1 l]2 tan 6, +w% cot 0

ki is the input stiff-
ness of the second-stage amplification.

2.3 Combination of an electrothermal V-shape actuator
with a cascaded V-beam amplification

The combination of an electrothermal V-shape actuator and
a cascaded V-beam amplification can be regarded as the
connection of two different springs as shown in Fig. 9.
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Fig. 9 The simplified model of the mechanism combination
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The cascaded V-beam amplification acts as the load of
the V-shape actuator and its input stiffness directly influ-
ences the output characteristics of the V-shape actuators.
When the load is applied to the V-shape actuator, the output
displacement loses partly and the actual displacement is:

dowr = %dmax (11)
where r = ki, /kous. kin is the input stiffness of cascaded
V-beam amplifications. dmax is the output displacement of
V-shape actuators without load. The output energy E,,; is
used to represent the output capability of the V-shape actu-
ator which can be expressed as:

1 2
Eout = Ekmdout

r 1
a2 [ k”“’dma"} (12

If r < 1, the output capability of the actuators is not fully
used. However, the output energy is lost rapidly when r > 1
. Taking safety factor into consideration, the total output
stiffness of the 10-parallel V-shaped actuator in this paper
is 271,380 N/m, which is larger than the input stiffness of
the cascaded V-beam amplification of 46,013 N/m.

3 Device fabrication

The whole fabrication process of the device is shown in
Fig. 10. Fabrication was performed on a SOI wafer with
a device layer of 50 wm of Si, buried oxide of 3 wm and
handle layer of 430 pm thick Si. The resistivity of the
device layer is 0.01 ~ 0.02 Qcm to provide a good electri-
cal path of the MEMS device (Khawar et al. 2012). Firstly,
bond pads were placed on the surface of the device layer
by lift-off process. In order to obtain a good ohmic contact
with the Si surface and stable pad surface for wire bond-
ing, two layer structure of the pad was introduced—Cr/Au
in 50/300 nm. Next, the proposed actuator design was pat-
terned in photoresist (PR) aligned to both the cross-shaped
mark and bond pads. AZ4620 photoresist was used to

Si

Au
SiO2
N PR
m %
(e) ®

Fig. 10 The fabrication process of the device

Fig. 11 A SEM photograph of the actuator for SA devices

make sure that the mask film was thick enough for etch-
ing. Next, the wafer was etched to the buried oxide layer
by deep reaction ion etching. A large amount of PR could
be removed by acetone after the process while the remains
could be cleaned by oxygen plasma etching. Finally, the
whole device was released by etching the buried oxide
layer in HF liquid.

Figure 11 shows a SEM image of the actuator for SA
devices fabricated on a SOI wafer.

4 Tests and results
4.1 Static characteristics of the actuator for SA devices

The displacements of the actuator under different voltages
are shown in Figs. 12 and 13. The voltages applied on the
actuator varies from O to 15V, which can generate displace-
ments from 0 to 231.78 wm. Under an applied voltage of
15 V, the simulation result of the displacement is about
271.60 wm. The deviation between experimental and simu-
lation results is 14.66 %.

The relationship between the input power and displace-
ment of the device is illustrated in Fig. 14, where the
energy consumption is 5.10 W under 15 V.

The deviation between the measured and simulated dis-
placement can be analyzed from the stiction between the
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Fig. 12 The displacement of
the device via a microscope.
The applied voltages in a and b
are 0 and 15V, respectively
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Fig. 13 The relationship between the displacement of the device and
applied voltage

residual SiO, layer and device layer, which consumes the
energy in the chip. The SiO, sacrifice layer may still remain
in the gap between the movable parts and substrate more
or less serving as the stiction source. The actuator for SA
devices has a large surface because of the integrated mechan-
ical slider, so the displacement deviation caused by stiction is
obvious. The designed actuator would be more favorable and
reliable for SA device if the internal stiction is alleviated by
reducing the residual SiO, in structure release process.

4.2 Dynamic characteristics of the actuator for SA devices
In consideration that mechanical response time is far less

than the thermal one, the dynamic characterization of the
actuator is mainly determined by the thermal response time

@ Springer

240
220
200
180
160
140
120
100
80
60
40
20

The displacement of the device (um)

15 2 25 3 35 4
The power consumption (W)

Fig. 14 The relationship between the input power and displacement
of the device
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Fig. 15 Experimental setup for dynamic performance evaluation

of V-shape actuators. The resistance of Si could be constant
only if the thermal distribution of electrothermal V-shape
actuators reaches stability. Thus, the thermal response time
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Fig. 16 a The voltage waveform of the square signal. b The voltage
variation on the actuator

could be measured by the voltage variations on electro-
thermal V-shape actuators when a step voltage is applied.
Figure 15 shows the experiment setup used for measur-
ing the dynamic response time of the actuator. The setup
is consisted of a signal generator, oscilloscope, resistor and
the actuator. The signal generator provides a square signal
with 40 ms in period, and the peak and valley values are
10 and O V, respectively. The actuator is connected to the
signal generator through a resistor of 20 2. One channel of
the oscilloscope is connected to the actuator to measure and
record changes in applied voltage.

Figure 16a shows the voltage waveform of the square
signal, where the peak waveform is flat. The voltage vari-
ations on the actuator under the square signal is illustrated
in Fig. 16b. The waveform reaches the peak value gradually
and the response time of the whole device is about 16 ms.

5 Conclusions

A large displacement thermal actuator with a cascaded
V-beam amplification for MEMS SA devices is pro-
posed, designed and fabricated. The device is comprised
of two electrothermal V-shape actuators, a cascaded

V-beam amplification and two mechanical sliders. Com-
pared with conventional lever amplifications, the vertical
anti-acceleration stiffness of V-beam amplifications is
much higher, which is fit for high-acceleration weapons.
The amplification factor and input stiffness of a cascaded
V-beam amplification are analyzed. Stiffness matching
theory between an electrothermal V-shape actuator and
a cascaded V-beam amplification is proposed and used
to optimize the design. The special design of two sym-
metric mechanical sliders can double the displacement
to ensure the MEMS SA device in armed state. The
whole device is fabricated on a SOI wafer and fabrica-
tion process is introduced. Under an applied voltage
of 15 V, the displacement of the device is 231.78 pm
and the response time is about 16 ms with consuming
power of 5.10 W. The chip size of the actuator is about
4 mm x 5 mm x 0.5 mm. The proposed actuator can be
easily integrated with other sophisticated components of
MEMS SA devices.
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