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Abstract  

Thermal MEMS gyroscope characteristics have been studied to optimize gyroscope 

performance.  Different parameters such as gas properties, heaters power and switching 

frequency have been optimized to increase the device sensitivity.   

A new Thermal MEMS gyroscope model referred to as “Forced Convection MEMS 

Gyroscope” has been introduced. In this design the output signal has been increased by 

adding external force to the system.  Parameter optimization to increase the device 

efficiency has also been investigated. An experimental set up has been presented and 

the simulation study compared with experimental results.  

Another model referred to as the “Three-axis MEMS gyroscope" has been defined to 

measure rotation along three axes of rotation. In this design a single heater replaces the 

two heaters of previous models.  Simulation results have shown that using this design it 

may be possible to distinguish the rotation signal from the buoyancy effects associated 

with acceleration.  

 

Keywords:  Thermal MEMS Gyroscope; Coriolis Effect; Forced convection  
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1. Introduction 

1.1. Background 

 

A gyroscope is a sensor that measures angular rate or speed of rotation. The gyroscope has a 

very long history and wide range of applications, for example in aircraft, satellites, automobiles, 

mobile phones, cameras and video-game controllers [1-3]. 

As early as the 14th century this device was used as a children’s toy and in the 19th century 

scientists started to use gyroscopes to monitor angular rotation relative to an inertial frame of 

reference. The gyroscope was first used to measure the Earth’s rotation at that time [4]. 

The first generation of gyroscopes, referred to as “Wheel Gyroscopes”, consisted of a wheel 

that freely rotates and resists any rotation variations [4-5]. This rotating wheel has many 

disadvantages such as wearing and bearing friction [6].  

A second category of gyroscopes, referred to as “Vibrating structure gyroscopes”, achieve 

better reliability by replacing the wheel with a vibrating structure, thus eliminating the previous 

problems [7]. However, in this gyroscope there are still some mechanical problems such as 

stress induced by vibration. An example of this type of gyroscope is the Hemispherical 

Resonator Gyroscope (HRG).  

An alternative technology, based on the Sagnac effect [8], results in a more effective and high 

performance device. Examples of this type of optical gyroscope are Fiber-Optic Gyroscope 

(FOG) and Ring Laser Gyroscope (RLG) [9]. In these gyroscopes all mechanical limitations 

such as wearing, friction and shock sensitivity have been completely eliminated [6]. However, 

they are expensive and bulky and thus not widely applicable, especially in places where size 

and cost are critical issues.    
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Around 1991 micromechanical gyroscopes emerged as an alternative technology with lower 

price and smaller size [10]. Microelectromechanical systems (MEMS) is an interdisciplinary 

technology that combines electrical and mechanical systems at very small scale, 10-3 to 10-6 m. 

Different devices that perform both electrical and mechanical functions on micro scales have 

been fabricated using photolithography and other techniques. These devices are classed as 

MEMS [6,11].  Micromachined gyroscope resolution has been improved significantly over the 

past few decades [12]. This type of gyroscope has been commercialized widely and, in 

comparison with previously designed gyroscopes, the cost has been reduced significantly. The 

fundamental operation of most micromachined gyroscopes is the measurement of the 

capacitance change induced by rotation between a vibrating silicon sensing element and a 

stationary silicon beam, where both are attached to a substrate [6,13]. This type of gyroscope is 

referred to as a “Vibrating mass gyroscope”. Micromachined gyroscopes require both an 

actuating and a sensing mechanism. In many applications electrostatic actuation and capacitive 

sensing are used [6]. Robustness issues such as shock resistance, mechanical strength and the 

tendency of the vibrating element to stick to the substrate are among the important problems 

that need to be addressed in vibrating mass gyroscopes [14].  

A new generation of micromachined gyroscopes, referred to as "Fluidic Gyroscopes", 

overcomes some of the issues that vibrating mass gyroscopes are encountering [15-18]. 

Different techniques [15-16] and various fluids such as water [16] have been used in the fluidic 

gyroscope to increase the device sensitivity. For example, in a few fluid gyroscopes pressure 

differences induced by the centrifugal force of rotation have been measured [15]. In more recent 

designs of Fluidic Gyroscope, a thermal accelerometer [21] and Coriolis mass flow meter are 

combined [23]. This new design of gyroscope, referred to as “Thermal MEMS Gyroscope”, 

shows high shock resistance.  The vibrating parts used in inertial gyroscopes have been 

eliminated. This device does not face mechanical issues such as wearing and as a result is 

more reliable [16, 21, 22]. The Thermal MEMS Gyroscope [21-22] has also some limitations. 

For example, in the presence of acceleration or a gravity field, an acceleration signal will 

interfere with the rotation signal and it is a challenge to distinguish the two.   

In this thesis, modeling and analysis of different designs of Thermal MEMS gyroscope has been 

performed using the COMSOL Multiphysics software package. Different methods have been 

demonstrated for increasing the output signal of the device. Finding a technique to increase the 

range of thermal MEMS gyroscope reliability motivated us to come up with a design that we will 
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refer to as the "Forced Convection MEMS gyroscope ". The analysis of this design is explained 

in chapter 4. Furthermore, contemporary designed Thermal MEMS gyroscopes show some 

incapability of detecting rotation along three axes. This could be considered one of the major 

limitations of Thermal MEMS gyroscopes. In chapter 5 a three-dimensional finite-element model 

of the device is developed to investigate three-axis rotation detection. The effect of acceleration 

signal on this device is also investigated and we study some techniques for suppressing this 

interference. 

 Figure 1-1 shows different gyroscope categories. 

 

 

Figure 1-1 Gyroscope different categories 

 

1.2. Thermal MEMS Gyroscope Technical Background 

The operating principle of the Thermal MEMS gyroscope is the deflection of a current of moving 

hot fluid by the Coriolis force. The Coriolis force refers to the appearance of an object in 

rectilinear motion being deflected from its course if observed from an accelerating or rotating 
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frame of reference. The Coriolis force is sometimes referred to as a “fictitious” force, since it 

disappears when the physics of the situation are described within an inertial frame of reference. 

Nevertheless, we find it convenient to describe the gyroscope’s operation from a frame of 

reference that rotates with the gyroscope and includes the Coriolis force. The same results 

could be obtained by describing its operation from an inertial frame, but such a description 

would be more cumbersome and less intuitive. In the Thermal MEMS gyroscope developed at 

Simon Fraser University [19], a flow of warm fluid is generated by heating the gas inside a 

micromachined cavity.  The cavity is flanked by two temperature sensors, TL and TR. In the 

absence of rotation, the warm flow is symmetrically placed with respect to the two sensors and 

both will record the same temperature, Figure 1-2 (a). If rotation occurs, the Coriolis force will 

divert the flow to one side or the other, and a temperature differential between the two sensors 

will appear [19, 20, 22] as shown in Figure 1-2 (b), [19].  

 

 

Figure 1-2 Thermal Gyroscope operation with no rotation (a) and with rotation (b) [19] 
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The top view of thermal gyroscope structure is shown in Figure 1-3. Locations of heaters and 

sensors are shown in this figure.  

 

 

Figure 1-3 Top view of thermal gyroscope structure[19] 
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2. Simulation Design 

In order to predict the effect on Thermal MEMS gyroscope performance of varying different 

design parameters, it was necessary to develop a mathematical model of our system.  This 

model could give us a better understanding of the device characteristics. With the knowledge 

obtained from this mathematical model it would be possible to optimize the gyroscope 

performance.  There are complicated partial differential equations governing the Thermal 

gyroscope and it is very hard and time-consuming, or sometimes impossible, to find an 

analytical solution for them. For this reason we used the finite element method (FEM) to analyze 

our system. It is possible to find approximate solutions to partial differential equations (PDE) 

with FEM technique [24]. Device optimization could be achieved by modification of the device 

geometry, device size, switching frequency, power supplied to the heaters, placement of the 

heaters and sensors, and selection of the working gas. This model also allowed us to design 

new devices.  

It might appear that the fluid flow and heat transfer occurring in this design variant could readily 

be modeled using one of the many existing Computational Fluid Dynamics, CFD, modules 

designed to simulate natural convection. However, this turns out not to be the case: most 

models of natural convection employ the Boussinesq [25] approximation, which represents the 

change in buoyancy of a heated fluid, but not its changed density. This approximation cannot 

serve our purposes, since we rely on the change in fluid density, coupled with the conservation 

of mass, to produce the fluid flow. The governing equations are as follows: 

Conservation of Energy equation: 

2 2 2

2 2 2

dT d T d T d T dT dT dT
α - - +αu +αv +αw  = 0

dt dx dy dz dx dy dz


                           (2-1)

 

This equation reflects the fact that the change in thermal energy at a point in the gas, 

represented by the first term on the left-hand side of the equation, is determined by the rates at 

which heat is conducted (second to fourth terms) and convected (fifth to seventh terms) to that 

point. 
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Conservation of Mass equation:  

dρ dρu dρv dρw
+ + +  = 0

dt dx dy dz
                                                                               (2-2) 

This equation reflects the fact that the density change at any point in the gas is determined by 

the convective mass transport to and from that point. 

