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Abstract. The sequence of mode shapes play a vital role in designing
a dual mass tuning fork gyroscope (TFG). To avoid loss of energy, a
desired separation of frequencies between operating modes (out-of-phase
drive and sense) and parasitic modes is required. Hence, regulation of
mode shapes is an essential criterion in TFG design. In the present work,
the influence of several crucial parameters such as coupling mechanisms
and dimensions of folded beams on the in-plane frequencies are studied
numerically by using finite element based COMSOL software.

Keywords: Tuning fork gyroscope · MEMS

1 Introduction

Microelectromechanical systems (MEMS) have been of significant interest for
the design of inertial sensors because of their low cost, small size, and rugged-
ness and easy integration with the CMOS based signal conditioning readout
interface [1–3]. MEMS inertial sensors like accelerometer and gyroscope find
applications in consumer electronics, automobiles, defence, navigation, medical
and other fields [4–7]. MEMS gyroscopes can be classified as tuning fork gyro-
scopes (TFG) [8–11], comb type [12,13], disk type [14,15], and wine glass type
gyroscopes [16]. Applications like inertial navigation systems for ships, aircraft,
submarines, and other spacecraft require very high sensitivity and resolution
[17–19]. However, the resolution of inertial MEMS devices is mainly limited by
Brownian noise in micromechanical structures and interface electronics circuit
noise [20–22]. Low mechanical sensitivity of MEMS devices may cause the elec-
tronics noise to dominate and limit the resolution [23]. This challenge can be
addressed by exploiting different techniques like mechanical amplification using
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compliant mechanisms, geometric anti-spring design, mechanical coupling, and
mode-localized [26] designs toward the sensitivity improvement of MEMS gyro-
scope. However, while using any of these techniques, frequencies of gyroscopes
also get affected. The variation of frequencies due to coupling mechanisms and
their dimensions, we take tuning fork gyroscope (TFG) from [24] for further
analysis.

The TFG is mainly categorized as single mass gyroscope, dual-mass gyro-
scope and quad mass gyroscope. Single mass gyroscope consists of an overlap
between drive and sense vibrations, which requires a complex interface to dis-
tinguish the required Coriolis force. In the case of a quad mass gyroscope, the
mismatch between the four masses and stiffness introduces unwanted errors to
the measurement. In the case of a dual-mass gyroscope, the two proof masses
vibrate either in-phase or out-of-phase to capture the Coriolis force. Among
these two approaches, out-of-phase oscillations (operating modes) eliminate the
common vibrations.

Therefore, it is a necessary criterion to design dual-mass TFG such that
the out-of-phase drive and sense modes are away from other modes to reduce
interference. The present study utilizes various important parameters to regulate
the in-plane mode shapes to get the desired output.

2 Dual Mass Tuning Fork Gyroscope

Dual mass tuning fork gyroscopes consist of two masses oscillating in out-of-
phase mode. The basic design of the gyroscope is shown in the Fig. 1. The
performance of the TFG can be changed based on the coupling mechanisms
that will be described in further sections. In this section, various critical design
parameters and their effects on modulating natural frequencies are studied. The
fundamental frequencies and mode shapes are found out by using finite element
based COMSOL software.

Table 1. Element convergence study for TFG with spring type coupling

Element numbers 1,013,967 541,457 395,478 305,898 240,391

Element size (Lowest, highest) (1,30) (3,50) (10,50) (15,70) (20,90)

1st mode (Hz) 8960 8963 8986 8997 9011

2nd mode (Hz) 9401 9406 9428 9440 9452

3rd mode (Hz) 10,587 10,591 10,612 10,624 10,637

4th mode (Hz) 14,001 14,020 14,038 14,058 14,067

2.1 Dual Mass TFG with Spring Coupling

The design of TFG with spring coupling is shown in Fig. 1. A convergence study
based on the natural frequencies is first done to decide the minimum element
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size without compromising the accuracy of the solution. COMSOL software is
used for this purpose and results are shown for different element sizes in Table 1.
An element size of (1,30) is selected for the further modal analysis in Fig. 2. The
Y-axis and X - axis are taken as drive and sense directions, respectively. In the
first mode, an in-phase motion of the mass is observed in the sense direction. An
out-of-phase motion in the sense direction is seen in the second mode. The third
mode consists of an out-of-phase drive motion and the fourth mode is in-phase
drive motion.
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Fig. 1. (a) Dual mass TFG with spring coupling and (b) its lumped mass model

A free body diagram of the whole structure is drawn in Fig. 1b to derive
the analytical expressions. Each mass possesses of 2 degree of freedom (dof)
and, hence, the system will have 4 dofs. Therefore, there will be four governing
differential equations given in Eqs. 1–4. The force F1, F2, F3, F4 are applied
forces for each degree of freedoms. The stiffness K1, K2, K3, K4, K5, , K6 and
K7 are found analytically. There are three type of spring used in this gyroscope
shown in Fig. 3. The stiffness of the guided beam is given by KG = 12EI1/L

3
1,

where EI is Flexural rigidity of the beam. For the shorter beam like one shown
with the length L2 in Fig. 3b, the stiffness is obtained from KB = 3EI1/L

3
1.



