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Design and Test of a MEMS-Based
High G Smart Sensor

Y. P. Wang, R. Q. Hsu, and C. W. Wu

Abstract—Most conventional G sensors use cantilever beams
or axial springs as triggering devices. The reaction time of these
conventional G sensors are often far too long. In many high G
(> 300 G) applications, they completely fail to function. This
study proposed a microelectromechanical systems-based high G
smart sensor, which not only functions at a very high G impact
but also identifies the material when a projectile makes an impact
on a hard object. This high G smart sensor is intended for use at
3000-21 000 G. The sensor was made of silicon and the triggering
mechanism involves a cantilever and a spring structure. The
mechanical sensitivity of the sensors can be adjusted to preset the
triggering G value. Four sensors, each designated to trigger its
own G value were integrated in a unit. Experiments demonstrated
that this unit can identify the characteristics of an object.

Index Terms—High G, microelectromechanical
(MEMS), proof mass, smart sensor, spring.

systems

1. INTRODUCTION

OST conventional G sensors use a cantilever beam or an
M axial spring in their triggering mechanisms as described
by Wang [1].

For high G (>300 G) applications, the reaction time of con-
ventional mechanical type G sensors is too long. Sometimes, the
G sensor structures disintegrate (>5000 G).

Trimmer [2] proposed a unique model that demonstrated re-
ducing the scale of a structure will decrease the time required
for displacing a fixed point. Therefore, a smaller G sensor has a
faster response. Some researchers [3] have designed shock sen-
sors that have shorter reaction time than conventional sensors
and mechanisms that are sufficiently robust against such impacts
as occur when vehicles collide with hard objects. Min and Min
[4] developed a device that can identify an object in real-time,
but its processor required an enormous database to execute com-
plex signal analysis. This investigation focuses mainly on using
high G shock sensors to make a simple and cheap smart sensor
with a real-time identification function that is effective when
the sensor makes an impact on an object that consists of various
materials.

The proposed microelectromechanical systems (MEMS)-
based smart sensor is fabricated from silicon, whose Young’s
modulus [5] approaching 190 GPa, is close to that of steel
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Fig. 1. Schematic of the smart sensor.
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Fig. 2. Configuration of the micro G sensor.

(210 GPa). Moreover, silicon has virtually no mechanical
hysteresis, and so is an ideal material for sensors and actuators.

II. THEORETICAL ANALYSIS

Four types of G sensor were combined with a digital signal
processor (DSP) to make a smart sensor with a real-time
identification function. Fig. 1 schematically depicts the device.
Fig. 2 presents in detail the dimensions of the proposed micro
G sensor. The sensor has two main components—a spring,
and a proof mass. The spring is divided into four sections and
anchored on two sides of the sensor frame. The proof mass is
located in the middle zone of the sensor and is linked to the
four spring sections. This sensor uses a Mass-Damper-Spring
Dynamic (MDS) System to trigger the cantilever mechanism.

Fig. 3 schematically depicts the MDS system. The dynamic
equation of motion of the proof mass is given by 1-D lumped-
system model that was proposed by Elwenspoek [6]
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Fig. 3. Mass-spring-damping system.
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Fig. 4. Dimensions of two typical sensors (mm): (a) Type 2 and (b) Type 4.

where F' represents the external force that acts on the frame,
D is the damping factor, K is the effective spring constant of
the elements, and M is the proof mass, which is attached to a
fixed frame by one or more spring elements. The displacement
(Xout ) is directly proportional to the acceleration (X;,,) when the
acceleration is constant. The (1) can be simplified to

M ..
Xout = (E) Xin = MeXin (2)

where Ms = (M/K) is the mechanical sensitivity of the system.
Accordingly, the mechanical sensitivity of the system varies
with the spring constant and the proof mass. The triggering G
value of the sensor can be set by adjusting the mechanical sen-
sitivity of the system.

III. FINITE- ELEMENT MODELING

Four arrangements of spring and proof mass were designed.
Table I shows detailed information concerning the design of the
sensors. All proof masses have the same thickness of 20 pm;
therefore, the ratio of these masses equals the ratio of their sur-
face areas of the proof masses. Fig. 4 presents two of the sensor
designs that are used in this investigation. The proof mass of
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Fig. 5. SEM image of Type 4 sensor.
Fig. 6. SEM image of spring.
TABLE 1
DETAIL DESIGN INFORMATION
Resonant
Mass Coil Kx Ky Kz i
Type scale number (N/m) (N/m)  (N/m) rig_f;; Y
1 0.62 4 1058.1 323 28.6 19.0
2 1.00 8 7213 222 19.7 119
3 1.00 12 508.3 15.4 13.7 8.8
4 2.24 16 410.6 12.2 10.8 6.2

type 2 is defined as having a mass of 1.0. Figs. 5 and 6 show
one design of the shock sensor (type 4) that was manufactured
using MEMS.

Finite-element analyses were conducted using ANSYS ver-
sion 8.0 and LS-DYNA [7] to determine the time-displacement
relation of the proof mass when the sensor underwent an im-
pact. The spring constant K was calculated by using ANSYS
to simulate the proof mass displacement under various loads.
Table I lists the spring constants of all of the sensors, showing
(K1 > K2 > K3 > K4).

In the simulation of the impact, a series of half-sine waves
were applied to the sensors. The durations of the input half-sine
waves were close to 100 us in the range G = 10000-21 000,
and close to 1 ms in the range G = 3000-8000. Seven G values,
ranging from 3000 to 21 000, were used in the simulation, con-
sistent with (Mil-Std-810F).

