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Abstract: A novel multi-fork z-axis gyroscope is presented in this paper. Different from
traditional quartz gyroscopes, the lateral electrodes of the sense beam can be arranged in
simple patterns; as a result, the fabrication is simplified. High sensitivity is achieved by the
multi-fork design. The working principles are introduced, while the finite element method
(FEM) is used to simulate the modal and sensitivity. A quartz fork is fabricated, and a
prototype is assembled. Impedance testing shows that the drive frequency and sense
frequency are similar to the simulations, and the quality factor is approximately 10,000 in
air. The scale factor is measured to be 18.134 mV/(°/s) and the nonlinearity is 0.40% in a
full-scale input range of £250 °/s.
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1. Introduction

The quartz gyroscope is an important sensor used in various civil and military applications [1-6].
For most quartz gyroscopes, the drive mode is the fork or beam’s vibration in the x-axis orientation
and the sense mode is the vibration in the z-axis orientation, while the input angular rate is in the
y-axis orientation. The drive mode, sense mode and electrode distribution of a typical quartz gyroscope
are shown in Figure la—c.Two parallel independent sense electrodes on each sidewall of the sense
beam (in Figure lc, parts 5 and 8 as well as 6 and 7 are separated) are required to gather the charges
induced by the sense mode. However, the whole thickness of the quartz tuning fork is about several
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hundred micrometers, so performance of the sensors is affected by fabrication errors and it is difficult
to deposit complicated electrode patterns [3,4]. Therefore, many researchers are working to explore a
comprehensive approach to reduce the process difficulties and to improve the performance of the
sensors [7-9]. In this paper, a type of z-axis gyroscope is introduced. It is fabricated using the quartz
anisotropic wet etching process. Details about the structure design, fabrication process, readout circuit,
and characterization of this kind of gyroscope are presented.

Figure 1. Vibration modes and electrode distribution of a traditional gyroscope.
(a) Drive mode (b) Sense mode and (¢) Electrode distribution.
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The organization of the paper is as follows: first a brief description of the principle and structure is
provided in the Introduction section. Device modeling is discussed in Section 2. Theoretical analysis
and simulation are introduced in Section 3. Fabrication and signal detection methods are described in
Section 4, while experimental test results are presented in Section 5, and the summary and conclusions
are given in the last section.

2. Design Concept
2.1. Structure of the Z-Axis Multi-Fork Gyroscope and Working Principle

The working principle of a quartz gyroscope is based on the Coriolis effect. In this paper, we
present a z-axis gyroscope. The structure of the drive fork and sense fork are shown in Figure 2a. Four
drive forks and four sense forks are arranged symmetrically. The electrode distribution of the left part
of the gyroscope is shown in Figure 2b, while the right part is symmetrical to the left part.

When the drive forks are driven, a vibration is induced along the x-axis based on the inverse
piezoelectric effect, while an opposite vibration occurs on the four drive forks in x-axis direction. The
drive mode is shown in Figure 3a. When the angular rate is applied on the z-axis, the Coriolis force can
make the cross beam move up or down leading to vibration in the sense mode as shown in Figure 3b.
The bending of the sense forks in the x-axis can generate a charge because of the piezoelectric effect,
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which is proportional to the Coriolis force and detected by the sense electrode. The angular rate can be
obtained by demodulating this charge signal.

Figure 2. Structure and electrode distribution. (a) The structure of the gyroscope and
(b) The electrode distribution of the left part.

support beam D+ 5.
- il
y sense fork
, /L; drive fork

D)

cross beam

Ll s

vertical beam

support beam

() (b)

Figure 3. Vibration modes of the gyroscope. (a) Drive mode and (b) Sense mode.

