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Abstract - The microelectromechanical (MEMS) gyroscope is designed as a vibrating gyroscope and consists of inertial masses 

supported by spring suspension over a glass substrate. The gyroscope has two channels of operation, which correspond to two 

modes: the driving mode and the sensitivity mode. The silicon-sensitive element of the MEMS gyroscope was designed to have 

natural frequencies of 12500 Hz for both the primary and secondary oscillations, with a frequency mismatch between them of no 

more than 10 Hz. This ensures that the gyroscope can accurately detect and measure rotational motion. To test the gyroscope, 

the sensitive element was packed in a case under a pressure of 10-2 Pa and subjected to varying temperatures to determine the 

temperature coefficients of change in the natural frequency of the primary and secondary oscillations. The temperature 

coefficients of change in the natural frequency of the primary and secondary oscillations were found to be 1.61 Hz/°C and 1.31 

Hz/°C, respectively. This means that for every degree Celsius increase in temperature, the natural frequencies of the primary 

and secondary oscillations will change by those amounts. The testing results revealed that at a temperature of 20°C, the natural 

frequency of the primary oscillations was 12585 kHz, while the natural frequency of the secondary oscillations was 12609 kHz. 

These values are important for interpreting the output signals of the MEMS gyroscope and designing systems that use the 

gyroscope as a sensor. 

Keywords - MEMS gyroscope, Natural frequency, Temperature coefficient, Rotational motion, Inertial masses. 

1. Introduction 
The significance of microelectromechanical systems 

(MEMS) gyroscopes has been steadily growing. These 

devices are used in several fields like navigation, robotics[2], 

aerospace, and automotive engineering because of their small 

size, affordability, and precise performance [1]. 

Microelectromechanical systems (MEMS) gyroscopes 

function by harnessing the Coriolis effect, which arises when 

an item experiences rotational movement [3, 4]. The 

perpendicular deflection of the vibrating structure, induced by 

the Coriolis effect, is afterwards identified by the gyroscope 

as an output signal. The principal oscillation channel of the 

gyroscope is triggered by harmonic oscillations of inertial 

masses in accordance with the principle of operation. The 

gyroscope undergoes secondary oscillations of the inertial 

masses due to the Coriolis forces induced by angular velocities. 

Figure 1 illustrates the silicon sensor element of the gyroscope, 

including two constituent parts. 

The technique of resonant excitation is often used to 

induce primary oscillations [5-7]. By exciting the vibrational 

structure at its inherent frequency and with a high-quality 

factor, this approach facilitates the amplification of 

oscillations. In order to further improve the quality factor, the 

vibrational structure is encased inside a hermetically sealed 

casing to maintain a vacuum environment [9]. This 

configuration is used to optimize oscillation amplitudes across 

diverse applications. Nevertheless, the silicon structure 

exhibits susceptibility to variations in the surrounding 

temperature, resulting in thermal strain inside the structure.  

This, in turn, modifies the stiffness coefficient of the 

suspension beams and thus affects the intrinsic frequencies of 

both the primary and secondary oscillations. Moreover, the 

performance of the gyroscope is influenced by the 

temperature-dependent viscosity of the gaseous medium 

present inside the casing. The sensitivity properties of the 

gyroscope may be significantly affected by temperature 

variations, leading to a temperature drift in the MEMS 

gyroscope's output signal excitation and processing system. 

In order to examine the influence of temperature on the 

dynamic properties of the gyroscope, this research work 

examines the implementation of elastic suspensions in both 

the main and secondary oscillation channels.  

https://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 Silicon design of the MEMS gyroscope 

Additionally, a mathematical model is proposed to 

elucidate the impact of temperature on the natural frequencies. 

In addition, empirical findings are also provided as evidence 

to substantiate the mathematical framework. 

2. Elastic Element Modeling in the Channel of 

Primary Oscillations 

The primary oscillation channel in a symmetrical 

structure can be simplified as a system of inertial masses and 

elastic elements, as depicted in Figure 2.  