IV. SIMULATION RESULTS

In the dynamic simulations in the time domain, a shock wave
(G-T curve) is applied to a G sensor, and the reaction time of
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TABLE II
REACTION TIME (yS) OF THE MICRO-SENSORS
Sensor Reaction time (Ms)
type 21000 20000 10000 8000 5000 4000 3000
G G G G G G G
Typel 2499 2599 x x x X X
Type2 2199 2299 33.99  40.99 X X X
Type3 21.99 22.99 31.99 3599 4899 X X
Type4 2199 2299 31.99 3599 4499 5099 6599
Note X : The sensor does not trigger.
SWITCH
Time = 25 Fringe Levels
Contours of Effective
min=0, at elem# 1 0.000¢+000 _
max=0, at elem# 1 - 0.000e+000 _I
0.000e+000 _
0.000e+000 _
0.000e+000 _
0.000e+000 _
0.000e+000 _
0.000e+000 _
0.000e+000 _
0.000e+000 _I
A 0.000e+000 _

Fig. 7. Plastic strain of the type 1 sensor at 21 000 G.

the sensor is defined as the time for the proof mass to move
from rest until it is in contact with the frame. (The displace-
ment is 5.0E-03 cm.) When the proof mass comes into contact
with the top frame, the built-in wiring triggers the sensor. If the
proof mass does not reach the top frame, then the sensor is not
triggered.

The assumptions made in the simulation were: a) the en-
closure frame of the sensor is a rigid body; b) the sensor
components are sufficiently large for principles of continuum
mechanics to apply [8]; and c) the air damping effect can be
neglected because the shock sensor is packaged in a vacuum
environment. The projectile penetrates directly into the tar-
gets with no oblique angle. The simulation reveals that when
the spring constant was reduced or the proof mass was in-
creased, the triggering G value and the reaction time decreased
(Table II).

According to Fig. 7, the simulation of the induced strain of
the type 1 sensor, even at G = 21 000, indicated no observable
plastic strains in the structural members. The simulation results
in Fig. 8 indicate that the proof mass was displaced only in the
y direction. No significant interference in the directions of the
z and z axes was observed. Consequently, the stability of the
sensor was very good.

The smart sensor that was developed herein incorporates four
high G sensors, listed in Table II, and a DSP. The high G sen-
sors were designed to trigger at different decelerations. When a
projectile that carries this smart sensor penetrates a target, the
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Fig. 8. Displacement of the sensors at 21 000G: (a) type 1; (b) type 2; (c) type
3; and (d) type 4.

deceleration data (shock G value) can be related to the material
characteristics of the target using Forrestal’s model [9]-[11]
F o ord®Sf. 1+ (%)]

Omax = M = AM (3)

where ap,.x is the maximum deceleration of the projectile, d
is its diameter, M is its mass, N is its geometric function, and
S, fc, and I are target-related constants. Table III presents the
maximum decelerations of four target materials.

In the simulation, a projectile carrying this smart sensor was
arranged to hit targets made of the materials listed in Table III,
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TABLE III
DECELERATION DATA FROM FORRESTAL’S MODEL

Target
d S fc I N M Amax
material
Wood 035 389 4.00E+  5.55 189.55 500 3141
06
Brick 035 189 1.50E+  3.04 34.61 500 6065
07
Concrete 0.35 9.7 S.10E+  1.74 2527 500 10412
07
Aluminum  0.35 3.7 295E+  0.78 29.71 500 22260
08
Unit : d—m, S—dimensionless quantity, fc— Pa, [— dimensionless

quantity, N—dimensionless quantity, M—kg, a,.« =G value.
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Fig. 9. Shock test system.

with a 0.8 Mach striking velocity. The deceleration data were
calculated using formula (3).

V. SHOCK TEST

The smart sensor was placed on the MTS shock test machine
(MTS 848), which can be used for performing shock tests at up
to 30 000. This shock test machine was used to determine the
G value for use in the simulation when the projectile penetrated
the target.

The shock test was performed using the system shown in
Figs. 9 and 10. The G value is varied by adjusting the height
through which the sensor falls or by changing the shock pad. In
the original design, when the shock G value is between 3000 and
4000, only the type 4 sensor is triggered and the triggering signal
is transmitted to DSP. Similarly, when the shock G value is be-
tween 5000 and 7000, type 3 and type 4 sensors are triggered,
and the triggering signal is transmitted to DSP. Comparing the
signals collected at DSP indicates that the materials in the tar-
gets could be identified, as shown in Table I'V.
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Fig. 10. Test circuit schematic.
TABLE IV
SHOCK TYPE RESULTS
Sensor G value Material
type Code
3000~4000  5000~7000  8000~10000  >20000
Type 4 trigger trigger trigger trigger 00
Type 3 X trigger trigger trigger 01
Type 2 x x trigger trigger 02
Type 1 x x x trigger 03

VI. CONCLUSION

This study presents four G sensors, which are designed to
trigger at G = 3000-21 000. Silicon is used as the structural
material of the sensor and the triggering mechanism involves a
cantilever and a spring structure. The mechanical sensitivity was
adjustable and four high G sensors, each operated at a particular
G level, are combined with a digital signal processor to construct
a smart sensor. The smart sensor identifies materials in hard
object when a projectile makes an impact on a hard object.
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