(b)

Therefore, the following benefits can be determined when comparing the gyroscope presented in
this paper with a traditional y-axis gyroscope:
1. The fabrication of the electrode is easy: it can sense the angular rate without
complex electrodes.
2. The thickness of the wafer has little effect on the mode frequency; thus, the wafer can
be made thinner, but the shock resistance should be considered.
3. The symmetry of this structure can suppress the effects of the linear acceleration and
cross-coupling, efc.
In addition, when compared to other z-axis gyroscopes [7-9], the sensitivity will be greater due to
the increase of the vibration amplitude of the sense forks.
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2.2. Design Rules

The most basic design goal is to obtain the appropriate resonant frequency; One beam of the drive
mode is shown in Figure 4a and a simplified driving fork is shown in Figure 4b. The modal coordinate
Equation is expressed as [10]:

€, =cosh(u,y)—cos(w,y)—o, [sinh(w,y)—sin(u, )] (1)
where, 1, and a, can be obtained by:

cosh(u,1)cos(u,1)£1=0 (2)

a, =[cosh(u,1) £ cos(u,!)|/[sinh(u,1) £ sin(u, )] 3)

From this equation, it is possible to express the resonant equation, as below:

’ EI 2
W, = pAl4 (:Uil) )]

where E and p represent the Young’s modulus and the density of the quartz, respectively. The sense

mode includes the vibration of the cross beam, drive fork, and sense fork, it shown in Figure 4c. To
simplify this model, it is considered that the sense fork and drive fork have the masses m1 and m2
(where m = density x volume), based on which the model can be expressed as in Figure 4d, where /
and /, represent the length of the left and right parts of the cross beam.

The Transfer Matrix Method [11,12] can be used solve the modal coordinate equations of this
structure that have been separated into several limited units from a complex system. The dimension
changes of the drive fork and sense fork can change the m1 and m2 values. The changes in m1, m2, /;
and /, can cause a resonant frequency change in the sense mode. The different beam has four elements
x = [w, 6, M, O]", which are lateral displacement, cross section angle of declination, bending moment,
and shear force respectively. The stiffness of the bending moment is EI.

Figure 4d shows that the sense beam can be considered as two point masses (ml, m2) and
two beams ((1), (2)). We designate the quantities of the left and right of the mass by superscripts L
and R, respectively.

First, considering the beam section from point 0 to point 1, the following equations can be
derived [12]:

2B
L 1 ll 1_ ; R
@ 2EI 6EI| |@
o / 2 7]
=0 1 L L -
M El 2EI| |M (5-a)
Q 1 1 ll Q 0
- O 1 -

Next, considering the point mass from the left of point 1 to the right of point 1, the following
equations can be obtained:
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Figure 4. (a) One beam of the drive mode; (b) Simplified model of the drive fork;

(¢) Right side of the sense mode; (d) Simplified model of the right side in the sense mode.
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From Equations (5-a) and (5-b), we can get the Equation (5-c):
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x=[w 8 M O]", Equation (5-¢) can be simplified as:
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(5-d)

Using the same method, the relationship from point 1 to point 2 can be written as

xX =Gy, where:

I I
M(m,@* ——+ Lm,@* - + m,
(m;, 2E1, 21y 2

/ 12
2_ 4 2_°l
+0(m,w +l,m,@ +m,®
Q(z 6E] 2172 2

2 3
1 12 12 12
2EI, 6E],
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2 2 » b ) b
m,w~ Lm,0" m,w m, +1
| 2EI, 6FEI,

Using the boundary conditions of the beam, which are expressed in Equation (6):

0)020,90:0
M2 =0,Q2:O

The state vector of the left point on the beam can be expressed as in Equation (7):

X&=lay 6 M 01'=[0 0 M O

Thus, Equation (8) is obtained:
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A system of homogeneous Equations can be obtained from the above result that are expressed in
Equation (9):

12 12
MO+ +m@® ———)+ O, + L, (m@* L +1))=0
(I+5L+m 2E11) O, + 1 (my ol )
) I | 2 4 BI > I
Mma)—+lmw—+ma)—+mma)—ma)—+
(o g T M Gy T 2ELL, 2E11) )

2 2 21 B2 12 I
Q(m2w2%+lzm2a)21—+m2a)2 21 +mlmza)4L+m1a)2%+m2a)2 2 _1+1)=0
6EI, 2EI, 2EI, 36E211, 6EI, 6EI,

The determinant is assumed to be zero, and @ (i is the order of the modal) can be obtained.