The third type of elastic element (Figure 3) suspends the 

inertial mass above the glass substrate. All elastic elements 

have the same stiffness coefficients, where:  

𝑘1 = 𝑘2 = 𝑘3 = 𝑘4 = 𝑘1 = 𝑘2 = 𝑘3 = 𝑘4 = 𝑘𝑦1 

𝑘5 = 𝑘6 = 𝑘7 = 𝑘8 = 𝑘5 = 𝑘6 = 𝑘7 = 𝑘8 = 𝑘𝑦2 

𝑘9 = 𝑘10 = 𝑘9 = 𝑘10 = 𝑘𝑦3 

The intrinsic frequency of main oscillations can be 

calculated using formula (1) 

𝑓𝑦 =
1

2𝜋
⋅ √

𝑘𝑦

𝑚𝑦

     

 (1) 

where my is the mass of the moving body in the primary 

oscillation channel. 

 
Fig. 2 Simplified primary channel system 
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Fig. 3 Models of elastic elements in the channel of primary vibrations 

 
Fig. 4 Design of the first type of elastic elements 

 

 The design of the first type of elastic element is shown in 

Figure 4. This elastic element can be divided into separate 

sections with two types of deformation when analyzing and 

calculating stiffness under the influence of force F along the Y-

axis, namely longitudinal deformation and deflection [10-12]. 

Where my - is the mass of the moving body; k1, k2, k3, k4, k5, k6, 

k1', k2', k3', k4', k5' and  k6' are stiffness coefficients of elastic 

elements of the first type; h‒ height, and w‒ width of the elastic 

elements;  l1, l2, l3, l4, l5, l6, l7, l8 are the lengths of the elastic 

elements of the first type; l12, l22, l32, l42, l52  are the lengths of 

elastic elements of the second type; l13, l23, l33, l43, l53  are the 

lengths of elastic elements of the third type. The first type of 

elastic element's stiffness coefficient, consisting of eight 

components connected in series, can be determined by equation 

(2): 
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1

𝑘𝑦1
=

1

𝑘𝑐1
+

1

𝑘𝑐3
+

1

𝑘𝑐5
+

1

𝑘𝑐7
+

1

𝑘𝑐2
+

1

𝑘𝑐4
+

1

𝑘𝑐6
+

1

𝑘𝑐8
 (2) 

 

Assuming the mass of the moving body is much greater than 

that of the elastic element, which can be neglected, the stiffness 

coefficient of the first type of elastic element, 𝑘𝑦 , can be 

determined by checking the deformations of all sections caused 

by the force F acting on its free end. The elastic element in Figure 

3 is fixed at one end and loaded with a force F along the Y 

direction at the other end. According to [10], the deformation of 

the beam can be determined using equation (3):  

𝜀(𝑦) = ∫
𝑁(𝑦)

𝐸⋅𝑤⋅ℎ
⋅
𝜕𝑁(𝑦)

𝜕𝐹
⋅ 𝑑𝑦 + ∫

𝑀(𝑥)

𝐸⋅𝐼𝑧
⋅
𝜕𝑀(𝑥)

𝜕𝐹
⋅ 𝑑𝑥  (3) 

Longitudinal deformation of the elastic element occurs in 

sections (2, 4, 6, 8) under the influence of force F. The axial 

tensile force N2 and longitudinal deformation ε2 of section 2 with 

length l2 can be determined using equation (4), while the axial 

compressive force N4 and longitudinal deformation ε4 of section 

4 with length l4 can be expressed using equation (5).  

{
𝑁2(𝑦) = 𝐹(𝑦),0 ≤ 𝑦 ≤ 𝑙2

𝜀2 = ∫
𝐹(𝑦)

𝐸⋅𝑤⋅ℎ
⋅
𝜕𝐹(𝑦)

𝜕𝐹
⋅ 𝑑𝑦 =

𝐹⋅𝑙2

𝐸⋅𝑤⋅ℎ

  (4) 

 

{
𝑁4(𝑦) = 𝐹(𝑦),0 ≤ 𝑦 ≤ 𝑙4

𝜀4 = ∫
𝐹(𝑦)

𝐸⋅𝑤⋅ℎ
⋅
𝜕𝐹(𝑦)

𝜕𝐹
⋅ 𝑑𝑦 =

𝐹⋅𝑙4

𝐸⋅𝑤⋅ℎ

                           (5)      

 

Similarly, axial forces and longitudinal deformations of 

sections 6 and 8 can be determined using similar formulas.  