Differential form of equation of state:  

dP dρ dT
- RT - ρR  = 0

dt dt dt                                                                        (2-3)
 

Equation (2-3) is obtained by taking the differential form of the equation of state (P = ρRT) for 

an ideal gas. Note that R here is the specific gas constant rather than the molar gas constant. 

This allows us to model the effect of changing the working fluid from air to a gas with a different 

molecular weight, such as sulfur hexafluoride. This equation links the heating of the gas to its 

change in density. This, together with Equation 2-2, creates the flow of hot gas on which the 

Coriolis force acts. 

Conservation of Momentum, x direction, Coriolis force added: 

2 2 2

2 2 2

z y 0 0 x

du udu vdu wdu d u d u d u dP
ρ( + + + )- μ - μ - μ +  = 

dt dx dy dz dx dy dz dx

-2ρvω +2ρwω - ρ β(T -T )acc
                  (2-4)

 

Conservation of Momentum, y direction, Coriolis force added: 

2 2 2

2 2 2

x z 0 0 y

dv udv vdv wdv d v d v d v dP
ρ( + + + )- μ - μ - μ +  = 

dt dx dy dz dx dy dz dx

-2ρwω +2ρuω - ρ β(T -T )acc
                    (2-5) 

 

Conservation of Momentum, z direction, Coriolis force added: 

 

2 2 2

2 2 2

y x 0 0 z

dw udw vdw wdw d w d w d w dP
ρ( + + + )- μ - μ - μ +  = 

dt dx dy dz dx dy dz dx

-2ρwω +2ρuω - ρ β(T -T )acc
           (2-6)
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In Equations (2-1) to (2-6), T represents temperature in Kelvin, u is velocity in the x direction 

(m/s), v is velocity in the y direction (m/s), w is velocity in the z direction (m/s), ωx is rotation 

frequency about the x axis (1/s), ωx is rotation frequency about the y axis (1/s), ωx 
is rotation 

frequency about the z axis (1/s), μ represents the dynamic viscosity of the fluid (Pa.•s), ρ is fluid 

density (kg/m3), R is the specific gas constant (J/(kg.•K)), α, thermal diffusivity, is defined as 

0

k
α = 

ρ • c
 where c is specific heat (J/(kg.•K)), k is fluid thermal conductivity (W/(m.•K)), and β 

stands for the volumetric coefficient of expansion (1/K), ax (m/s2), ay (m/s2), az (m/s2) are 

accelerations along the x, y and z  axes respectively.  

Equations (2-4), (2-5) and (2-6) are the Conservation of Momentum equations in the x, y and z 

directions; the effect of the Coriolis force appears here. Depending on the orientation of the 

gyroscope, components of the buoyancy force may also appear in one or more of these three 

equations. 

A numerical simulation package that could represent Coriolis force is necessary [26] to solve 

our partial differential equations. After investigation of different software such as MATLAB, 

ANSYS, and COVENTOR software, we decided to use COMSOL package, since this software 

allows us to specify our own PDEs and link them with other physics interfaces [27].     

2.1. COMSOL Simulation   

In order to analyze the performance of the gyroscope along with any design improvements, a 

simple MEMS gyroscope is modeled in COMSOL. The model consists of a cavity approximately 

one cubic millimeter in volume, with silicon resistive heaters at both ends as shown in Figure 2-

1. The model geometry forms a ‘plus’ shape, rather than a square or rectangle, in order to 

minimize unnecessary heating and air flow in the otherwise open corner cavities. By switching 

the heaters on and off alternately, an oscillating gas flow will be created across the cavity. 
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                  Figure 2-1  COMSOL model showing the cavity, heaters, and temperature sensors 

 

Our three-dimensional model took a very long time to run and solve the partial differential 

equations and we had to wait several days to find the solution. Computer memory failure was 

another limitation that we faced initially. As a result we decided to replace our three-dimensional 

model with a two-dimensional one. We then meshed the cavity as shown in Figure 2-2. The fluid 

in the cavity was represented by Equation (2-1) to (2-6) in two dimensions.  In this two-

dimensional model air has been chosen as a low-density gas and sulfur hexafluoride, SF6, has 

been chosen as a denser gas. Our initial models simply had a fixed-temperature and zero-flow 

boundary condition set at the boundaries of the cavity. For increased accuracy, we have 

modeled the silicon walls surrounding the gas cavity, providing a more realistic description of 

the physical device. The properties of SF6, air and the silicon forming the walls are shown in 

Table 1 and Table 2.  
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                                     Figure 2-2 Two-D COMSOL mesh representing the gyro 
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Table 1 Physical parameters of SF6 and air used in the model 

Parameters  value (SF6) value (Air) Description  

 k  0.012 W/(m•K)  0.0243 W/(m•K)  Gas thermal conductivity 

 c  670 J/(Kg•K)  1000 J/(Kg•K)  Gas specific heat capacity 

 µ  14.2 Pa•s  10 Pa•s  Gas viscosity 

R  57 J/(kg•K)  267 J/(kg•K)  Specific gas constant 

T0 300 K  300 K  Initial  gas temperature 

P0 100 kPa  100 kPa  Initial gas pressure 

ρ0 6.23 kg/m3 1.29 kg/m3 Initial  gas density at T0 and P0 

α  2.87 m2/s 18.83 m2/s Thermal diffusivity 

ω 1 rad/s 1 rad/s Angular rate 

 

 

Table 2  Physical parameters of Silicon used in the model  

Parameters  value (Silicon) Description  

 cSi  700 J/(Kg•K)  Si specific heat capacity 

 kSi  147  W/(m•K)  Si  thermal conductivity 

Si  2,329 kg/m3  Si  density 

 αSi  90.16 m2/s  Si thermal diffusivity 
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If the gyro is not rotating the gas flow follows a straight path, Figure 2-3(a). On the other hand, if 

the gyroscope is rotating, Coriolis forces will divert this oscillating flow to one side, then the 

other, Figure 2-3(b). We place temperature sensors in the path of the diverted flow, measure 

the resulting temperature difference, and deduce the speed and orientation of rotation. 

      

Figure 2-3 Modelling air flow (a) with no rotation or gas bubble deviation, and (b) with 
rotation and gas bubble deviation 

 

The heaters are supplied with a square wave of input power, consuming 0.15 W at a 12 Hz 

frequency. By monitoring the temperature difference between the two temperature sensors 

(Coriolis-induced temperature difference between two temperature sensors when the device is 

rotating), we obtain the parameter responsible for determining the sensitivity of the gyroscope. 

               
                

               
   

      

   
                                                          (2-7)                                                           

Device sensitivity indicates how much the sensor's output changes when the measured quantity 

changes. As shown in Equation (2-7), sensitivity is equal to the output signal variation divided by 

the input signal variation, where   represents a small variation in a specific quantity. If the 

relation between output and input signal is a straight line passing through the origin, it is 

possible to define                
  

 
. Our design goal is to increase the output signal, T, for a 

given ω, thus increasing our device sensitivity. 

 

(a) (b) 
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In order to monitor ΔT we have recorded the temperature at the bottom and top of the cavity as 

shown in Figure 2-4. These points correspond to the location of resistive silicon temperature 

sensors in the physical device; in the computational model, however, we do not represent the 

silicon sensors, we merely record the temperature at the corresponding points in the gas. We 

monitor the temperature difference between these two points and correlate it with the angular 

rate, as shown in Figure 2-5. 

 

 

Figure 2-4 Device structure showing places of temperature sensors 

Figure 2-5 shows the temperature variation of the top temperature sensor over the first 500 ms 

of operation. There is an initial transient of about 200 ms as the device warms up, after which it 

reaches a cyclic steady state. 
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Figure 2-5 Temperature variation of top sensor 

We then calculated the temperature difference between the locations of the top and bottom 

temperature sensors, as shown in Figure 2-6.  

 

Figure 2-6 Temperature difference monitored between the two temperature sensors 

 

Figure 2-6 shows a periodic signal with a large transient peak. Although we applied square-

wave signals to the heaters to turn them on and off, the gas around the heaters takes some time 
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to warm up and to move, creating an almost sine-shaped periodic temperature fluctuation. We 

speculate that the large peak at the beginning of the cycle is due to rapid thermal expansion 

when the temperature of the system is still close to ambient. After a few cycles these transient 

effects die away and we have a cyclic steady state. 

2.2.  Angular Rate, ω, and Gyroscope Sensitivity 

In this section the relation between angular rate, ω, and gyroscope sensitivity will be discussed. 