The results calculated in MATLAB are shown in Figure 5Sa—c, where £ = 1/Syn, m=p x [ X wx t,
_ wxt’
12

1

Figure 5. The relationship between frequency and various dimensions, (a) The length;
(b) The width, and (c) The ratio of the /;:/,.
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From the above analysis, it is possible to draw a couple of conclusions.

1. As the length of the cross beam increases the sense mode frequency will decrease. As
the width increases the sense mode frequency will increase. As the /;:/; ratio increases
the sense mode frequency will increase.

2. As the distance between the drive fork and the sense fork decreases, the sense mode
frequency will become higher.
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3. Simulation

3.1. Structure Simulation

12489

Finite element method (FEM) analysis is used to perform modelling and simulation. The frequency
change with different dimension of the fork is simulated as shown in Figure 6a—f.

Figure 6. The effect of different fork dimension on the frequency. (a) Frequencies versus
length of drive fork; (b) Frequencies versus width of drive fork; (¢) Frequencies versus
length of sense fork; (d) Frequencies versus width of sense fork; (e) Frequencies versus
length of cross beam, and (f) Frequencies versus width of cross beam.
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It can be seen from Figure 6a,b that the dimension change will affect the drive mode frequency and
sense mode frequency. The drive mode is more sensitive to the dimension change than the sense mode.
Figure 6¢,d show that the dimension changes in the fork affects the frequencies. A change in the sense
length has no influence on the drive frequency, but it changes the equivalent mass and sense
frequency. In Figure 6e,f the results of the change in the cross beam dimensions on the frequency are
shown. The dimension changes of the cross beam have a greater effect on the sense mode frequency
than on the drive mode frequency.

These results can be used to design the dimensions of a structure. From the simulation, the
dimensions of the chip are set as shown in Table 1 and Figure 7.

Table 1. The dimensions of the chip (um).

Item Value Item Value
Length of drive fork 7,030 Width of drive fork 790
Length of sense fork 6,400 Width of sense fork 800

[ 1,230 [, 1,420
Thickness of fork 500

Figure 7. The dimensions of the chip.
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From the above analysis, the following conclusions can be drawn:

1. The drive mode frequency is determined by the drive fork dimensions.

2. Sense mode frequency is dominated by the width and length of the cross beam.

3. Changes in the drive fork and sense fork will change the equivalent mass, and affect
the frequency of the sense mode.

4. The position of the sense fork will change the frequency of the sense mode.

3.2. Sensitivity of the Quartz Gyroscope

To obtain the highest sensitivity, the sensitivity can be expressed by Equations (10-a) and (10-b), in

which @ =, [13]:
2 2
‘ @; 0,0,
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¢, = arctan L - 10-b
T e -a) e

where, S is the sensitivity amplitude, ¢, is the sensitivity phase, w, is the drive mode frequency
and wy 1s the drive voltage signal frequency, ¢ is the drive displacement, and w, is the sense
mode frequency.

The output of the gyroscope is the charge signal; so, the result can be simulated in ANSYS
software. The voltage sensitivity result is shown in Table 2 and Figure 8, from which it is possible to

determine the charge sensitivity, where the amplitude is 0.1022 {fC/(°/s) and the phase is 179.795°.

Table 2. Simulation data with different angular rates.

Angular rate (°/s) Amplitude of Voltage Sensitivity (V) Phase of Voltage Sensitivity (°)

0 _ _

1 1.243 x 107 —-0.207
2 2.485x 107 —0.204
5 6.214x 107 -0.203
10 1.243 x 107" —0.203

Figure 8. Simulation of voltage sensitivity.
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4. Fabrication and Signal Detection