{
𝑁6(𝑦) = 𝐹(𝑦),0 ≤ 𝑦 ≤ 𝑙6

𝜀6 =
𝐹⋅𝑙6

𝐸⋅𝑤⋅ℎ

  

 and    (6)  

{
𝑁8(𝑦) = 𝐹(𝑦),0 ≤ 𝑦 ≤ 𝑙8

𝜀8 =
𝐹⋅𝑙8

𝐸⋅𝑤⋅ℎ

            

 
Sections 1, 3, 5, and 7 bend in the Y direction under the 

action of force F. The deflections of the sections have the 

following form:  

{
𝜀1 = ∫

𝐹⋅𝑥

𝐸⋅𝐼𝑧
⋅
𝜕(𝐹⋅𝑥)

𝜕𝐹
⋅ 𝑑𝑥

𝑙1
0

=
𝐹⋅𝑙1

3

3⋅𝐸⋅𝐼𝑧

𝜀3 = ∫
𝐹⋅𝑥

𝐸⋅𝐼𝑧
⋅
𝜕(𝐹⋅𝑥)

𝜕𝐹
⋅ 𝑑𝑥

𝑙3
0

=
𝐹⋅𝑙3

3

3⋅𝐸⋅𝐼𝑧

   

and      (7) 

{
𝜀5 = ∫

𝐹⋅𝑥

𝐸⋅𝐼𝑧
⋅
𝜕(𝐹⋅𝑥)

𝜕𝐹
⋅ 𝑑𝑥

𝑙5
0

=
𝐹⋅𝑙5

3

3⋅𝐸⋅𝐼𝑧

𝜀7 = ∫
𝐹⋅𝑥

𝐸⋅𝐼𝑧
⋅
𝜕(𝐹⋅𝑥)

𝜕𝐹
⋅ 𝑑𝑥

𝑙7
0

=
𝐹⋅𝑙7

3

3⋅𝐸⋅𝐼𝑧

   

According to Hooke's law, the stiffness coefficient of the first 

type of elastic element is defined as [7]:  

𝑘𝑦1 =
3⋅𝐸⋅𝑤⋅ℎ⋅𝐼𝑧

3⋅𝐼𝑧⋅(𝑙2+𝑙4+𝑙6+𝑙8)+𝑤⋅ℎ⋅(𝑙1
3+𝑙3

3+𝑙5
3+𝑙7

3)
  (8) 

Similarly, the stiffness coefficients of elastic elements of the 

second and third types are calculated using formulas (9) and 

(10): 

𝑘𝑦2 =
3⋅𝐸⋅𝑤⋅ℎ⋅𝐼𝑧

3⋅𝐼𝑧⋅(𝑙22+𝑙42)+𝑤⋅ℎ⋅(𝑙12
3+𝑙32

3+𝑙52
3)

  (9) 

 

𝑘𝑦3 =
3⋅𝐸⋅𝑤⋅ℎ⋅𝐼𝑧

3⋅𝐼𝑧⋅(𝑙13+𝑙33+𝑙53)+𝑤⋅ℎ⋅(𝑙23
3+𝑙43

3)
   (10) 

2.1. Models of Elastic Elements in Secondary Oscillation 

Channels 

In the channel of secondary oscillations, the MEMS 

gyroscope exhibits sensitivity along two axes, the X and Z axes 

[13-15]. However, this study will concentrate on the design of 

secondary oscillations in the X direction, as shown in Figure 1. 

To suspend the inertial mass above the substrate in the channel 

of secondary vibrations, two types of elastic elements are used 

(as shown in Figure 5). The stiffness coefficients of these elastic 

elements are calculated in a similar manner to that of the primary 

vibration channel. 

