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ABSTRACT

This paper reports a design concept for robustness

improvement of micromachined gyroscopes. The nov-

elty of the approach is in expanding the design space of

the device by increasing the degrees-of-freedom (DOF)

of the system. The approach facilitates the use of two

independently oscillating proof masses instead of one as

is done in classical designs. Utilization of the dynamic

ampli�cation approach in the 4 DOF system eliminates

the necessity of operating the device in the resonance

mode. Simulations indicate over 15 times increase in the

bandwidth of the system, which demonstrates a signi�-

cantly improved robustness against structural and ther-

mal parameter 
uctuations over the operating time of

the device.

Keywords: MEMS, inertial sensors, micromachined

gyroscopes.

1 INTRODUCTION

All existing micromachined rate gyroscopes operate

on the vibratory principle of a single proof mass sus-

pended by 
exures anchored to the substrate. The 
ex-

ures serve as the 
exible suspension between the proof

mass and the substrate, allowing the mass to oscillate

freely in two orthogonal directions - the drive and the

sense [1]. The proof mass is driven into resonance in

the drive direction by an external sinusoidal force with

a certain drive frequency. If the gyroscope is subjected

to an angular rotation, the Coriolis force is induced in

the y-direction. The resulting oscillation amplitude in

the sense direction is proportional to the Coriolis force,

and thus to the angular velocity to be measured [2].

To achieve the maximum possible gain, conventional

gyroscopes are designed to operate at the peak of the

response curve. This is typically achieved by matching

drive and sense resonant frequencies (Fig. 2). How-

ever, the system is very sensitive to variations in system

parameters causing a shift in the resonant frequencies.

For example, a 1% 
uctuation in frequency matching

between drive and sense modes will produce an error of

20% in the output signal gain [3]. Under high quality

factor conditions, the gain is high, but the bandwidth

Figure 1: Illustration of the dual-mass z-axis gyroscope.

is extremely narrow. Furthermore, the gain is a�ected

signi�cantly by 
uctuations in damping (Fig. 2).

Fabrication imperfections are inevitable, and a�ect

material properties and geometry of MEMS structures.

Thus, changes in elastic modulus, beam thickness and

residual stresses have signi�cant e�ects on the resonant

frequencies of gyroscopes. Generally, sophisticated con-

trol electronics is required to maintain operation in the

region of the resonance peak [4]. To eliminate the limita-

tions of the existing micromachined gyroscopes, a design

approach that facilitates the use of two oscillating proof

masses (Fig. 1) is proposed.

Figure 2: Schematic of a conventional gyroscope, which has

two principle directions: drive and sense. The gain is very

sensitive to drive and sense mode resonant frequency, match-

ing variations, and damping 
uctuations.



2 PRINCIPLE OF OPERATION

In contrast to conventional micromachined gyroscopes,

the proposed approach utilizes dynamic ampli�cation

of mechanical motion without requiring the system to

operate in resonance [5]. In order to achieve dynamic

ampli�cation, a system containing two independently

vibrating proof masses (Fig. 3 is used). In the system,

the �rst mass is forced to oscillate in the drive direction.

This forced oscillation is ampli�ed by the second mass.

The response of this passive mass to the rotation in-

duced Coriolis force is monitored providing the angular

rate of object rotation.

Figure 3: Schematic of a lumped model of the dual-mass

gyroscope. The �rst mass is driven in the x direction, and

the response of the second mass along the y-axis is sensed.

With appropriate selection of system parameters, one

can obtain a frequency response illustrated in Fig. 4.

There exist three regions of interest on this response

curve: two resonant peaks (regions 1 and 3) and a 
at

region between the peaks (region 2). The nominal op-

eration of the gyroscope is in the 
at region, where the

signal gain is relatively high, and the sensitivity of the

gain to driving frequency variations is low [3].

Figure 4: Response of the dual-mass gyroscope includes two

resonant peaks (regions 1 and 3) and a 
at region between

the peaks (region 2), which is the nominal operation region.

To achieve the maximum possible response of the gy-

roscope, amplitude of the drive-direction oscillation of

the passive mass should be maximized. When the driv-

ing frequency is matched with the resonant frequency

of the isolated passive mass-spring system - maximum

dynamic ampli�cation is achieved.