Figure 2-7 shows the simulation results of varying ω, for ω = 1 rad/s, ω = 2 rad/s and ω = 10 

rad/s. We monitored the temperature difference between temperature sensors and calculated its 

average absolute value over the period of simulation, of about 0.5 second. The temperature 

difference during the initial transient time is excluded to eliminate the impact of the large peak at 

the beginning of each cycle. These results are plotted in Figure 2-7. According to this figure the 

relation between angular rate and output signal for small values of ω is linear; however this 

might saturate and level off if the angular rate exceeds a certain value.  

 

Figure 2-7  IΔTI monitoring for different values of ω, cavity filled with air 
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We can conclude that ΔT is directly proportional to angular rate, ω, over the range modelled. On 

theoretical grounds we can predict that the temperature differential cannot increase linearly for 

unlimited values of ω; it can never exceed the temperature difference between heater and 

ambient, for example. 
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3. Design and Analysis of Micromachined Thermal 
Gyroscope 

3.1. Overview  

In this chapter we will investigate the effect of fluid properties, operating pressure, heater power 

and heater switching frequency on the gyroscope performance.  

3.2. Impact of Pressure on Sensitivity 

In this part of our work, we have considered air and SF6 as the gases filling the cavity and we 

have considered a range of pressures. Varying P0 in the numerator of Equation (3-1) 

corresponds to filling the cavity at a certain gas pressure, while varying R corresponds to filling 

the cavity with gas of a particular molecular weight These two factors jointly determine the 

density of the gas filling the cavity. We represent the gyroscope as rotating with an angular rate 

of ω = 1 rad/s. 

0

0

P
ρ = 

RT
                                                                                                    (3-1) 

We monitored the temperature difference between two symmetrically placed temperature 

sensors. In the initial study we chose SF6 as the working gas and considered different values of 

pressure (P = 25 kPa, P = 50 kPa, P = 75 kPa, P = 100 kPa, P = 200 kPa, P = 400 kPa).  The 

resulting differential temperatures have been plotted in the Appendix, Figure 1-A, (a-e).  

According to these simulation results, we conclude that sensitivity is directly proportional to 

pressure up to a certain limiting value. For ease of comparison the average value of ITI in each 

case over a period of 0.5 sec, omitting the initial transient, has been calculated. This result is 

shown in Figure 3-1. 
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Figure 3-1 Average ITI versus Pressure, cavity filled with SF6  

 

Figure 3-1 shows that by increasing pressure, sensitivity will increase almost linearly, up to 200 

kPa, and then it will saturate and even after a while go down.  

We repeated this series of studies using air, which has lower molecular weight.  In this study 

different values of pressure (P = 25 kPa, P = 50 kPa, P = 75 kPa, P = 100 kPa, P = 200 kPa, P 

= 400 kPa, P = 600 kPa, P = 800 kPa) were considered, and a summary of these results is 

shown in the Appendix, Figure 2-A, (a-h). 

The average value of ITI in each case over a period of 0.5 sec has been calculated, and this 

result is shown in Figure 3-2. 
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Figure 3-2 Average ITI versus Pressure, cavity filled with air 

 

Figure 3-2 again shows that by increasing pressure sensitivity will increase almost linearly, up to 

400kPa, and then it will saturate and even after a while will go down. 
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To sum up, there is a linear relation between density of the gas and sensitivity up to a certain 

limiting value, beyond which the sensitivity declines. 
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time for which each heater is on, by decreasing the switching frequency of the heaters. In order 

to investigate this, the following simulation has been done.   

The angular rate is again ω = 1 rad/s, the cavity is again filled with air and heater switching 

frequency is reduced to 6 Hz, half that of the previous simulation. The average values of ITI in 

each case over a period of 0.5 sec are plotted in Figure 3-3.   

 

Figure 3-3 Comparing average of ITI in two cases, switching frequency equal to 12 Hz, 
blue curve, and switching frequency equal to 6 Hz, red dashed curve, cavity filled with air 

From Figure 3-3 we see that by reducing the frequency of switching the heaters – that is, 

increasing the time for which each heater is on – we give the gas more time to warm up 

between switchings, and as a result the sensitivity continues to increase with increasing density, 

up to an increased critical value. 

3.4. Gas Velocity, u, Monitoring by Varying Density 

The COMSOL model allows us to calculate the velocity u of the expanding gas stream. This 

gives us further insight into why the gyro sensitivity falls off when gas density increases beyond 

a certain value. 
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Changing the density of the gas might also change gas velocity. The model allows us to 

calculate the value of u in all the cases we have studied so far. Gas velocities in the middle of 

the cavity for P = 100 kPa and P = 200 kPa are shown in Figure 3-4 (a) and Figure 3-4 (b).  

 

 

Figure 3-4 (a) Monitoring u in the middle of cavity, P = 100 kPa 

 

Figure 3.4 (b) Monitoring u in the middle of cavity, P = 200 kPa 
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Gas velocities for other values of pressure, P = Pₒ/4, P = Pₒ/2, P = Pₒ/1.33, P = 4Pₒ, have been 

studied and the results are presented in Figure 3-A of the Appendix.  It is observable that the 

peak value of u does not remain constant. Instead it decreases as the pressure increases.  We 

speculate that this is because, as the gas gets denser, it warms up more slowly and so it 

expands more slowly and as a result gas velocity will decrease.  

This result also suggests a new strategy for increasing sensitivity. Instead of increasing gas 

density, we could increase the switching frequency for a low-density gas, until the heaters are 

on just long enough for the gas to reach thermal equilibrium, as we show in previous section. 

This would increase u and hence increase sensitivity. 

But now suppose instead of looking at the peak value of u, we look at average value of IuI.  

Plotting the average absolute value of u for duration of 0.5 sec  gives us Figure 3-5. 

 

 

                           Figure 3-5 Average IuI versus Pressure, cavity filled with SF6 

Figure 3-5 shows a decrease in average value of absolute velocity as pressure, and hence 

density, is increased. We will discuss this effect in this chapter with more details.  

We also simulated the situation where the cavity is filled with air. Results for both cases P = Pₒ, 

and P = 2Pₒ are shown in Figure 3-6 (a) and Figure 3-6 (b).  
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Figure 3-6 (a) u in the middle of cavity, P = 100 kPa 

 

 

                Figure 3-6 (b) u in the middle of cavity, P = 200 kPa  

We have also studied other values of pressure, P = Pₒ/4, P = Pₒ/2, P = Pₒ/1.33, P = 4Pₒ, P = 

6Pₒ, P = 8Pₒ, these results are plotted and shown in Figure 4-A of the Appendix.  

Again suppose instead of looking at the peak value of u, we look at the average value of IuI. 

Finding the average of absolute value of u for duration of 0.5 sec, and plotting it gives us Figure 

3-7. 
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Figure 3-7 Average IuI versus Pressure, cavity filled with air 

 

We see that the average value of absolute gas velocity falls off once we pass a certain critical 
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confirmed this speculation in the previous section, where we reduced the switching frequency of 

the heaters, so that each heater remained on for a longer time (Figure 3-3).  
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will result in decreasing the gas velocity, u, and hence, according to Equation 2-5, reducing the 

Coriolis force, and as a consequence sensitivity will decrease.   

In the first set of simulations we have considered SF6 as the gas filling the cavity in the baseline 

case, and have then compared this baseline case with hypothetical working fluids having 

viscosities from four times lower than that of SF6 to four times higher. We repeated our 

simulations using air instead of SF6. In all cases the angular rate, ω, is 1 rad/s. The results of 

this study are shown in Figure 5-A and Figure 6-A of the Appendix for SF6 and air respectively.   

Average values of absolute temperature difference over the period of 0.5 sec for both gases, 

SF6 and air, for the range of µₒ/ µ have been plotted in Figure 3-8.  

 

 

Figure 3-8 Average IΔTI versus viscosity (air & SF6) 

According to Figure 3-8, we can conclude that by decreasing viscosity, µₒ/µ will increase, and 

as a result sensitivity will increase.       
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                                                          (3-1)  

The Coriolis force shown in the denominator is given by the equation 

cF  = - 2m ω u                                                                                                  (3-2)                       

where m stands for mass of the fluid, ω represents angular rate, u is the velocity of the fluid. 

Equation (3-2) can also be presented as: 

 cF
 = - 2ρωu

V
                                                                                               (3-3)                             

where ρ stands for density.  

The viscosity force shown in the nominator of Equation (3-1) given by the following equation: 

                                                                                                              (3-4) 

where  stands for dynamic viscosity and u represents fluid flow velocity. 

Our hypothesis is that the relation between sensitivity and Ekman number is given by: 

                
 

            
                                                                       (3-5) 

Equation (3-5) shows that sensitivity is inversely proportional to Ekman number. This implies 

that the device sensitivity will increase in direct proportion to gas density, as implied by Equation 

(3-1), (3-3) and Equation (3-5), and in inverse proportion to gas viscosity, as implied by 

Equation (3-1), (3-4) and Equation (3-5). However, when the gas density increases to the point 

where the heaters cannot bring the gas to equilibrium temperature within the switching time, the 

factor u in Equation (3-3) will drop in value and the sensitivity will no longer increase. 
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3.7. Changing Heater Power and Gas Velocity Monitoring 

As previously discussed, another factor which can change gas velocity (u) is the heater power. 

