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A Novel Threshold Accelerometer
With Postbuckling Structures for

Airbag Restraint Systems
Jian Zhao, Jianyuan Jia, Hongxi Wang, and Wanli Li

Abstract—Based on the postbuckling theory of large deflection
beams, the nonlinear stiffness of a postbuckling beam is deduced
and in agreement with the results of buckling experiments. Then,
a novel postmachined threshold accelerometer is designed, which
consists of eight oblique postbeams with an inertial mass in the
middle to ensure its single moving direction and an electrical
contact part fabricated on the bottom of the inertial mass. The
threshold accelerometer is an integration of a threshold sensor and
an inertial driven actuator used in airbag restraint systems. When
the acceleration reaches the threshold, the beams buckle and close
the threshold accelerometer, and when it gets down to be a certain
value, the accelerometer opens quickly under the effect of the
elastic force developed by the postbuckling beams. Compared with
the design models of other threshold accelerometers with linear
beam structures, the nonlinear postbuckling beams are introduced
as threshold sensing elements. A number of design factors such
as the air film damping and the contact force are taken into
full consideration, thus establishing the dynamic equation of the
accelerometer under coupled forces. The dynamical simulation
for the strong nonlinear system with elliptic integrals indicates
its good threshold characteristic and high contact reliability. The
threshold accelerometer responds within 4 ms when it is triggered
by a threshold acceleration ac = 20 g, and cuts off quickly when
the cutoff acceleration is under ad = 5 g. Meanwhile, the unstable
contact time is only 0.02 ms for the contact force to reach 50 mN,
which guarantees the contact resistance to be less than 20 m
.
With the results of the dynamic simulation, supported by previous
buckling experiments, the accelerometer can provide accurate
threshold sensing without false actuations under interferences
outside, especially electromagnetic and vibration interferences,
and hence their wide applications in safe-arming systems.

Index Terms—Microelectromechanical systems (MEMS), non-
linear stiffness, postbuckling, threshold accelerometer.

I. INTRODUCTION

MOST accidents occur due to the malfunction of airbag
restraint systems under interferences such as elec-

tromagnetic and pulse noises. As a result, modern inertial
measuring and controlling systems including vibration isola-
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tion systems, systems in aircrafts and airbag restraint systems
require threshold accelerometers not only to have the charac-
teristics of fast response, high sensitivity, low cost and good
reliability but also to resist any outside disturbances. Among
these accelerometers, since it needs to sense the threshold
acceleration and switch the circuit between On and Off states
depending on the acceleration amplitude, the threshold ac-
celerometer with postbuckling beams is an integration of a
threshold sensor and an inertial driven actuator. The inertial
force used to actuate the accelerometer and supply a stable
contact force when the circuit is switched on is different from
the electrostatic force and electrothermal force widely used in
microactuators. When the outside acceleration is less than a
certain value, the threshold accelerometer can switch off the
circuit automatically. Therefore, with its perfect antijamming
capability on electromagnetic and vibration interferences, the
mechanical threshold accelerometer is an excellent device in
airbag restraint systems in automobiles or other safe-arming
systems.

Bistable postbuckling mechanisms which possess excellent
performance in decreasing power consumption are very useful
in the design of a wide variety of microdevices. The perfor-
mance of the threshold accelerometer depends largely on the de-
sign of the threshold sensing element. Fortunately, the nonlinear
postbuckling bent-beam structure can fulfill the requirements of
the static design of the threshold accelerometer. As is known,
the bistability and the nonlinear stiffness occur when a vertical
force is applied to the middle of the bent-beam. Taking advan-
tage of the bistability of the bent-beam, several kinds of bistable
microacturators have been fabricated and applied as the sub-
systems in various microelectromechanical systems (MEMS)
fileds. For example, Wilcox et al. [1] design an on-chip mi-
croactuator with the linear compliant tensural bistable mecha-
nisms. Enikov et al. [2] design a V-shaped thermal microac-
turator with buckling beams. However, the precise computation
model for the buckling beam based on the large deflection theory
has not been built. In [3], a linear postfeeding system with com-
pliant bistable mechanisms is designed. Hwang et al. [4] also
use the equivalent stiffness model of buckling structures to de-
sign a chevron-type bistable microactuator. Receveur et al. [5]
design a bistable DC switch for biomedical application with a
double-clamped beam structure. However, these postbuckling
bent beams with good threshold characteristics have not yet
been applied in designing threshold accelerometers. In contrast,
other MEMS structures, such as cantilever and residual stress
buckled beams, are used as sensing elements in acceleration
threshold switches in the inertial systems [6]. Go et al. [7] de-
sign a snapping microswitch with a prestressed buckled beam
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Fig. 1. Bent-beam structure. (a) Original state. (b) Postbuckling state.