𝑘𝑥1 =
3⋅𝐸⋅𝑤⋅ℎ⋅𝐼𝑧

3⋅𝐼𝑧⋅(𝑙14+𝑙34+𝑙54)+𝑤⋅ℎ⋅(𝑙24
3+𝑙44

3)
 (11) 

 

𝑘𝑥2 =
3⋅𝐸⋅𝑤⋅ℎ⋅𝐼𝑧

3⋅𝐼𝑧⋅(𝑙15+𝑙35)+𝑤⋅ℎ⋅(𝑙25
3+𝑙45

3)
  (12) 

 
Fig. 5 The elastic element models for the X-directional sensitivity channel in secondary oscillations 
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The natural frequency of secondary oscillations along 

the X-axis is given by equation (13): 

𝑓𝑥 =
1

𝜋
⋅ √

𝑘𝑥1+𝑘𝑥2

𝑚𝑥
                       (13) 

Here, 𝑚𝑥  represents the mass of the movable body in the 

channel of secondary oscillations along the X-axis and  𝑘𝑥1 

and 𝑘𝑥2  represent the stiffness of the two different types of 

elastic elements used in the suspension system. It should be 

noted that Young's modulus is temperature-dependent [16-18]. 

The equation for calculating Young's modulus at temperature 

is given by equation (14): 

𝐸(𝑇1) = 𝐸(𝑇0) ⋅ [1 − 5 ⋅ 10−5 ⋅ (𝑇1 − 𝑇0)]    (14) 

Figure 6 illustrates the dependence of natural frequencies 

on temperature within the range of -20ºС to 80ºС, using the 

mathematical models and parameters of elastic elements 

provided in Tables 1-2. The graph shows that the natural 

frequency of primary oscillations decreases with increasing 

ambient temperature, with an average frequency change factor 

of 0.31 Hz/°C within the given temperature range.  
 

Table 1. Elastic elements parameters in the channel of primary 

vibrations 

Parameters 
Value 

(µm) 
Parameters 

Value 

(µm) 

l1 10 l52 190 

l2 15 l13 10 

l3 15 l23 250 

l4 15 l12 10 

l5 230 l22 10 

l6 10 l32 10 

l7 220 l33 10 

l8 10 l42 10 

w 6 l43 250 

h 40 l53 10 

 
Fig. 6 Dependence of natural frequencies on temperature 

Table 2. Parameters of first-type and second-type elastic elements 

Section 
Type 1 

(µm) 

Type 2 

(µm) 

1 10 10 

2 225 180 

4 10 10 

4 225 190 

5 10 - 

6 - - 

 

Similarly, the natural frequency of secondary oscillations 

also decreases with an increase in ambient temperature, with 

an average frequency change factor of 0.32 Hz/°C in the 

secondary oscillation channel. 

2.2. Elastic Element Models in the Channel of Secondary 

Oscillations 

At the design and simulation stage, only the impact of 

temperature on the silicon structure of the MEMS gyroscope 

is considered, without taking into account the base material 

[19]. The simulation results show that the natural frequencies 

of both primary and secondary oscillations decrease as the 

temperature increases.  

However, practical studies have shown that the natural 

frequencies increase with temperature. This positive 

frequency change is due to the significant axial stress caused 

by the mismatch between the thermal linear expansion 

coefficients of the silicon structure and the glass substrate, as 

noted in references [16] and [20]. 

 
Fig. 7 Effect of temperature change on axial reinforcement between 

bonded materials 

The MEMS gyroscope is manufactured using the "silicon 

on glass" technology, where the inertial masses are fixed 

above the substrate on clamping glass anchors through elastic 

elements. The influence of temperature on the structure of the 

MEMS gyroscope primarily arises from the disparity between 

the silicon structure's thermal linear expansion coefficients 

(TLECs) and the glass substrate.  

This leads to a mechanical axial stress along with the 

elastic elements, causing a shift in the natural frequency [20]. 