In the next set of simulations, all parameters are kept constant except heater power.  The mean 

absolute temperature differences between the two temperature sensors and the gas velocity u 

have been studied and the results of this work are shown in Figure 6-A of the Appendix. 

The average value of ITI in each case over a period of 0.5 sec has been calculated for air at 

atmospheric pressure. This result is shown in Figure 3-9. Power has been varied from one-

eighth of its baseline value to eight times its baseline value. The results at the upper end of the 

power range are not entirely realistic, since they correspond to heater temperatures at which 

radiative heat transfer, which is not represented in our model, would be significant. At the 

extreme end of the range, the heater would melt. However, within the range of applicability of 

the model, Figure 3-9 shows that sensitivity increases superlinearly with heater power. 

 

 

 

 

 

Figure 3-9 Average ITI versus Power (air) 

 

The average temperature value of one heater has been plotted in Figure 3-10 and it shows a 

linear relation between power and average heater temperature, TH1. In our simulation, high 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0 2 4 6 8

A
V

E
|Δ

T
| 

 b
e

tw
e

e
n

 t
w

o
 

te
m

p
e

ra
tu

re
  
s

e
n

s
o

rs
 (

K
) 

 

Power/Powerₒ 

AVE|ΔT|, air  



 

28 

 

power has been applied to the gyroscope heaters to scale up the output signal and facilitate 

comparison between different output signals. However, as noted above, in reality it is not 

possible to heat up the device to the highest values.   

 

 

 

 

 

 

 

Figure 3-10 Average TH1 versus Power (air) 

 

Figure 3-11 Average IuI versus Power, (air) 
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By increasing heater power, the average value of temperature of the heater will increase 

linearly, Q = h( TH -TE) where Q is the rate of convection heat transfer, h is the convective heat 

transfer coefficient, TH represents heater temperature and TE stands for ambient temperature. If 

the velocity of the gas were constant, this increase in heater power would result in linear 

increase in sensitivity, since the sensors would be immersed in a constant flow of increasingly 

hot gas. But the velocity of the gas will also increase almost linearly, Figure 3-11, resulting in an 

additional increase in the sensitivity. As a consequence, sensitivity will increase quadratically 

with power.  

We repeat the simulations by changing the working gas from air to SF6. The results, shown in 

Figure 7-A of the Appendix, confirm the results obtained with air. The average value of ITI in 

each case over period of 0.5 sec has been plotted in Figure 3-12. 

 

 

Figure 3-12 Average ITI versus Power, SF6 

Also, the average temperature of one heater has been plotted in Figure 3-13 and it shows a 

linear relation between power and average heater temperature, TH1.  

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.00 2.00 4.00 6.00 8.00

A
V

E
|Δ

T
| 

 b
e

tw
e

e
n

 t
w

o
 

s
e

n
s

o
rs

 (
K

) 

Power/Powerₒ 

AVE|ΔT|, SF6  



 

30 

 

 

Figure 3-13 Average TH1 versus power, SF6 

 

 

Figure 3-14 Average IuI versus power, SF6 

 

The same results have been observed after changing the gas filling the cavity from air to SF6. 

We have plotted the average value of IuI versus power for SF6 and air in Figure 3-15 for 

comparison.  
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Figure 3-15 Average IuI versus power, dashed and solid curves represent SF6 and air 
respectively  

We can conclude that by increasing power, the temperature of the heaters will increase. 

According to Figure 3-10 and Figure 3-13, the relation between heater power and heater 

temperature is linear for air and SF6. This would result in a linear increase in sensitivity if 

velocity of the gas were constant. But the velocity of the gas will also increase almost linearly, 

Figure 3-11 and Figure 3-14, and result in a further increase in sensitivity. As a consequence, 

sensitivity will increase quadratically with power, Figure 3-9 and Figure 3-12. In reality, however, 

the experimental results might not increase as fast as predicted by simulation. This could be 

due either to increased conductivity of the working gas at higher temperatures, or to increased 

radiative heat losses, neither of these factors being represented in the simulation. 
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MEMS Gyroscope  
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gyroscope makes to acceleration must be considered as an interference signal interfering with 

the measurement of rotation. We know from earlier work [21] that the signal resulting from 

acceleration depends on the Grashof number. This, combined with the results obtained earlier 

in this chapter, allows us to define a number that can be used to estimate the signal-to-

interference ratio resulting from this interference.  

Grashof number can be formulated as: 

  Gr =  
gbDTL3r2

m2
                                                                                                    (3-6) 

where g stands for acceleration due to gravity,  stands for volumetric thermal expansion 

coefficient, L is length, ρ represents density, and  is the dynamic viscosity. 

More generally, it is possible to define the Grashof number as  

     
              

             
                                                                                                      (3-7)                                                                                                                                              

According to Equation (3-1) the Ekman number is defined as  

               
             

              
                                                                              

By multiplying Equation (3-1) and (3-7) we will create a new non-dimensional number: 

                                              
              

              
                       (3-8) 

 Coriolis force per unit volume is given by the following equation: 

                                                                                                                           (3-9) 

Buoyancy force is given by the following equation: 

                                                                                                                         (3-10) 

where ρ is the fluid density, g is the acceleration or gravity field, and ΔV is the displaced fluid 

volume. By substitution of the equation of state (P =  RT) in buoyancy force, we can define 

buoyancy force per unit volume: 
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                                                                                               (3-11) 

where  is bulk coefficient of expansion. 

We can rewrite the gyrointerference number, Equation (3-8), as following: 

      
            

    
                                                                                    (3-12) 

For a given geometry with lower value of gyrointerference number we expect to observe higher 

SIR. Unfortunately, the expression we have derived for GN does not contain many parameters 

that could be optimized to improve SIR. The factor ρ has cancelled out, and the parameters g 

and   are not under our control. To add to the difficulty, in the original design of the thermal 

gyroscope, the velocity u of the expanding gas stream is proportional to the product of  and the 

factor (TH-T0), so these factors would also cancel out. We will assess how serious the problem 

of interference is, then, in the following chapter, consider one strategy for improving SIR. 

Figure 3-16 shows a rectangular model of the thermal MEMS gyroscope, where, as explained 

previously, the cavity is filled with gas. The heaters, coloured in red, are on the left and right 

sides of the cavity, and two temperature sensors are located on top and bottom. 
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 Figure 3-16 COMSOL Model, places of temperature sensors and heaters are shown 

In this model the heaters are alternately turning on and off. Heater switching frequency is 6 Hz, 

and 0.3 watts of power are allocated to each heater. 

Simulations were carried out for the case with no acceleration signal, i.e. ax = ay = 0 in Equation 

(2-4) and Equation (2-5), and the gyroscope is rotating with ω = 1 rad/sec. The temperature 

difference between the two sensors is observed and shown in Figure 3-17.  
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Figure 3-17 Temperature difference is monitored while the impact of gravity is eliminated, 
Thermal Gyroscope 

 

In the next step of the work we considered the impact of acceleration due to gravity. We 

implemented acceleration terms in the following equations: 

                                              (3-13) 

                                                           (3-14) 

These equations correspond to the representation of the gyroscope as lying in the xy plane, with 

the centroids of the two temperature sensors lying on the x axis and those of the two heaters 

lying on the y axis. The acceleration signal is applied along a line going through the origin, as 

shown in Figure 3-18. This axis makes an elevation angle θ with the z axis, and its projection on 

the xy plane makes an azimuthal angle Ф with the x axis.  
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Figure 3-18 Gyroscope different orientations while gravity is applied 

 

In order to analyze the impact of acceleration signal (in our simulation acceleration due to 

gravity) different simulations have been conducted where rotation is zero, ω = 0 rad/sec and we 

varied the angle between rotation vector and gravity vector. In the first study we have 

considered Ф = 90° and θ = 0°. This corresponds to the gravity vector lying in the xy plane along 

the line joining the centroids of the heaters. The simulation results of temperature difference 

between two temperature sensors show zero output, as we would expect, since the two sensors 

are symmetrically placed with respect to the gravity vector and hence the impact of buoyancy 

force on both temperature sensors will be the same, so the temperature difference between 

them, ΔT, will be zero.  (No figure is shown for this result, since it would simply be a line 

coinciding with the x-axis.) 

We then simulated a second case where again ω = 0 rad/sec and θ = 0°, but now Ф = 0°. This 

corresponds to the gravity vector again lying in the xy plane, but now at a 90° angle to the line 

joining the heaters.  Figure 3-19 shows the simulation results of this study.  
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Figure 3-19 Temperature difference is monitored while the impact of gravity is 
considered, and Ф = 90. Thermal Gyroscope 

 

Figure 3-19 shows a positive signal where the amplitude of two successive peaks is the same. 