which is actuated by the electrostatic force. Matsunaga et al. [8]
use the squeeze film effect to extend the holding time of the ac-
celeration switch for the side airbag system. However, the linear
beam structure used in this acceleration switch has no obvious
threshold characteristic and is not an excellent design element
in threshold switch. Michaelis et al. [9] and Wycisk et al. [10]
design a new type of acceleration threshold sensor on the top of
a CMOS signal processing circuit. Selvakumar et al. [11] use
cantilever structures to design an array of threshold accelerom-
eters for a wide range of threshold acceleration sensing sys-
tems. In addition, Sulfridge et al. [12] analyze the nonlinear
dynamic characteristics of a tunable postmechanical bistable
system with buckled beams, and point out the potential applica-
tions of buckled beams in switching. Although the compressed
bistable buckled beams are really excellent structures, the di-
mension consistency of the residual-compressive-stress beams
in the MEMS bulk production cannot be easily achieved. Con-
sequently, postbuckling bent beams are considered in designing
threshold accelerometers. Due to the strong nonlinearity of the
postbuckling beam, the dynamics of the bent-beam system is
also nonlinear. Besides the nonlinear stiffness, the influences
of the damping force and contact force on the dynamics of a
threshold accelerometer should also be taken into full consider-
ation to improve the accelerometer’s overall performance.

In this paper, the nonlinear stiffness of the postbuckling bent-
beam is analyzed in details according to the large deflection
buckling theory. The results of the stiffness analysis are in good
accordance with those of experiments. Based on the precise
stiffness analysis, a novel threshold accelerometer with oblique
supported beams is designed, which consists of eight oblique
postbeams with a mass in the middle. The symmetry of the
structure ensures the inertial mass to move in a single direction.
The dynamic design model of the accelerometer under coupled
forces is established. Different from other design models, the
film damping effects and the contact resistance are also consid-
ered as important factors in the design method proposed. Mean-
while, the contact stability and antijamming capability of the
sensing system are investigated.

II. ANALYSIS AND DESIGN OF THE INERTIAL DEVICE

A. Stiffness Analysis of the Bent-Beam Structure

Bent-beam structures have distinct advantages over the other
commonly used folded-beam ones since the former can provide
a nonlinear vertical motion and threshold structure buckling.
Furthermore, potential applications are developed in designing
microactuators and optical switches.

To solve the postbuckling problems of small deformation
beams, the predominant approach is used as a nonlinear
finite-element (FE) model, or to resort to a linear analytical

Fig. 2. Deformation of postbuckling bent-beam under combined load.

model based on the small deflection theory, which only agrees
with experiments in a relatively limited range of loadings.
The apex displacement of the bent-beam can only be reduced
in almost linear proportion to the vertical force in the design
process of microactuators [13], [14], and the error is large
compared with the results of experiments. This lack of a simple
and yet accurate tool for analyzing the postbuckling bent beams
results in a poor initial “guess” of the desired geometry and
multidesign iterations, thus not being able to provide an insight
into the deformation problems. Thus, the large-deflection-buck-
ling theory is needed to solve the intractability of the geometric
nonlinear control equations of the bent-beam to establish an
accurate design model of the threshold accelerometer.

A typical bent-beam structure is shown in Fig. 1. The
constraint beam is subjected to both compression and lateral
bending moments, thus resulting in vertical displacement.
Based on the symmetry of the structure, the left half span of the
bent-beam with reaction forces is analyzed and the coordinated
system used is shown in Fig. 2.

Using the geometric symmetry, force and moment equilib-
rium conditions, the geometrical relations (1) at the ending point
and the moment (2) at any section of the bent-beam can be ex-
pressed as

(1)

(2)

where represents the displacement of the fixed ending point,
the initial angle of the beam, the length, the coordi-
nate values of the ending point, the obliquity of elastic force ,
and the angle of any section along the beam. and stand
for the bending moments at the left and right clamped edges, re-
spectively. and , which can be expressed as
and , are axial and transversal components of force

. is the vertical elastic force. Assuming that the deformed
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shape of the beam can be described by a longitudinal displace-
ment and transversal displacement , the governing
equation of the postbuckling of a clamped–clamped supported
bent-beam can be given as

(3)

where is the Young modulus and is the moment of inertia.
By applying boundary conditions of the governing equation

(4)

conditions in (4) are self-explanatory and (1) indicates that
the center of the bent-beam can only move in the vertical
direction, as shown in Fig. 1. The above conditions constrain
the bent-beam to symmetric buckling modes only, which result
in a closed-form solution of the tip displacement and reaction
force. Phenomena such as the snap-through, which include
transition through asymmetric modes, are not included in the
present model.