The connection of a silicon structure with a glass substrate on 

anchors can be considered as two plates attached with the 

same length l, but different TLECs α1 and α2 (as shown in 

Figure 7). The temperature dependences of the TLECs of 

silicon and glass can be expressed by the following formulas 

(15-17): 
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𝛼1 = 2,3616 ⋅ 10−6 + 1,0323 ⋅ 10−8 ⋅ Т1 − 3,2251 ⋅ 10
−11 ⋅ Т1

2 + 4,8818 ⋅ 10−14 ⋅ Т1
3 (15) 

𝛼2 = 3,2847 ⋅ 10−6 + 1,5247 ⋅ 10−9 ⋅ Т1 − 1,053 ⋅ 10−11 ⋅ Т1
2 + 1,389 ⋅ 10−14 ⋅ Т1

3           (16) 

𝜎осе = 𝑤 ⋅ ℎ ⋅ 𝐸(𝑇1) ⋅ (𝛼2 − 𝛼1) ⋅ (𝑇1 − 𝑇0) ⋅ (1 − 𝜈𝑠𝑖)             (17) 

 

Figure 8 illustrates the temperature-dependent variations 

of LTEC for two materials, namely, silicon and the glass 

utilized. Within the temperature range of up to 140ºС, the 

CLTE of glass exceeds that of silicon, implying that the glass 

anchor expands at a faster rate than silicon elastic components 

upon an increase in temperature. As a result, the elastic 

elements experience axial stress. The axial stress resulting 

from a temperature variation from T0  to T1 can be computed 

as indicated in previous studies [20], [23, 24]. The formula 

characterizing the ratio between the natural frequencies of 

primary and secondary oscillations and the axial stress: 

𝑓𝑦(𝑇1) =
1

2𝜋

√
  
  
  
  
  
 𝑘𝑦1

𝑚𝑦
⋅ (1 +

𝜎осе(𝑇1)⋅(𝑙1+𝑙3+𝑙5+𝑙7)
2

3,5⋅𝐸(𝑇1)⋅𝑤
2 )

+
𝑘𝑦2

𝑚𝑦
⋅ (1 +

𝜎осе(𝑇1)⋅(𝑙12+𝑙32+𝑙52)
2

3,5⋅𝐸(𝑇1)⋅𝑤
2 )

+
𝑘𝑦3

𝑚𝑦
⋅ (1 +

𝜎осе(𝑇1)⋅(𝑙23+𝑙43)
2

3,5⋅𝐸(𝑇1)⋅𝑤
2 )

 

 (18) 

 

 𝑓𝑥(𝑇1) =
1

2𝜋
√
𝑘𝑥1

𝑚𝑥
+

𝑘𝑥2

𝑚𝑥
⋅ (1 +

𝜎осе(𝑇1)⋅(𝑙25+𝑙45)
2

3,5⋅𝐸(𝑇1)⋅𝑤
2 )          (19) 

Figure 9 illustrates the dependence of the inherent 

frequencies on temperature, considering thermal axial stress. 

These graphs were obtained by using the modeling formulas 

(16) with the parameters provided in Tables 1 and 2. It is 

observed that in the temperature range below 140ºС, the 

LTEC of glass is higher than that of silicon, leading to thermal 

axial stress due to the mismatch in CLTEs. However, as the 

temperature rises to 140ºС, the TCLEs of silicon and glass 

converge, resulting in a decrease in the magnitude of the 

thermal axial stress. 

 
Fig. 8 Temperature dependences of LTEC of silicon and glass 

 
Fig. 9 Impact of temperature on the inherent frequencies 

The graphs in Figure 9 indicate that the increase in 

inherent frequencies is not equal. The natural frequency 

changes of primary oscillations in the temperature range from 

-20°C to 80°C is 1.57 Hz/°C, which is higher than the natural 

frequency changes of secondary oscillations, which are equal 

to 0.83 Hz/°C. Moreover, the temperature change affects the 

natural frequency matching between primary and secondary 

oscillations, resulting in a decrease in the scale factor, stability, 

and accuracy of the measurement. 