This is what we would expect: one sensor is always `higher’ than the other, so it is preferentially 

heated by the buoyant hot air, whichever heater is on. The signal dips as the heaters are 

switched, since the heating of the sensors is superlinear with respect to the power supplied to 

the heaters. This signal must be regarded as interference, but, as will be shown, it can be 

filtered out.  

In the next study we have also considered ω = 0 rad/s, but in this simulation Ф = 45° and θ = 0°. 

This corresponds to the gravity vector lying in the xy plane, pointing in a direction intermediate 

between the heater axis and the sensor axis. Figure 3-20 shows the simulation results of this 

case.  
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Figure 3-20 Temperature difference is monitored while the impact of gravity is 
considered, and Ф = 45 Thermal Gyroscope 

 

The electronic circuits of the gyro use signal processing to filter out interference.  In our system 

we invert the output signal, shift the inverted signal by 180 degrees, and then add the result to 

the original signal. If the original signal is defined as T (t), the processed signal is T (t) – T 

(t+t1), where t1 is the heater switching time. Applying this processing to the signal presented in 

Figure 3-19 will leave us with zero signal. However, applying the same processing to the signal 

shown in Figure 3-20 will leave us with an oscillating but non-zero signal, where the amplitude 

of the oscillation signal depends on the difference in height between the high and low peaks. 

This difference between any two successive peaks in Figure 3-20 is considered to be 

unfilterable interference, because it will not be eliminated by the filtering method we have 

described. Extensive investigation on this study with different filtering methods has been 

conducted by another member of our research group at Simon Fraser University, MEMS 

laboratory [28].  

 According to Figure 3-20 the amplitude of the interference is 0.59 K, and signal-to- interference 

ratio could be calculated based on the following formula: 

 
interference interference 

signal signal 2
P A

SIR =  = ( )
P A

                                                                           (3-15)          
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Where P represents power and A stands for amplitude.  

According to Figure 3-17 and Figure 3-20, the calculated SIR is equal to: 

interference 

signal 2 2 -5
A 0.0052

SIR = ( )  = ( )  = 7.767×10
A 0.59

 

The value of SIR is very low, and further improvements in the design are needed to increase 

this value. 

 

3.9. Conclusion and Discussion  

Micromachined Thermal gyroscope characteristics have been analyzed in this chapter. We 

started our study by investigating the impact of the fluid properties on the gyroscope sensitivity. 

It has been shown that by using a denser gas inside the cavity, it is possible to increase the 

gyroscope sensitivity. However, the gas velocity will drop when the density is very high if 

switching time of the heaters is not long enough to let the gas reach the equilibrium. As a result 

the device sensitivity will not increase any more.  To compensate for the effect of heater 

switching frequency while using a dense gas, we studied the heater switching frequency’s 

impact on the gyroscope sensitivity. According to the results obtained from simulation, the loss 

of sensitivity of the high-density gas could be avoided by decreasing the frequency of the 

heaters so that heaters would have enough time to heat up the gas inside the cavity.  

Gas viscosity has also been studied in this chapter. We showed that sensitivity will decrease by 

using a more viscous fluid. The flow of a viscous fluid is harder to maintain than the flow of a 

less viscous fluid. This will reduce fluid velocity and, as a consequence, sensitivity will also 

decrease. Furthermore, in this chapter we studied the impact of heater power on gyroscope 

sensitivity and, according to the simulation results, sensitivity will increase quadratically with 

heater power. 

As mentioned previously, gas velocity will be decreased by using a dense gas. This observation 

suggests a new design where gas flow is generated from an external device, and this new 
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design will be presented in the next chapter. Moreover, Thermal MEMS gyroscope shows very 

low SIR, and consequently design refinement to improve SIR is necessary. In the next section, 

we will introduce a new model referred to as “Forced-convection gyroscope” where an external 

force has been applied to move the stream of gas. 
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4.  Forced-Convection Gyroscope 

4.1. Introduction  

In this chapter we will illustrate a new design of Thermal MEMS gyroscope that we will refer to 

as “Forced-convection Gyroscope”. As explained in the discussion section of Chapter 3, we 

expect to observe higher sensitivity with this design because this design has lower Ekman 

Number.  

Furthermore, the signal-to-interference ratio (SIR) of the Thermal MEMS gyroscope presented 

in the previous chapter is compared with this model. In this design the output signal is increased 

by adding external force to the system. This force, generated by electrostrictive or magnetic 

actuators [29-34], or, in our work, a simple pump, will create an alternating gas stream. This 

stream is subsequently heated, and is deviated toward alternating temperature sensors by the 

Coriolis effect [29-34]. A heating element is still used, but its primary purpose is now to warm 

the flowing gas so that it can be detected by the temperature sensors. Furthermore, a refined 

model of this design referred to as “Heated-sensor Forced-Convection” is presented in which 

the heaters are completely eliminated, and the temperature sensors function as hot-wire 

anemometers [29-34].  

Development of micromachined Forced-Convection Gyroscopes [30, 31], also known as 

“Thermal Gas Gyroscopes”, goes back to before 2005. However they showed inadaptability with 

batch processing in MEMS [29]. A new MEMS-compatible approach on the millimeter scale has 

been presented in 2005 [29] and further improvements have been made in the following years 

(2007) [30, 31]. In these designs a piezoelectric pump has been used to force the gas flow 

through a fine nozzle and a micro-thermal-sensing element has been used as a hot wire 

anemometer to sense the gas deflection caused by rotation [29-34]. These designs of Forced 

Convection Gyroscope had limited ability to sense high flow deflection resulting from high rate of 

rotation. This problem resulted from the inappropriate placement of temperature sensors (hot 

wires) [31]. In this chapter we will present temperature sensor-placement optimizations to 
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compensate for this problem. Moreover, we will show that our ultimate design of forced-

convection gyroscope has an advantage in comparison to its precedents [29-34] by reducing the 

impact of acceleration. Our experimental set-up is demonstrated at the end of this chapter.  

 

 

4.2. Forced-Convection Design, One heater 

In order to address the problems of Thermal MEMS gyroscope mentioned in the previous 

chapter an alternative design has been modeled where an external force has been added to the 

system.     

We have been able to use the heat transfer module of COMSOL to model this design; a 

specially-derived set of equations is no longer necessary, since we are no longer modeling a 

gas flow created by expansion of a heated gas. 

 

 

           

 

Figure 4-1 COMSOL Model, deviated gas due to rotation is shown 

 

Oscillating flow  
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Figure 4-1 shows a gas-filled cavity, with one heater, coloured red, on the left and two 

temperature sensors on top and bottom. Unlike the previous design, in this case the heater is 

continually on. Temperature sensors in our model are simply notional points at which we 

monitor temperature. In the real device they can be temperature-sensitive resistors whose 

temperature will change if they come into contact with hot gas. 

SF6 has been chosen as a dense gas to fill the cavity in the simulations. In this simulation we 

have specified an oscillating flow of gas as the left-hand boundary condition. This oscillating 

flow will push the hot gas surrounding the heater to the right and, if the device is rotating around 

an axis orthogonal to the plane containing the heater and temperature sensors, the Coriolis 

force will deviate the flow. The deviated flow will reach the temperature sensors but because the 

flow has been deviated, one temperature sensor will receive more heat than the other. If we 

monitor their temperature difference we are able to correlate it with speed of rotation. The small 

black arrows in Figure 4-1 show the path of gas that has been deviated from its straight path as 

a result of rotation. In this figure it is obvious that the top temperature sensor is receiving more 

heat. Boundary conditions are shown in Figure 4-2. The temperature boundary condition is set 

at T0 for all the boundaries except the left and right-hand boundaries during periods of outward 

flow, when the temperature of the outflowing gas is calculated by the model. The top and bottom 

boundaries are defined as having zero flow in both x and y directions. The velocity of the gas at 

the left-hand boundary is represented by the equation: U = U0 sin (ωt). The right hand boundary 

condition is defined as constant pressure, and the flow rate through this boundary is determined 

by calculation. 
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Figure 4-2 Boundary condition of Forced-convection design 

 

 

Simulations were carried out for inlet speeds ranging from 0.0005 m/s to 0.5 m/s, and the 

acceleration due to gravity is considered to be zero.  Each data point in Figure 4-3 represents 

the temperature difference between two temperature sensors vs. wall velocity. The velocity 

profile shows that, for relatively small velocities, the gas does not gain enough velocity to be 

significantly deviated due to the Coriolis effect during rotation. If the velocity of the gas is too 

great, the Coriolis effect will not have enough physical space to act on the gas flow due to 

geometric constraints, and as a result the temperature difference at the temperature sensors is 

minimal. There is an optimal wall velocity, found to be 0.045 m/s for the given cavity dimensions 

and the given placement of the temperature sensors, where the Coriolis effect has the greatest 

impact on the temperature difference between temperature sensors.  
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Figure 4-3 Wall speed optimization 

 

The red dot in Figure 4-3 shows the optimum speed for the boundary condition in our model. 

According to Figure 4-3 the optimum velocity of the oscillating flow is 0.045 m/s. 