(a) (b)

Figure 5: (a) The drive-mode magnitudes of each mass.

At the antiresonant frequency, oscillation amplitude of the

controlled mass approaches to zero. (b) The dynamic ampli-

�cation ratio reaches its maximum at the resonant frequency

of the isolated passive mass-spring system.

3 DESIGN APPROACH AND

IMPLEMENTATION

An implementation of the conceptual design, Fig. 3,

is illustrated in Fig. 6 (also see [5]). The dynamic sys-

tem of the proposed micromachined gyroscope consists

of two vibrating proof masses, 
exures between the ac-

tive mass and the ground which are anchored to the

substrate, and 
exures between the active mass and the

passive mass, mechanically coupling the masses (Fig. 6).

Figure 6: Simpli�ed illustration of the dual-mass z-axis gy-

roscope.

The complete suspension system consists of two sets

of four 
exible beams per each mass (Fig. 6). One set

of �xed-guided beams provides the desired spring rate

in the drive direction, while the other set provides the

desired spring rate in the sense direction [5].

Spring rates for a mass in drive or sense direction

are determined by translational sti�ness of four �xed-

guided beams if the axial strains in the other beams



Figure 7: The proposed con�guration of the suspension al-

lows proof masses to freely oscillate within a plane of oper-

ation.

are neglected. Thus, each sti�ness value in the dynamic

system can be calculated as [6]:
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where E is the Young's Modulus, w is the width

of the beam elements in the suspension, and t is the

thickness of the structure. The individual beam lengths

are shown in Fig. 7.

The damping values in the dynamic system can be

represented as a combination of Couette 
ow between

the masses and the substrate, Couette 
ow or squeeze

�lm damping between the integrated comb �ngers or the

air gap capacitors [2]
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Here, A1 and A2 are the areas of the active and pas-

sive masses respectively; z0 is the elevation of the proof

mass from the substrate; t is the thickness of the suspen-

sion; Ncomb, Ncap, lcomb, and lcap are the number and

length of comb-drive electrodes and air-gap capacitors,

respectively. ycomb and ycap are the distances between

the �ngers, p is the ambient pressure within the cavity

of the packaged device, and �p = 3:710�4 kg

m2storr
is the

viscosity constant for air.

In the drive mode, a sinusoidal force F = F0sin(!t)

is applied to the active mass by the comb-drive struc-

ture that imposes a balanced interdigitated comb-drive

scheme. Applying V1 = VDC + �AC to one set of comb

drives (e.g. the set on the right side in Fig. 6), and

V2 = VDC � �AC to the opposing set (the set on the left

side), the net electrostatic force is linear to �AC , which

will lead to simpli�cation of the dynamic model

F = 4 "0z0N
y0

VDC�AC

Here, �AC = j�AC jsin(!t) is the sinusoidal voltage,

VDC is the constant bias voltage, z0 is the �nger thick-

ness, and y0 is the �nger separation.

4 DYNAMICS OF THE GYROSCOPE

When the active and passive masses are observed in

the non-inertial rotating frame, the "gyroscope frame",

additional inertial forces appear acting on both masses

[4]. The equations of motion for the two-mass system

can be written as

m1 ~a1 = ~F2�1+ ~Fs�1�2m1
~
x~v1�m1

~
x(~
x~r1)�m1

_~
x~r1

m2 ~a2 = ~F1�2+ ~Fs�2�2m2
~
x~v2�m2

~
x(~
x~r2)�m2

_~
x~r2

where ~r1 and ~r2 are the position vectors, and ~v1
and ~v2 are the velocity vectors of the masses de�ned

in the gyroscope frame. ~F2�1 and ~F1�2 are the op-

posing coupling forces between the masses that each

mass applies on the other depending on relative position

~r2� ~r1, including spring and damping forces. ~Fs�1 con-

sists of spring and damping forces between the active

mass and the substrate and ~Fs�2 includes the passive

mass - substrate damping force. Since both masses are

subjected to an angular rate of 
 about the axis nor-

mal to the plane of operation (z-axis), the equations of

motion along the x-axis and y-axis become

m1 �x1 + c1x _x1 + k1xx1 = k2x(x2 � x1) + c2x( _x2 � _x1) +

m1

2x1 � 2m1
 _y1 +m1

_
y1 + Fd(t)

