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Modeling of the Micromachined Angular Rate and Linear
Acceleration Sensor LL-Type with Redirect of Drive and Sense Axes
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Abstract: The mathematical model of the integrated micromachined sensor of angular rates and linear
accelerations LL-type is offered. This model allowing to define moving proof mass of a sensor by electrostatic
forces on an axis of drive, angular rates and linear accelerations on three axes of sensitivity. Stiffness models
of elastic suspension proof mass micromachined gyroscopes-accelerometers are developed. Stiffness models
allowing to define mode resonant frequency of oscillations proof mass elastic suspension.
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INTRODUCTION integrated using the multi-axis MEMS angular rate and

Micromachining technology has  made  it  possible [1-5].
to fabricate microelectromechanical systems (MEMS) in This paper proposes a model of new gyroscope-
high volumes at low individual cost. Micromachined accelerometer structures that solves problems of
inertial sensors, consisting of gyroscopes and functionally integrated sensors of angular rates and linear
accelerometers, are one of the most important types of accelerations.
MEMS components. Micromachined gyroscopes and
accelerometers have been deployed in various Theory: The proposed design method [8-10] of
applications such as automotive active suspension, micromachined   single-mass  gyroscope-accelerometer
traction control systems, air bag activation, camcorder LL-type  is  the  functional  integration  of  the  angular
stabilization, mobile phone, inertial mouse and a number rate sensors LL-type with linear acceleration  sensors of
of other high-volume applications requiring low-cost, L-type, which allows  for  simultaneous  registration of
miniature-size devices at moderate resolution [1-5]. the angular rates along the two axes of sensitivity and

Several designs for micromachined gyroscopes and linear acceleration – of three. Feature of the proposed
accelerometers  have  been  reported   in   recent     years design method of micromachined gyroscope-
[1-4, 6, 7]. Micromachined gyroscopes and accelerometers accelerometer is the possibility to choose their operation
can measure the linear accelerations and angular rates in mode is to change the axes of sensitivity to angular rate.
one or two axes of sensitivity. These devices are Figure 1 shows the geometrical structure of the
produced in the form of hybrid or integrated gyroscope-accelerometer. The anchors of the structure
microsystems. Production of biaxial and uniaxial are placed at the outermost corners and connected to the
micromachined sensors of angular rate and linear movable and stationary electrodes with the help of
acceleration sensors on a single substrate disposed on suspension beams. The suspension beams supporting the
three mutually orthogonal axes of sensitivity, leading to proof mass are not attached to the anchors directly, rather
an increase in the substrate area occupied by them. To the  proof  mass  is  supported  by  the  beams  attached
solve this problem – to improve the weight and size of to the movable and stationary electrodes. Designed
microsystems allow registration of the motion parameters device manufactured  under  surface micromachining
of the object moving in three axes of sensitivity can be technology.

linear acceleration   sensors  (gyroscope-accelerometer)
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Fig. 1: Geometrical structure of the gyroscope-accelerometer

The gyroscope-accelerometer operates according to
the Coriolis coupling principle. The proof mass is vibrated
along x or y-axes by applying suitable ac excitation
between the movable and stationary electrodes and a dc
polarization voltage to the proof mass (drive mode). When
the substrate of the sensor is rotated around z-axis, the
proof mass tends to vibrate along y or x-axes due to
Coriolis coupling (sense mode). When the sensor
substrate is rotated around y or x-axes, the proof mass
tends to vibrate along z-axis (sense mode). By measuring
the amplitude of this induced vibration, the angular rate of
the applied rotation can be derived. When the substrate
of the sensor is accelerated along x-axis, the proof mass is
displaced along axis in the opposite direction (sense
mode). Similar action occurs when a linear acceleration
along the y and z-axes (sense mode).

The model of micromachined gyroscope-
accelerometer obtained on the basis of the Lagrange
equations as:

(1)

(2)

(3)

(4)

where m , m  – the mass of the movable electrodes andme pm

the proof mass; [beta] , [beta] , [beta] , [beta]  – dampingõ y z zpm

ratios; [omega] , [omega] , [omega]  – angular rates; F , F ,x y z x y

F – inertial forces; W – a charged capacitor energy; x, y,z

z – generalized coordinates of the movable electrodes; zpm

– generalized coordinates of the proof mass; k , k , k , kx y z zpm

– stiffness of the elastic suspension movable electrodes
and the elastic suspension proof mass [11, 12]:

(5)

(6)

where

E – Young's modulus; J , J  – axial moments of the elasticy z

beams cross sections inertia; L – length of elastic beams;
J  – polar moment of the elastic beams cross sections[rho]

inertia; [mu] – Poisson's ratio.
Resonant frequency of the sensor will be determined

by the expression:

(7)

(8)



World Appl. Sci. J., 27 (6): 759-762, 2013

761

RESULTS Based on the developed equations parameterized

Figure 2 shows resonant frequency calculation
results for (a) drive and (b) sense modes obtained using
the models stiffness (-) and numerical modeling package
ANSYS (o).

From the results shown in Figure 2, it is seen that the
error of modeling of modes frequencies as compared with
numerical methods does not exceed 10%.

(a)

(b)
Fig. 2: The modes resonant frequencies of the developed

device, which are (a) the drive mode and (b) the
sense mode.

VHDL-AMS description of gyroscope-accelerometer is
developed. Figure 3 shows simulation results of the
micromachined gyroscope-accelerometer using the
proposed model (1)-(4). As seen in Figure 3, the applying
voltage proof mass begin to make forced oscillations with
an amplitude of 8.6 mkm. Settling time of forced
oscillations is 3 ms. Thus the first 160 ms as a selected
drive axis of the axis y and the x-axis and z-axis sensitivity.
Further there is a mode change: x-axis – drive mode, y and
z-axis – sense mode.

When the substrate of the sensor is rotated around
x  or  y-axes  (100  deg/sec),  the proof mass vibrate along
z-axis. When the substrate of the sensor is rotated around
z-axis (500 deg/sec), the proof mass tends to vibrate along
y or x-axes. The amplitude of the proof mass is
proportional to angular rates and is 1.1 mkm in x and y-
axes and 520 nm on the z-axis. The operating direction of
the angular rate will determine the phase of the oscillation
of the inertial mass.

When  the  substrate   of   the   sensor is
accelerated along x, y and z-axes (9 g), the proof mass is
displaced along axis in the opposite direction,
respectively. The amplitude of the proof mass
displacement is  proportional  to  the  current  feedback
and is 1,7 mkm in x and y-axes and 397 nm along the z-axis.
The direction of action of linear accelerations will
determine the phase proof mass displacement. Duration
transients sensitivity x and y-axes is 3 ms, the z-axis – 2
ms.

Fig. 3. Results of modeling micromachined gyroscope-accelerometer
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