We continued the simulation by finding the optimum location for our temperature sensors. As 

mentioned above, while it is possible to optimize wall velocity (due to an external force) for a 

given geometry, we can also optimize temperature sensor placement given a varying set of wall 

velocities. Different positions of the temperature sensors have been considered for varying wall 

velocities, shown in Figure 4-4. 
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T1, T2, T3, T4, T5 and T6   are temperature sensor locations. Temperature differences between 

the pairs (T1, T2), (T3, T4) and (T5, T6) are monitored.  

 

 

Figure 4-4 Temperature sensor location optimization 

It can be seen that for the velocity ranges we have considered, it is important to allow enough 

space for the Coriolis effect to act and to place the temperature sensors far away enough from 

the heater to sense the gas temperature at the point of greatest deviation. For example, the 

lowest curve in Figure 4-4 shows very low sensitivity because the temperature sensors are 

close to the heater and the heated gas flow is not greatly deviated before being detected by 

temperature sensors. The other important feature that we can observe is that when the velocity 

of the wall is high, the temperature sensors must be placed closer together. This is shown in 

Figure 4-4, where the curve corresponding to the temperature sensor pair (T3, T4) is the most 

sensitive at high flow rates. On the other hand, when the boundary velocity is low it would be 

better if the temperature sensors were placed farther apart, as shown in Figure 4-4, for the 

curve corresponding to the temperature sensor pair (T5, T6). 

 

4.3. Forced-Convection Design, Two heaters 

In the next design, to maintain symmetry a second heater has been added to the model as 

shown in Figure 4-5.  
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Figure 4-5 COMSOL model, places of temperature sensors, heaters and oscillating flow 
are shown, forced-convection design 

 

The model structure is an exact duplicate of Thermal gyroscope. The only difference, as shown, 

is the boundary condition where we have specified an externally-generated flow rate. Also in 

this model both of the heaters are continuously on, though their primary purpose now is to warm 

the flowing gas so that it can be detected by the temperature sensors. 

Simulations were carried out for flow speeds with 0.01 m/s amplitude and 6 Hz frequency. The 

results for two different cases, one without imposed acceleration and the other subject to 

acceleration, are shown in Figure 4-6 and Figure 4-7 respectively. In both cases the 

acceleration is due to gravity. 
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Figure 4-6 Temperature difference is monitored while the impact of gravity is eliminated, 
Forced convection Gyroscope, Heater-sensor model 

 

Figure 4-7 Temperature difference is monitored while the impact of gravity is considered, 
Forced convection Gyroscope, Heater-sensor model 

 

Figure 4-6 shows the output signal where acceleration is absent. The oscillating temperature 

difference between two temperature sensors as observed in Figure 4-7 is not orientated 

symmetrically in response to the y axis. It can be seen that the amplitude of the peaks are 

higher than the valleys and the peaks are sharper than the valleys, which are the results of 

difference in flow rates over the right and left boundaries of the cavity. We confirmed this 
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conclusion by applying the sinusoidal-flow boundary condition to the right boundary instead of 

the left boundary, and observed that as a result these asymmetries were reversed. 

In the presence of an acceleration along the y-axis, as shown in Figure 4-7, the observed signal 

is vertically shifted upward. This happens because when the device is not rotating the upper 

temperature sensor is always surrounded by hotter gas than the lower temperature sensor, due 

to buoyancy. Also in Figure 4-7 two successive peaks are observed. In each cycle, the bigger 

peak coincides with the maximum value of rightwards flow, and the smaller peak coincides with 

the maximum value of leftwards flow.  

The difference between two successive peaks in Figure 4-7 is unfilterable interference. The 

signal-to- interference ratio can be calculated based on Equation (3-15): 

interference 

signal 2 2 -3
 

A 0.77
SIR = ( )  = ( ) = 7×10

A 9.23
 

Comparing SIR of this system with previous system, Thermal gyro, the SIR has been improved 

100 times. However, the magnitude of the output signal still depends on θ. This encouraged us 

to design a new model, referred to as Heated-Sensor design, which will be presented in Section 

4.5.  

In the next section the fabrication process and experimental set-up for the forced convection 

model is presented.    

 

4.4. Fabrication 

Positive simulation results motivated us to fabricate a prototype of the “Forced Convection 

MEMS” gyroscope. Producing a fully functional forced-convection gyroscope is beyond the 

scope of this thesis. The prototype reported here, however, allowed us to demonstrate a subset 

of this device’s operation and function.   

The first step in MEMS fabrication process is to design a mask to be used for the 

microfabrication process. Figure 4-8 shows the mask layout of a thermal gyroscope built for 
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another research project. To add external force to the Thermal MEMS gyro we used an existing 

chip and employed an external pump to generate oscillating flow to the system.   

 

 

Figure 4-8 Device mask layout 

 

In the above picture each bridge can be used for either temperature sensor or heater, they are 

simply resistors whose resistance will change if they are in contact with hot air.  

We added copper tubing to the packaging and sealed the package as shown in Figure 4-9. 

 

 

Figure 4-9 MEMS fabricated chip with copper tube 
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We added a circuit for heating the temperature sensors and observed whether it is possible to 

cool them down with pump, as shown in Figure 4-10.  

 

 

           

Figure 4-10 Setup for detecting sensors functionality 

Figure 4-10 (c) shows the output signal, cooling down and heating up are shown in this figure. 

We can observe similarity between experimental output signal of Figure 4-10 (c) and COMSOL 

simulation results, Figure 4-7. Both figures show the same path with different vertical shift 

depending on the value of θ. 

The next step will be having a platform to rotate the system and observe the output signal. 

4.5. Heated-Sensor Design 

In this system we completely eliminated the heaters and replaced the temperature sensors with 

heated sensors which will work as “Thermal Mass Flow Meter”. The temperature sensors will be 

cooled by deviated gas, again yielding temperature differences between the two temperature 
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sensors. This technique has the reverse strategy in comparison with previous technique. In the 

previous method, hot gas produced by the heaters would reach the temperature sensors and 

heat them up, in this method cool gas will travel toward hot temperature sensors and cool them 

down. This method works exactly as a thermal anemometer works: the flow of air cools small 

heat-sensitive temperature sensors which are in contact with the flow. 

Figure 4-11 shows a new model based on the above method, which has been designed and 

simulated in COMSOL. 

 

Figure 4-11 New Gyro design based on hot sensors 

 

In the next step of this study we monitored the relation between angular rate and output signal 

of Heated-Sensor design. We have considered ω = 1 rad/s, ω = 2 rad/s and ω = 3 rad/s cases, 

then plotted the amplitude of output signal in each case in response to angular rate.  
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Figure 4-12 Output signal with different angular rate 

 

According to Figure 4-12 the relation between output signal and angular rate is linear. However 

for sufficiently high angular rate the curve would level off. This could be compensated for by 

adding extra temperature sensors for high angular rate measurements, as explained earlier in 

this chapter. 

4.6. Signal Correction 

Figure 4-13 shows the result of a simulation of the heated-sensor gyroscope in the absence of 

rotation and with gravity acting along the y-axis. This will produce a differential temperature 

signal varying in phase with the imposed flow, which interferes with the measurement of rotation 

and hence counts as interference. However, if the gyroscope can store a sample of this signal, it 

can subsequently detect a change caused by rotation. This requires a more complex form of 

filtering: a sample of the differential signal for non-rotating operation must be stored, then 

subtracted from subsequent signals. To evaluate this method of signal correction, we conduct a 

series of studies, rotating and non-rotating, for different values of the tilt angle θ (the angle that 

the normal to the plane of the gyro makes with the gravity vector). 
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Figure 4-13 Temperature difference is monitored while the impact of gravity is considered, 
Forced convection Gyroscope, Heated-sensor model 

 

Figure 4-14 shows the corrected output signal for different values of θ. In all these cases the 

non-rotation signal (ω = 0 rad/s) has been subtracted from the rotation signal. All three curves 

are superimposable, showing that the corrected output signal does not depend on θ. 
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Figure 4-14 Temperature difference of heated-sensor design, different values of θ are 
considered 

Figure 4-14 shows that the signal stabilizing from 0.35 sec onwards. Whereas `corrected’ 

signals for the previous Two-Heater Forced-Convection gyro showed dependence on θ, 

meaning that the `corrected’ signal still included effects of the buoyancy force, the current 

Forced-convection Heated-sensor model has no such dependence on θ, as shown by Figure 4-

14. This could be considered the main advantage of this design in comparison with previous 

designs.  

The reason for this independence of θ  is thought to be that in the heated-sensor model, the hot 

sensors are small and placed far apart from each other. As a result they will not affect each 

other via the buoyancy force. So differences in their temperature will result solely from the 

deviation of the oscillating flow by Coriolis force, which will cool down one hot sensor in 

preference to the other.  