The differentiation of (3) with respect to yields

(5)

Integrating (5) with respect to results in

(6)

Taking into the consideration of the bending moment
at the inflexion point where the cross-section angle , a
relation between and the ending point displacement ,
can be found from (6)

(7)

Considering the symmetric buckling modes of the postbuck-
ling beam, the relation between the moments at the two ending
points can be found by substituting (4) into (6)

(8)

Substituting (4) and (8) into (2), the relation between and
the ending point displacement , can be found in terms of

(9)

Then, moment at the ending point can be written as by
substituting the boundary conditions (7) into (6)

(10)

The moment-curvature equation of the buckled beam can be
written from (6) as

(11)

Then, the constraint condition of invariable length of the
beam is obtained by integrating (11) with respect to

(12)

The constraint condition of the displacement of the fixed
ending point is

(13)

Based on the geometric relations and force equilibrium rela-
tionship in Fig. 2, the vertical elastic force can be written as

(14)

where and are implicit functions of the vertical displace-
ment .

Therefore, with a given control parameter , the elastic force
and its obliquity can be determined by solving (9), (12),

and (13). Then, the nonlinear stiffness of the postbuckling beam
subjected to combined forces can be found by solving (3) with
the incremental-displacement numerical method.

For validating the theoretical deduction and the further ap-
plications of postbuckling beams, an electronic testing device
is designed, as shown in Fig. 3(a), and a run of experiments
are conducted to verify the nonlinear stiffness value analytically
calculated.

As shown in Fig. 3(a), the postbuckling testing device con-
sists of a displacement transducer, a force sensor, a supporting
platform and two output screens. The oblique be-bronze beams
are fixed on the postbuckling platform when the vertical force is
applied to the fixed middle point. When the middle tip moves,
the values of the displacement and the corresponding reaction
force can be sensed and displayed on two different screens, re-
spectively. The parameters of the beam structure can be deter-
mined, as shown in Table I.

Fig. 3(b) shows the elastic vertical force versus the ver-
tical displacement . When the inertial force exceeds the critical
buckling force, the elastic force decreases as the vertical dis-
placement increases. The force decreases to zero at the un-
stable equilibrium position, and then the buckled beam snaps to
another equilibrium position automatically, which is consistent
with the results accomplished by our experiments. By regulating
the initial angle and dimensions of the postbuckling beams, dif-
ferent force-displacement curves can be obtained. Therefore,
different kinds of threshold acceleration sensing devices can be
designed by using the postbuckling nonlinear stiffness and the
threshold characteristic of the bent-beam structures.
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Fig. 3. Testing and simulation of postbuckling beams. (a) Electronic testing
device for post buckling beams. (b) Elastic force versus transverse displacement.

B. Structure of the Accelerometer

The postbuckling beams can be used in the design of a
threshold accelerometer which can be adapted to switch be-
tween On- and Off-states depending upon the amplitude of
the acceleration applied to trigger the accelerometer. For ex-
ample, when the acceleration amplitude exceeds the predicted

TABLE I
STATIC STRUCTURE PARAMETERS OF THE BEAM

Fig. 4. Static design principle.

threshold , the threshold accelerometer needs to convert
the Off-state into the On-state. Then, the circuit controlled
by the accelerometer is switched on. On the contrary, when
the acceleration amplitude is under the cut-threshold , the
accelerometer is shifted to the Off-state rapidly.

The static design principle is shown in Fig. 4. As is known, the
driven force of the threshold accelerometer is the inertial force.
According to the above analysis of the postbuckling beam, the
elastic force decreases as the mass displacement increases, and
the elastic force at the contact point should be less than the iner-
tial force. Hence, a certain contact force can be supplied by the
difference between the inertial force and the elastic force. When
the distance between the inertial mass and the fixed contact is
large, the elastic force at the contact point is positive, and when
the distance is small, the elastic force is negative and the con-
tact force becomes large. Therefore, the contact force obviously
depends on the inertial force and the distance the inertial mass
moves.

Based on the above analysis of the postbuckling bent-beam,
a novel threshold accelerometer is designed, as shown in Fig. 5.
Deep-reactive-ion-etching (DRIE) technology is introduced to
manufacture the accelerometer, which allows the fabrication of
microstructures with high aspect ratios (etch depth divided by
lateral feature size) and near vertical sidewalls in
single-crystal or polycrystalline wafers. The gold contact point
can be sputtered on the surfaces of the structure. The typical
thickness of a double-sided polished 150 mm wafer is 500 m,
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Fig. 5. The threshold accelerometer.