m2 �x2 + c2x( _x2 � _x1) + k2x(x2 � x1) =

m2

2x2 � 2m2
 _y2 +m2

_
y2

m1 �y1 + c1y _y1 + k1yy1 =

k2y(y2�y1)+c2y( _y2� _y1)+m1

2y1�2m1
 _x1+m1

_
x1

m2 �y2 + c2y( _y2 � _y1) + k2y(y2 � y1) =

m2

2y2 � 2m2
 _x2 +m2

_
x2.

Here, Fd(t) is the driving electrostatic force applied

to the active mass and 
 is the angular velocity applied

to the gyroscope about the z-axis.

The overall dynamic model can be reduced by driving

the active mass in the drive direction by Fd(t) with a

constant amplitude xo and a frequency !d. Assuming

the oscillation of the �rst mass in the drive direction is

set by the control system to be

x1 = xocos(!dt),

the system reduces to 3 degrees of freedom. The equa-

tions of motion of the system become [3]

�y1 + 2!n� _y1 + 2�!n�( _y1 � _y2) + (!n �
)y1 +

!2

n
�1(y1 � y2) = �2
!dxosin!dt+ _
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!2

n
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�( �x2�
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n
�2x2 = w2

n
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where � = m2=m1, �1 = k2y=k1y, �2 = k2x=k1x, � =

c2=c1, � = c1=(2m1wn), and wn is the natural frequency

in the sense direction .



5 MODELING RESULTS

Sensitivity analysis of the proposed design is studied

in this section. Fabrication variations can a�ect the pa-

rameters of gyroscopes directly. The thickness of the gy-

roscope structure is determined by deposition processes,

and the width of the suspension beam elements set by

lithography is a�ected by etching processes. In conven-

tional gyroscopes, fabrication variations result in reso-

nant frequency shifts, requiring compensation by sophis-

ticated control electronics. For the proposed system, a

0.05 �m deviation from 2 �m nominal beam width or

a 0.1 �m deviation from 2 �m nominal structure thick-

ness results in less than 1% error in the gain (Fig. 8b

and c). Moreover, a variation in deposition conditions

that a�ect the Young's Modulus of the gyroscopes struc-

ture by 10 MPa causes less than 0.5 % error (Fig. 8d).

The same parameter variations in a conventional micro-

machined gyroscope without compensation by control

system can result in over 10% error.

Pressure 
uctuations can have signi�cant e�ects on

conventional gyroscopes (Fig. 2). However, since the

proposed device does not operate in resonance, the re-

sponse is insensitive to damping changes in the opera-

tion region (Fig. 9). For a possible vacuum leakage due

to package sealing defects over the operation time of the

device from 100 militorrs to 500 militorrs, the device

gain reduces by less than 2% (Fig. 8a), where the same

pressure variation can result in over 20% gain reduction

in a conventional gyroscope design.

(a) (b)

(c) (d)

Figure 8: E�ect of (a) ambient pressure change form 100

militorrs to 500 militorrs, (b)0:05�m variation in the width of

suspension beams, (c)0:1�m variation in structure thickness,

(d)10 MPa variation in Young's Modulus, on the response.

Figure 9: The response in the operation region is insensitive

to variations in damping, which can, e.g. relax packaging

requirements.

6 CONCLUSION

A new design approach for increasing robustness of

MEMS gyroscopes is presented, the design and the dy-

namical system are analyzed, and e�ects of realistic pa-

rameter variations on the system response are investi-

gated. The implementation of the idea is based on the

use of two independently oscillating proof masses. By

utilizing dynamical ampli�cation, the necessity of op-

eration in the resonance mode is eliminated, and over

15 times increase in the bandwidth of the system is

achieved. The proposed device is demonstrated to have

improved robustness against expected fabrication and

packaging 
uctuations, especially against damping vari-

ations due to ambient pressure, compared to the conven-

tional gyroscopes. Consequently, tight fabrication toler-

ances and packaging requirements can be relaxed, re-

sulting in a lower production cost of MEMS gyroscopes.
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