4.1. Fabrication Process

The fabrication process is shown in Figure 9 [14]. The prototype gyroscope is fabricated using a
surface polishing z-cut quartz wafer with a thickness of 500 um. Two masks are prepared for the
quartz fork figure and the electrode figure, called the quartz fork mask and the electrode mask
respectively. The quartz gyroscope can be realized by the quartz anisotropic wet etching process. After
the quartz wafer is cleaned (Figure 9a), Cr/Au films are deposited on the double surface, in which Cr
film is used to add the adhesive force (Figure 9b). Double side photolithography and etching are used
to make the Cr/Au mask, and the quartz fork mask is used during the photolithography (Figure 9c—f).
Then double side photolithography method is used again to form the electrode pattern. The electrode
mask will be used (Figure 9g,h) during the photolithography. A mixture of HF (40 wt % aqueous
solution) and NH4F (40 wt % aqueous solution) (concentration ratio of the HF and NH4F is 1:2) is used
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to etch the quartz at 50 °C for 48 h. Long etching time can give rise to good etch result, while it is
limited by the Cr/Au films adhesive force on the quartz wafer (Figure 91). After the Cr/Au films are
etched to form the electrode pattern, photoresist is removed (Figure 9j,k). Then side electrodes are
deposited by vacuum sputtering coating with an angle (Figure 91,m). Finally, the structure is mounted
on a pedestal with epoxy and electrically connected to the surrounding electronics with Au wire
bonding. The whole fabricated device is shown in Figure 10.

Figure 9. Fabrication process.
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Figure 10. Packaged device.

4.2. Impedance Testing

From Figure 11, it can be seen that the drive mode frequency F,; and the sense mode frequency Fj
are measured to be 11.185 kHz and 11.320 kHz, which are similar to the theoretical analysis and
simulation results. The Q factor of the drive mode and the sense mode is calculated to be 11,735 and
7,697 without vacuum packaging. The values of the drive mode and sense mode are shown in Table 3.

Table 3. Values of the drive mode and sense mode of the fork.

Static Dynamic Dynamic Dynamic
Frequency o . . .
(kHz) Factor Capacitance Capacitance Resistor Inductance
zZ
G (pF) (i (pF) R, (kQ) L, (kH)
Drive mode 11.185 11,735 6.631 0.017 71.450 11.931

Sense mode 11.324 7,697 7.131 0.005 345.485 37.387
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Figure 11. Impendence testing. (a) Impedance characteristic of drive mode and

(b) Impedance characteristic

of sense mode.
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4.3. Signal Detection

The signal detection method is shown in Figure 12 [15]. The differential amplifier is used to
eliminate common mode noise. The optimal phase relationship between reference and input signals
can be obtained in the phase compensation; while, the angular rate signal is demodulated using phase

sensitive demodulators (PSD).

Figure 12. Signal detection process; (a) Drive part and (b) Detect part.
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4.4. Performance Testing

The testing system is shown in Figure 13. The prototype is put on the rate table, the data is obtained
by the data acquisition device at a sampling rate of 10 times the bandwidth, and the data is averaged to
one value per second. The different input rates were from +0.1 °/s to +£250 °/s, and the output voltages
are recorded. The measured scale factor was 18.137 mV/(°/s) and the nonlinearity was 0.40% under a
full-scale input range of £250 °/s. The test results are shown in Figure 14 and statistical results are
shown in Figure 15. The output with £0.05 °/s angular rate input in shown in Figure 16, showing that
the sensitivity is higher than 0.05 °/s.

Figure 13. Testing system.

Figure 14. Output with different input angular rate with £0.1 °/s, £0.5 °/s, £1 °/s, £5 °/s,
+10 °/s, £20 °/s, +40 °/s, £60 °/s, £80 °/s, £100 °/s, £120 °/s, £140 °/s, +£160 °/s, +£180 °/s,
+200 °/s, £220 °/s, £240 °/s, £250 °/s.
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Figure 15. Statistical output with different input angular rate.
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Figure 16. Sensitivity test.
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5. Conclusions

In this paper, the modeling, simulation, fabrication, and performance characterization of a kind of
multi fork z-axis quartz gyroscope are presented. With the proposed scheme, the fabrication process on
the lateral electrode can be simplified compared to traditional quartz gyroscopes. Benefiting from the
multi fork design, a higher sensitivity than possible with some other z-axis quartz gyroscopes is
obtained. The structure is etched from a z-cut quartz wafer. The drive mode frequency is measured to
be about 11 kHz and the quality factor is about 10,000 in air at atmospheric pressure, indicating the
gyroscope can function in air without the need for a vacuum package. The experimentally obtained
scale factor is 18.137 mV/(°/s) and the nonlinearity is 0.40% in the range of £250 °/s. The sensitivity is
higher than 0.05 °/s at the bandwidth of 50 Hz.
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