Parametric Tuning of Natural Frequencies 165

(a) 1st Mode (8960Hz) (b) 2nd Mode (9401Hz)

(c) 3rd Mode (10587Hz) (d) 4th Mode (14001 Hz)

Fig. 2. Mode shapes of TFG with spring coupling
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Fig. 3. Various type of springs used in TFG

After the calculation of the beam stiffness, series and parallel combinations
are used to find the total stiffness of Fig. 3a–c structures.

M1ẍ1 + K1x1 + K4(x2 − x1) = F1, (1)
M2ẍ2 + K6x2 + K4(x1 − x2) = F2, (2)

M1ÿ1 + (K2 + K3)y1 = F3, (3)
M2ÿ2 + (K5 + K7)y2 = F4. (4)
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The above equations are solved for eigen values and the natural frequencies
are compared with COMSOL solutions in Table 2. The difference between the
analytical and COMSOL is due to the consideration of simplified model and
guided beam assumptions in the stiffness calculation. It is vital to regulate these
mode shapes according to our need. Various regulating parameters and their
effects on the sense and drive modes are described. Regulating in-phase sense
mode needs a different approach so it will be described at the last.

Table 2. Comparison of natural frequencies from analytical model and COMSOL

Analytical
(Hz)

COMSOL
(Hz)

9275.6
8960

9681.1
9401

10,062 10,587

10,126 14,001

(a) Modulating Out-of-Phase Sense Mode The dimensions of coupling
spring play a significant role in deciding the 2nd mode frequency. The length of
spring effects the 2nd mode drastically and can be seen from Fig. 4a. The increase
in coupling spring length reduces the stiffness in out-of-phase sense mode, thus,
it reduces the corresponding frequency, while, the other modes are unaffected.
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Fig. 4. Variation of natural frequencies for dual mass TFG with spring coupling with
(a) change in length of spring (a) change in width of lever

(b) Modulating Out-of-Phase Drive Mode The out-of-phase drive mode
can be regulated by changing dimensions of the folded beams in drive direction or
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by changing various coupling mechanisms. The other coupling mechanisms used
in our study are shown in Fig. 5. It can be observed by comparing the mode
shapes in Figs. 1, 6, and 7 that out-of-phase drive mode has shifted its position
from 2nd mode to 3rd mode for elliptical and diamond coupling, respectively.
Thus, coupling mechanisms can influence out-of-phase drive mode and out-of-
phase sense mode drastically.

(a) (b)

Fig. 5. Dual mass TFG with (a) elliptical coupling (a) diamond coupling

(a) 1st Mode (8969 Hz) (b) 2nd Mode (9015 Hz)

(c) 3rd Mode (10180 Hz) (d) 4th Mode (11051 Hz)

Fig. 6. Modeshapes of TFG with elliptical coupling

(c) Modulating In-Phase Drive Mode The dimensions of lever can be
changed to regulate the in-phase drive mode in TFG as shown in Fig. 4b. It
can be seen that with increase in the width of the lever, the stiffness of in-phase
drive mode increases, and, hence the natural frequency also increases.
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(a) 1st Mode (9008 Hz) (b) 2nd Mode (9662 Hz)

(c) 3rd Mode (10587 Hz) (d) 4th Mode (14001 Hz)

Fig. 7. Mode shapes of TFG with diamond coupling

(d) Modulating In-Phase Sense Mode It can be seen form above analysis
that in-phase sense mode remains the same irrespective of change in parameters.
Therefore, a special folded beam [25] is used as shown in Fig. 8. These beams will
only affect the in-phase sense mode during the motion. There is very small effect
on the frequency of out-of-phase sense mode. Consequently, it can be seen from
the Fig. 9 that the frequency of first mode is increased 21,168 Hz from 9008 Hz
(see Fig. 7).

Folded Beams

Fig. 8. Attachment of additional folded beam to regulate in-phase sense mode
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(a) 1st Mode (10588 Hz) (b) 2nd Mode (10689 Hz)

(c) 3rd Mode (14001 Hz) (d) 4th Mode (21168 Hz)

Fig. 9. Mode shapes of TFG with diamond coupling with folded beam attachments

3 Conclusions

In this study, the modal analysis of dual mass TFG is done by the help of
COMSOL software and validated by using analytical modeling. The effects of
various coupling mechanisms and folded beams dimensions on mode shapes are
explored. The main aim is to regulate the mode shapes of the TFG. It is found
that in-phase drive, out-of-phase drive and out-of-phase sense mode shapes can
easily be interchanged by changing the coupling mechanisms and dimensions of
the guided beams. The modulation of the in-phase sense mode shape require spe-
cial guided beam arrangements near the coupling mechanism. These mechanisms
only effects the in-phase sense mode.
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