Fig. 6. Motion schematic diagram of the threshold accelerometer.

which requires about 2.5 h for a 100 m-wide trench. The fab-
rication processes include one layer of SiO for electrical isola-
tion, two layers of SOI for mechanical structures. By employing
the DRIE process, the only work that needs to be done by users
is to draw masks and do the postprocessing including etching
the sacrificial layers to release the structure layers.

The accelerometer consists of eight oblique beams centrally
clamped with an inertial mass, a length of , and an initial angle

. After the vertical inertial force applied on the mass reaches
the critical value, the bent-beams buckle and push the inertial
mass to a predicted position to satisfy the design task. Eight
supporting beams are used to prevent the torsion moments. The
simplicity of the structure guarantees the bulk production of this
kind of accelerometer.

III. DYNAMIC DESIGN AND SIMULATION

Since the dynamic characteristics of a threshold accelerom-
eter depend upon the movement of the inertial mass, the mo-
tion characteristic of the inertial mass should be first analyzed.
Considering the gas film damping coefficient and the nonlinear
contact process, the motion principle of the inertial mass is de-
scribed, as shown in Fig. 6.

represents the movement of the case, the move-
ment of the mass, and the relative move-
ment of the mass. Therefore, according to the basic principle of
mechanics, the dynamic equation of the accelerometer system
can be written as

(15)

(16)

where is the total stiffness of eight oblique beams, the
nonlinear stiffness of postbuckling beam, the contact force,

the damping coefficient, and the acceleration of the case.
Then, substituting into (15), the dy-

namic equation can be changed as

(17)

Note that represents the dimension of the beam,
the dimension of the inertial mass, the height of

the contact, and the distance between the undersurface and
the case.

Then, the gas film damping coefficient [15]–[18] can be de-
scribed as

(18)

where is the gas kinetic viscosity and the
auxiliary value.

Based on the elastic Hertz theory [19], [20], the relation be-
tween the contact force and the displacement can be derived as
follows:

(19)

where represents Young’s modulus, the Poisson ratio, and
the contact radius.
Substituting (18), (19), and the nonlinear stiffness into the

control (17), the time response of the accelerometer system can
be simulated.

The complicated control system developed in this research
is of strong nonlinearity and is hard to be solved analytically.
Hence, the Runge–Kutta method is used to simulate its kinetic
characteristics.

Based on the static design of the threshold accelerometer and
the nonlinear stiffness of the buckled beam, the constraint con-
ditions of dynamic design of the threshold acceleration sensing
devices are found as follows.

a) The inertial threshold force exceeds the critical buckling
load of the oblique beam

(20)

where is the threshold acceleration, the total stiff-
ness of the structure, and the critical buckling position.

b) The contact force must be more than 50 mN [20]–[23] to
ensure the contact stability

(21)

c) If the acceleration is less than the cut-threshold, the
threshold accelerometer cuts off automatically

(22)

where is the cutoff acceleration.
Therefore, with these constraint conditions (20)–(22) of de-

signing the accelerometer and given g and g,
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TABLE II
STATIC STRUCTURE PARAMETERS OF THE THRESHOLD ACCELEROMETER

Fig. 7. Step-up acceleration signal.

we can determine the structure parameters by using the linear
search method [Table II].

Different from relays, the threshold accelerometer depending
on the acceleration amplitude needs to switch between On- and
Off-states. Hence, the threshold accelerometer is an integration
of a sensor and an actuator. Therefore, we can use a step-up
acceleration signal shown in Fig. 7, to simulate the dynamic
characteristics of the microaccelerometer to validate the design
and analysis theory of the threshold accelerometer.

Figs. 8 and 9 show the dynamic responses of the threshold ac-
celerometer applied to several accelerations with different am-
plitudes, where is the outside acceleration applied on the ac-
celerometer. For , the threshold accelerometer never
switches and the contact force keeps zero, which indicates that
the threshold accelerometer remains on the Off-state. For

, it only takes 4.0 ms for the accelerometer to convert from
Off-state to On-state, and the unstable contact time is 0.02 ms
which can reduce the influence of the contact heat and the elec-
tric arc effectively. Meanwhile, the contact force is larger than
50 mN which can decrease the contact resistance and improve
the contact stability. When the acceleration amplitude is under
the cut-threshold , the accelerometer cuts off rapidly.
In Fig. 9, when the accelerometer is triggered by the threshold
acceleration, the contact force can be kept in a certain value to
switch on the circuit with a low contact resistance until the accel-
eration is less than the cut-threshold. For , the response

Fig. 8. Time response of the accelerometer for different accelerations.