 

4.7. Conclusion  

 

A new design of Thermal MEMS gyroscope has been modeled which is referred to “Forced 

Convection MEMS Gyroscope”. Different techniques have been considered to eliminate the 
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impact of acceleration signal and extract the signal precisely.  Hot sensor model could be 

considered as the best model and is functional even if the device is rotating in different angles of 

inclination. A prototype of the device has been fabricated, and a practical set up is constructed 

to extract sensor signal.  

 

4.8. Future work 

As future work we are looking forward to building a rotary platform to rotate the whole system 

and extract the rotation signal to be compared with simulation results.  
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5. Three-Axis MEMS Gyroscope 

In this new design, the two heaters presented in the first model have been merged to build a 

new model that we will refer to as “One-heater Thermal Gyroscope” shown in Figure 5-1. We 

will show that this new model can detect rotation about the y and z axes in addition to the x axis. 

Furthermore, we will illustrate techniques for eliminating the impact of acceleration signal 

resulting from gravity.  

 

Figure 5-1 Deviation of a warm fluid bubble in One-heater Thermal Gyroscope 

 

5.1. Simulation Design 

A three-dimensional geometric model of a micromachined cavity was constructed and meshed 

using the COMSOL modeling package, and the fluid in the cavity was represented by Equation 
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(2-1) to (2-6). Sulfur hexafluoride, SF6 has been chosen as a dense gas to fill the cavity in the 

simulations. The properties of sulfur hexafluoride and Si walls are shown in Table 1 and Table 

2.                     

In order to make the structure meshing symmetrical we have constricted our model from small 

cubes each of them 0.15 mm on a side. The main structure, a cube with 1.05 mm sides, is 

constructed from these small cubes, as shown in Figure 5-2.  

 

 

Figure 5-2 COMSOL structure, constructed from small cubes 

 

A heater in the form of a “plus” shape in the middle of the cube is shown in Figure 5-3. The 

thickness of the heater in our model is 0.15 mm.  The heater is pulsed on and off at regular 

intervals of 0.04 seconds, corresponding to a frequency of 25 Hz. Our basis for selecting this 

switching interval is that we want to maximize the measured temperature difference between 
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temperature sensors. This difference is due to the deflection of the expanding gas flow by the 

Coriolis force, and will therefore reach a maximum when the average flow rate of the expanding 

gas is at a maximum. When the heater is switched on, the temperature of the gas around it 

increases until an equilibrium temperature is reached, at which point the expansion flow stops 

and the gyroscope ceases to function. We therefore set the heater to pulse off just before the 

equilibrium temperature is reached. Calculation and experiment show that this period is about 

0.04 seconds. 

 

Figure 5-3 COMSOL structure, shows the heater in a plus shape 
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Temperature sensor positions are shown in Figure 5-4. 

 

Figure 5-4 Places of temperature sensors in three-dimensional model based on 
optimization 

 

In Figure 5-4, T1, T2, T5, Tz1, and Tz2 are the temperature sensor locations.  

If the temperature sensors were placed symmetrically within the cavity, the fluid deflection due 

to Coriolis effect toward each of the temperature sensors would be the same, so monitoring 

temperature differences between temperature sensors will generate no signal. In order to 

observe temperature differences between temperature sensors it is necessary to disturb the 

symmetry and place the temperature sensors in asymmetrical places.   Table 3 shows the 

temperature sensor locations in x, y and z coordinates, where the coordinate origin is at the left 

back lower corner of the cavity.  
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  Table 3 Temperature sensor locations in three-dimensional model 

Sensor name Function Location (x,y,z) mm 

T1 x & y rotation monitoring (0.3,0.3,0.3) 

T2 x rotation monitoring (0.3,0.75,0.3) 

T5 y rotation monitoring (0.75,0.3,0.3) 

Tz1 z rotation monitoring (0.2,0.42,0.45) 

Tz2 z rotation monitoring (0.85,0.42,0.45) 

 

By monitoring the temperature differences between T1 and T2 we are able to detect rotation 

along x axis, also by monitoring T1 and T5 we can sense rotation along y axis. Tz1 and Tz2 are 

the temperature sensors placed for detecting rotation along z axis.  

Figure 5-5 shows the simulation results of rotation about the x axis. In this study ωx = 20 rad/s, 

ωy  =  ωz = 0.  
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Figure 5-5 Temperature difference between two temperature sensors, for detecting 
rotation along x axis   

 

Figure 5-5 shows that the signal of T1-T2 is measurable, and it was observed that the signals 

from the other pairs of temperature sensors are negligible. In other words, the temperature 

sensors designed to detect rotation along x axis picked up a significant signal and the other 

pairs of temperature sensors showed negligible noise. These results matched our expectation.  

Other cases have also been simulated. In Figure 5-6, (a-b), simulation results of rotation about 

the y axis have been shown, in this study, ωy = 20 rad/s, ωx = ωz = 0.  
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Figure 5-6 (a) Temperature difference between two temperature sensors, for detecting 
rotation along y axis   

 

Figure 5-6 (b) Temperature difference between two temperature sensors, for detecting 
rotation along z axis  

 

Simulation results show the temperature difference between T1, T2 was negligible, since there 

was no rotation about the x axis. But, disturbingly, Figure 5-6 (b) shows a significant signal 

regardless of the fact that there was no rotation about the z axis. Before drawing any conclusion 

at this stage, we continued the work by simulating the case of rotation about the z axis while 
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rotation about the two other axes, x and y, was considered to be zero, in other words, ωz = 20 

rad/s, ω x= ωy = 0. The results of this study are shown in Figure 5-7. 

 

Figure 5-7 Temperature difference between two sensors, for detecting rotation along y 
axis 

 

Simulation results show that the temperature differences between the sensor pairs (T1, T2) and 

(T1, T5) were negligible while rotation about x and y axes was zero. But the pair (Tz1, Tz2) does 

yield a significant signal, shown in Figure 5-7, and represents rotation about the z axis.  

Each case shows unique signals.  This makes it possible to monitor all three sets of 

temperature sensors and compare the results with Table 4 to resolve rotation about different 

axes. 
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Table 4 Simulation results of different rotation cases 

 

 

 

 



 

66 

 

5.2. Gravity/Acceleration Effect 

The impact of acceleration due to gravity or other imposed accelerations has not yet been 

considered. For simplicity we have constructed a two-dimensional model of the gyroscope 

where the buoyancy terms in Equation (2-4) and (2-5) are given by.  

                  ,                   

In this design ω represents rotation about the axis perpendicular to the xy plane, which we can 

think of as the z axis, and θ represents the angle that the acceleration vector makes with the z 

axis.  

In the presence of gravity, it is no longer necessary to pulse the heater on and off to produce 

currents of heated gas. Instead, we can keep the heater on continually and rely on the 

buoyancy effect to create natural convection currents, which will be deflected by the Coriolis 

force. Thermal MEMS gyroscopes based on natural convection have been analysed by previous 

researchers. However, they failed to measure three axes of rotation [35].  

Figure 5-8 shows the two-dimensional model of Thermal gyroscope. Small black arrows show 

the direction of fluid velocity within the cavity. 
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Figure 5-8 Two-dimensional Thermal gyro model, gravity is added to the model 

In Figure 5-8, T1, T2, T3 and T4 are the temperature sensor positions. The temperature 

difference between one pair of temperature sensors, (T1 and T2), has been monitored for two 

rotation and non-rotation cases. These results are summarized in , where θ is considered to be 

a variable and ω = 20 rad/s.   
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Table 5 Simulation results of different rotation cases 
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According to  the amplitude of the signal for the non-rotation case is negligible, however, the 

detected signal in rotation case is significant, and we can draw the conclusion that when the 

device is placed at an angle and is not rotating, the observed signal will be zero.  

All Figures in column two of  show that, as the device rotates, the convection current rising from 

the heater sweeps around the cavity, crossing the positions of the two temperature sensors 

alternately. The amplitude of the differential signal is proportional to the component of gravity in 

the plane of the temperature sensors, g sin (θ). 

Further simulations show that the frequency of the differential signal is synchronous with the 

angular rate of the rotation, Figure 5-9.  

 

Figure 5-9 Simulation results of Thermal Gyroscope in the rotation case,ω = 40 rad/s, and 
θ = 1º   

 

We can conclude that frequency of the signal gives us information about the angular rate, while 

the amplitude of the signal gives us information about the angle between acceleration vector 

and rotation axis. 
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5.3.  Conclusion  

In the first part of this study it has been shown that with the Single Heater Thermal Gyroscope it 

is possible to detect rotation along all three axes, x, y, z. This new design in comparison with 

previously designed Thermal gyroscope shows more capability for monitoring rotation since the 

previous design of Thermal gyroscope just has the ability to detect rotation about a single axis. 

In the second part of this study we showed that with Single Heater Gyroscope it is possible to 

eliminate the impact of acceleration signal as this interference was previously the big 

disadvantage of Thermal MEMS Gyroscope. 