2.3. Experimental Setup and Test Results 

 
Fig. 10 Experimental setup 

This study focused on analyzing a gyroscope produced by 

micro-electromechanical systems (MEMS) to investigate the 

impact of thermal axial stress on the natural frequencies. To 

conduct this investigation, temperature tests were performed 

within a controlled environment using a specialized 

temperature chamber. The power source, control signal, and 

output signal were connected directly to the thermal chamber 

(as illustrated in Figure 10) to ensure accurate and reliable 

results. 
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The temperature testing process consisted of gradually 

increasing the temperature from -20°C to 80°C, with 

increments of 10°C at a time. At each temperature level, the 

conditions were kept constant for 10 minutes to allow for 

proper measurements. The amplitude-frequency 

characteristics of the two channels were measured using an 

oscilloscope, and the results were recorded for analysis. The 

test results are presented in Figures 11 and 12. 

Figure 11 displays the natural frequency dependence of 

primary and secondary oscillations on temperature. The 

experimental data shows that resonant oscillations were 

observed at a frequency of about 12.55 kHz. As the 

temperature increased from -20ºС to 80ºС, the natural 

frequency of primary oscillations increased from 12.499 kHz 

to 12.660 kHz. Conversely, the resonant amplitude of the 

excited oscillations decreased with increasing temperature. 

The observed decrease in the amplitude of oscillations with 

increasing temperature can be attributed to the decrease in the 

quality factor of the gyroscope. The natural frequency and 

amplitude of the oscillations exhibited an average temperature 

coefficient of change of 1.61 Hz/°C and 8.5 mV/°C, 

respectively. The natural frequency dependence of primary 

oscillations on temperature is displayed in Figure 11. It is 

important to highlight that the inherent frequency of secondary 

oscillations is greater than that of primary oscillations. The 

frequency mismatch takes on a value of Hz at a temperature 

of 20ºС, and this mismatch decreases with increasing 

temperature. The average temperature coefficient of change 

was 1.31 Hz/°C. 

Figure 12 shows the amplitude variation of primary 

oscillations with temperature and its correlation with natural 

frequency dependence. This decrease in quality factor affects 

the ability of the gyroscope to maintain its resonant frequency 

in response to changing temperature. 

 
Fig. 11 Primary oscillations natural frequency variation with 

temperature 

 
Fig. 12 The amplitude variation of primary oscillations with 

temperature and its correlation with natural frequency dependence 

The average temperature coefficients of change in natural 

frequency and amplitude were found to be 1.61 Hz/°C and 8.5 

mV/°C, respectively. In Figure 11, we observe an increase in 

natural frequency in the channel of secondary oscillations. 

This increase indicates that the secondary oscillations have a 

higher natural frequency than the primary oscillations.  
 

3. Conclusion 
To obtain accurate and reliable results from a MEMS 

gyroscope, the effects of axial stress should be taken into 

account. The study revealed that temperature exerts a 

significant influence on the inherent frequencies of both 

primary and secondary vibrations, with a negative change 

observed when axial stress is not taken into account. However, 

when the effects of axial stress are considered, a positive 

change in the natural frequencies is observed. This highlights 

the importance of accounting for axial stress in the design and 

operation of MEMS gyroscopes, as it can greatly impact their 

performance and accuracy. The experimental results present 

significant insights into the impact of thermal axial stress on 

the inherent frequencies of primary and secondary oscillations 

in a MEMS gyroscope. The study indicates that the natural 

frequency of primary oscillations rises with an increase in 

temperature while the amplitude of the excited oscillations 

diminishes. Furthermore, the inherent frequency of secondary 

oscillations is higher than that of primary oscillations, and the 

frequency mismatch between them decreases as the 

temperature increases. The average temperature coefficients 

of change in natural frequency and amplitude were also 

determined to be 1.61 Hz/°C and 8.5 mV/°C, respectively, for 

the gyroscope. These findings are significant in understanding 

the behavior of MEMS gyroscopes under thermal stress, 

which can inform future design and optimization of such 

devices. 
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