Fig. 9. Contact forces of the threshold accelerometer for different
accelerations.

time decreases and the contact force increases as the acceler-
ation amplitude increases. The curves in Fig. 8 also show that
the system stays at an overdamped state and we can regulate
the gas film damping coefficient to reduce the response time,
correspondingly weakening the antijamming capability of the
system.

IV. ANTIJAMMING PERFORMANCE

In this section, the dynamic response of the threshold ac-
celerometer under the interference noises is analyzed by using
the numerical simulation. Then, the amplitudes of different
noisy signals that the system can bear are obtained by the
dynamic simulation. For pulse noise, represents the largest
amplitude that the threshold accelerometer can resist at a
definite pulsewidth . For harmonic noises, due to the difficulty
in confirming the effective frequency of the mixed harmonic
noises, the sinusoidal signal is introduced as the interference
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Fig. 10. Amplitudes that the system can bear versus pulse widths.

Fig. 11. Noise amplitudes that the system can bear with different frequencies.

in the antijamming capability simulation. While sinusoidal
interfering signals with different frequencies are applied, the
antijamming performance can be expressed by the largest
amplitude that the system can bear.

Since the nonlinearity of the threshold accelerometer struc-
ture, the natural frequency is obtained by simulating the
system response numerically. The procedure above is also valu-
able in the dynamic analysis of other kinds of the acceleration
sensing systems. The relation between the frequency and the in-
terference amplitude of the harmonic noise that the system can
bear is shown in Fig. 11, and the amplitude versus the pulse
width of the pulse noise in Fig. 10. In Fig. 11, represents
the natural frequency, the noise frequency, the interfer-
ence amplitude that the threshold accelerometer can bear, and

the gas film damping coefficients in different cases.
From the time responses shown in Fig. 8, we can see that

the threshold accelerometer system is overdamped. In Fig. 10,

the interference amplitude of the pulse noise that the system
can bear is inversely proportional to the pulse width. When the
pulse width is more than 5 ms, the interference amplitude that
the system can stand is close to the threshold. When the pulse
width is less than 1 ms, the noise amplitude is much larger than
the threshold acceleration.

In Fig. 11, the higher frequency the noise has, the stronger
antijamming capability the system has. For the harmonic noise,
the interference amplitudes that the system can bear are larger
than the threshold, while the frequency ratio is larger than 0.03.
When , the resonance of the system occurs but the
threshold accelerometer does not change the state until the noise
amplitude increases to 70 g and 210 g when the damping coef-
ficients are equal to and , respectively. The phenomenon
shows that the dynamic magnification factor at is less
than 1 when the system is overdamping, which results in the
smaller resonance amplitude [24]. When , the ampli-
tude of the harmonic noise that the system can bear is less than
20 . When , the noise amplitude that the system can
bear increases as the noise frequency increases. The antijam-
ming capability of the system increases with the damping coef-
ficient, which is in agreement with the damping analysis in [24].

V. CONCLUSION

A novel microthreshold accelerometer for an airbag restraint
system is developed by utilizing the postbuckling characteris-
tics of large deflection postbeams with both ends fixed. In the
dynamic design model of the threshold accelerometer, a number
of design factors such as elastic forces of postbuckling beams,
damping forces calculated with the Reynolds Equations, and the
tip-to-drain contact modeled by elastic Hertz theory are all taken
into full consideration. The dynamic numerical simulation of the
accelerometer validates the feasibility of the design method of
a threshold accelerometer, with some conclusions as follows.

1) The accelerometer with postbuckling beams has an ob-
vious threshold characteristic, and the nonlinear stiffness
of the postbuckling beam derived above ensures the
accelerometer to convert states under the triggering of
threshold acceleration signal.

2) The thickness of the gas film between the inertial mass and
the shell of the accelerometer can be regulated to improve
the contact stability and the performance of resisting dis-
turbance. After initially contacting the substrate, the ac-
celerometer undergoes a few bounces which last a very
short time until permanent contact is maintained when the
damping coefficient is small.

3) The threshold accelerometer has a strong capacity of dis-
tinguishing signals. It cuts off automatically when the ac-
celeration is less than a certain value.

4) The mechanical threshold accelerometer designed in this
paper can prevent disturbances like electromagnetic and
vibration noises, and improve the accuracy of the airbag
restraint system.

Considering the effects of the damping force and the contact
force, the strong nonlinear dynamic model subjected to multi-
forces is established, which is significant in the dynamic design
and analysis of other kinds of acceleration sensing devices.
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