To sum up, “One Heater Thermal Gyroscope” appears to have advantages in comparison with 

existing Thermal MEMS gyroscope   

5.4.  Future Work 

As future work we hope to work on MEMS fabrication processes to fabricate our designed 

MEMS gyroscope so that we could test this new model of gyroscope experimentally. 
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6. Conclusion and Future Work  

Finite-element models of the Thermal MEMS gyroscope have been studied to optimize 

gyroscope performance.  The effects of heater switching frequency, gas properties such as 

viscosity and density, and heater power on gyroscope sensitivity have been investigated. We 

have shown that by using a denser gas inside the cavity, it is possible to increase the gyroscope 

sensitivity up to a certain point, after which the sensitivity will decline. In order to compensate for 

this decline we studied the impact of heater switching frequency and showed that the loss of 

sensitivity by using a very dense gas could be compensated for by decreasing the heater 

switching frequency. We also investigated the impact of gas viscosity and showed that 

sensitivity will decrease by using a more viscous fluid. These results could be used as a guide 

to optimization of gyroscope sensitivity as a function of device pressure, heater power, heater 

switching frequency, and properties of the working gas. These conclusions were summed up by 

the introduction of the Ekman number as a single dimensionless parameter affecting sensitivity. 

The thermal MEMS gyroscope shows low SIR with respect to the spurious signal produced by 

accelerations, including gravity.  A new dimensionless parameter, the `gyrointerference 

number’, was introduced to summarise the parameters affecting SIR. We introduced a new 

Thermal MEMS gyroscope model referred to as “Forced Convection MEMS Gyroscope”. In this 

design the output signal is increased by adding external force to the system.  This force was 

generated by an external pump in our experimental systems. We also investigated signal-

processing techniques to extract the rotation signal and eliminate the impact of acceleration 

signal.  Our promising COMSOL simulation results encouraged us to consider building a rotary 

platform to rotate our experimental setup as future work. We are looking forward to comparing 

experimental results with our COMSOL simulation studies. 

Further design improvements resulted in the last model, referred to as “Three-axis MEMS 

gyroscope": the two heaters in the previous designs were merged into one cross-shaped heater 

located in the middle of the cavity. We built a three-dimensional COMSOL model of this design. 

Simulation results of this study were promising and we showed it is possible to extract rotation 

signal if the impact of acceleration signal is disregarded. Initial two-dimensional studies 
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suggested that even in the presence of acceleration, rotations could be resolved and measured 

by tracing the natural convection flows. The possibility of eliminating acceleration impact on the 

rotation signal with this design needs more investigation and is among our future studies.   
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(a) ΔT between two temperature sensors, P = 25 kPa 

 

 

(b) ΔT between two temperature sensors, P = 50 kPa 
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(c)  ΔT between two temperature sensors, P = 75 kPa 

 

(d)  ΔT between two temperature sensors, P = 100 kPa 

 

 

(e)  ΔT between two temperature sensors, P = 200 kPa 
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(f)  ΔT between two temperature sensors, P = 400 kPa 

Figure 1-A ΔT plot between two temperature sensors, by varying pressure. Cavity 

filled with SF6 and angular rate is 1rad/sec. 
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(b) ΔT between two temperature sensors, P = 50 kPa 

 

 

(c) ΔT between two temperature sensors, P = 75 kPa 
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(d) ΔT between two temperature sensors, P = 100 kPa 

 

 

(e) ΔT  between two temperature sensors, P = 200 kPa 
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(f) ΔT between two temperature sensors, P = 400 kPa 

 

 

(g) ΔT  between two temperature sensors, P = 600 kPa 
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(h) ΔT between two temperature sensors, P = 800 kPa 

Figure 2-A ΔT plot between two temperature sensors, by varying pressure. Cavity 

filled with air and angular rate is 1rad/sec. 

 

(a) u in the middle of cavity, pressure = pressure0/4 
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(b) u in the middle of cavity, pressure = pressure0/2 

 

 
 

(c) u in the middle of cavity, pressure = pressure0/1.33 
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(d) u in the middle of cavity, pressure = pressure0 

 

 
 

(e) u in the middle of cavity, pressure = pressure0×2 
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(f) u in the middle of cavity, pressure = pressure0×4 

Figure 3-A Monitoring u in the middle of cavity by varying pressure. Cavity filled 

with SF6, and angular rate is 1rad/sec. 

 

 

 
(a) u in the middle of cavity, pressure = pressure0/4 
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(b) u in the middle of cavity, pressure = pressure0/2 

 

 

 
(c) u in the middle of cavity, pressure = pressure0/1.33 
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(d) u in the middle of cavity, pressure = pressure0 

 

 

 
(e) u in the middle of cavity, pressure = pressure0×2 

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0 0.1 0.2 0.3 0.4 0.5
u

 i
n

 t
h

e
 m

id
d

le
 o

f 
c

a
v
it

y
 

(m
/s

) 

Time (sec) 

u(middle) with P = Pₒ  

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0 0.1 0.2 0.3 0.4 0.5

u
 i
n

 t
h

e
 m

id
d

le
 o

f 
c

a
v
it

y
 

(m
/s

) 

Time (sec) 

u(middle) with P = Pₒ×2  



 

90 

 

 

 
(f) u in the middle of cavity, pressure = pressure0×4 

 

 

 
(g) u in the middle of cavity, pressure = pressure0×6 
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(h) u in the middle of cavity, pressure = pressure0×8 

 

Figure 4-A Monitoring u in the middle of cavity by varying pressure. Cavity filled 

with SF6, and angular rate is 1rad/sec. 

 

 

(a) ΔT plot between two temperature sensors,  = 4×1.4e-5 (Pa•s) 
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(b) ΔT plot between two temperature sensors,  = 2×1.4e-5 (Pa•s) 

 

(c) ΔT plot between two temperature sensors,  = 1.4e-5 (Pa•s) 
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(d) ΔT plot between two temperature sensors,  = 1.4/2e-5 (Pa•s) 

 

 

(e) ΔT plot between two temperature sensors,  = 1.4/4e-5 (Pa•s) 

Figure 5-A Temperature difference plot between two temperature sensors by 

varying Viscosity. Cavity filled with SF6 and angular rate is 1rad/sec. 

 

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0 0.1 0.2 0.3 0.4 0.5

Δ
T

  
b

e
tw

e
e
n

 t
w

o
 

te
m

p
e
ra

tu
re

 s
e
n

s
o

rs
 (

K
) 

 

Time (sec) 

ΔT with µ = 1.4/2e-5 (Pa•s)  

-0.1

-0.05

0

0.05

0.1

0.15

0 0.1 0.2 0.3 0.4 0.5

Δ
T

  
b

e
tw

e
e
n

 t
w

o
 

te
m

p
e
ra

tu
re

 s
e
n

s
o

rs
 (

K
) 

 

Time (sec) 

ΔT with µ = 1.4/4e-5 (Pa•s)  



 

94 

 

 

(a) ΔT plot between two temperature sensors,  = 4×1e-5 (Pa•s) 

 

(b) ΔT plot between two temperature sensors,  = 2×1e-5 (Pa•s) 
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(c) ΔT plot between two temperature sensors,  = 1×e-5 (Pa•s) 

 

 

(d) ΔT plot between two temperature sensors,  = 1/2×1e-5 (Pa•s) 
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(e) ΔT plot between two temperature sensors,  = 1/4×1e-5 (Pa•s) 

Figure 6-A Temperature difference plot between two temperature sensors by 

varying Viscosity. Cavity filled with air and angular rate is 1rad/sec. 

 

 

(a) ΔT plot between two temperature sensors power = power0 /8 
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(b) ΔT plot between two temperature sensors, power = power0 /6 

 

(c) ΔT plot between two temperature sensors, power = power0 /4 

 

(d) ΔT plot between two temperature sensors power = power0 /2 
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(e) ΔT plot between two temperature sensors, power = power0  

 

(f) ΔT plot between two temperature sensors, power = power0 ×2 
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(g) ΔT plot between two temperature sensors, power = power0 ×4 

 

 

(h) ΔT plot between two temperature sensors, power = power0 ×6 
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(i) ΔT plot between two temperature sensors, power = power0 ×8 

Figure 7-A ΔT plot between two temperature sensors by varying power. Cavity 

filled with air and angular rate is 1 rad/sec. 

 

 

 
(a) ΔT plot between two temperature sensors, power = power0 /8 
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(b) ΔT plot between two temperature sensors, power = power0/6 

 

(c) ΔT plot between two temperature sensors, power = power0 /4 
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(d) ΔT plot between two temperature sensors, power = power0/2 

 

(e) ΔT plot between two temperature sensors, power = power0  
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(f) ΔT plot between two temperature sensors, power = power0 ×2 

 

 

(g) ΔT plot between two temperature sensors, power = power0 ×4 
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(h) ΔT plot between two temperature sensors, power = power0 ×6 

 

 

(i) ΔT plot between two temperature sensors, power = power0 ×8 

Figure 8-A ΔT plot between two temperature sensors by varying power. Cavity 

filled with air and angular rate is 1rad/sec. 
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