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Abstract:



This paper presents the design and application of a lever coupling mechanism to improve the shock resistance of a dual-mass silicon micro-gyroscope with drive mode coupled along the driving direction without sacrificing the mechanical sensitivity. Firstly, the mechanical sensitivity and the shock response of the micro-gyroscope are theoretically analyzed. In the mechanical design, a novel lever coupling mechanism is proposed to change the modal order and to improve the frequency separation. The micro-gyroscope with the lever coupling mechanism optimizes the drive mode order, increasing the in-phase mode frequency to be much larger than the anti-phase one. Shock analysis results show that the micro-gyroscope structure with the designed lever coupling mechanism can notably reduce the magnitudes of the shock response and cut down the stress produced in the shock process compared with the traditional elastic coupled one. Simulations reveal that the shock resistance along the drive direction is greatly increased. Consequently, the lever coupling mechanism can change the gyroscope’s modal order and improve the frequency separation by structurally offering a higher stiffness difference ratio. The shock resistance along the driving direction is tremendously enhanced without loss of the mechanical sensitivity.
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1. Introduction


With the development of MEMS (microelectromechanical systems) technology, the performances of MEMS devices are greatly improved, and now, the sensors are widely used in various fields. For many applications, such as in military and aerospace applications, the sensors not only have to perform with a high degree of stability, but also have to withstand a higher level of shock. Therefore, it is crucial to improve the reliability and survivability of MEMS devices in a shock environment [1,2].



Micro-gyroscopes, as one kind of MEMS device, are silicon-based sensors, which can detect input angular rate information through the Coriolis acceleration. In comparison with their conventional counterparts, micro-gyroscopes have many advantages, such as small size, low cost, low power consumption, micro-volume, tiny weight and batch fabrication. With the advancement of the architecture, measuring and controlling technology, micro-gyroscopes have achieved a rapid development in the past several decades. At present, they are widely used in many fields, including the automotive industry, consumer electronics, robot control systems, aerospace navigation and military weapons [3,4].



In high shock environments, the impact loads could cause the large nonlinear displacement of the elastic structures, which will result in the nonlinear stress strain behavior of the material and will lead to collisions between the movable structure and the fixed structure. In addition, the massive displacement will produce heavy stress or strain in the structure, especially in its weak structures (mostly elastic beams) [5,6]. The cracking, chipping and fracture problems caused by the collision and excessive deformation are the common failure modes of the structure. Unlike failure in large-scale devices, the other important sources of failure in MEMS are stiction and electric short circuits due to the contact between the movable part and the stationary part or the substrate [7]. The shock response and failures of micro-structures have been studied by many researchers. Fang et al. investigated the half-sine shock response of a micro-cantilever using a beam model. The displacement and bending stresses of the micro-beam were calculated by the assumed modes method [8]. Li et al. used the equivalent lumped spring-mass model to approximate the dynamic response of micro-structures to study the motion of MEMS accelerometers during the drop tests. Both SDOFand the distributed-parameter model were used to calculate maximum deflection of the cantilever and hinged-hinged beam [9]. In [10], the authors experimentally characterized the shock response of commercial accelerometers. The authors in [11] provided details of the dynamic response under severe multi-axial single-pulse shock load, which was performed using the finite element tool ABAQUS with nonlinear dynamics procedures. In [12,13], the authors proposed a multi-scale numerical approach to compute the stress state induced in polysilicon MEMS sensors by accidental drops and to detect eventual failure locations. Through Monte Carlo simulations, some effects of polysilicon micro-structure on the failure mode are elucidated. They presented a two-scale approach to model drop-induced failures of polysilicon MEMS sensors in [14], which addressed the whole tracking of the failure mechanism.



So far, researchers have attempted to improve the reliability of the MEMS devices in shock environments and have carried out many achievements. Enhancing the robustness of the weak structures in MEMS devices, by the optimization of the beams and structure design for stress relief, is one common method. A circular arc step structure at the corner of a notch structure was given in [15]. The maximal stress of the structure was significantly reduced by this design, and the high shock resistance ability of the MEMS gyroscope exceeded 10,000 g. In [16], the authors reported the spring corner designs to improve the reliability for a MEMS actuator. The experimental results show that the MEMS device designed by these principles can survive a 500 g (gravity acceleration) shock test. However, this method improves the anti-shock performance slightly [5]. Another widely-used method that enhances the anti-shock performance is the use of stoppers, including solid stoppers and elastic stoppers. This approach is widely employed in MEMS accelerometers. The authors in [17,18] presented two shock protection solutions of different elastic stoppers, nonlinear-spring shock stoppers and soft-coating shock stoppers, and compared the shock protection performance of the elastic stoppers with that of the hard stoppers by experiments. Simulation and experimental results clearly demonstrated that elastic stoppers offer superior shock protection compared to conventional hard ones. A mixed shock protection method by using flexible decoupling and the stopper frame for Colibrys sandwich accelerometers was given in [19]. In [20], the authors showed two-level elastic stoppers, which had a significant effect on improving the anti-shock performance. A kind of double-cascaded stopper to mitigate high-frequency shock failure was presented in [6]. Shock tests showed that accelerometers with flexible stoppers could resist more than 10,000 g shock with about a 100-[image: there is no content]s pulse width, while the double-cascaded stopper was more robust to high-frequency shocks. However, these stoppers may only provide marginal protection because they themselves may produce secondary impact sources (such as subsequent shocks) that may cause fracture, debris and performance shifts in the device [18].



The effective shock protection must minimize the impulse response displacement, as well as minimize the impulse forces delivered to the microstructure. For a dual-mass silicon micro-gyroscope, a useful method is to raise the in-phase mode frequency, which can further improve its shock resistance. In [20], the authors not only equipped their gyroscopes with two level elastic stoppers, but also raised the in-phase mode frequency. Shock experiments indicated that the shock resistance of the gyroscope along the X-axis had been increased from 2000 g to 15,000 g. However, generally, for a dual-mass silicon micro-gyroscope coupled by elastic beams, the in-phase mode frequency is lower than and close to the anti-phase mode frequency, which is the operational mode frequency. The improving of in-phase mode frequency will also raise the anti-phase mode frequency, which will influence the mechanical sensitivity. Therefore, changing the modal order by switching the in-phase mode frequency above the anti-phase one and improving the frequency separation are important to improve the shock resistance without sacrificing any sensitivity. Hence, it is vital to designing and analyzing the coupling mechanism. In [21], an anchored coupling ring spring linked by four linear beams was presented. The simulation showed that the in-phase mode frequency of the anchored coupling silicon micro-gyroscope was increased by 48.7%, while the anti-phase mode frequency was improved a little. The vibration outputs were reduced by 74.8% and 88.1% in the anti-phase mode and in-phase mode, respectively. A new micromachined tuning fork gyroscope with an anchored diamond coupling mechanism was proposed in their recent paper, which increased the in-phase mode frequency to be 108.3% higher than the anti-phase one [22]. A self-rotation ring structure for connecting two sensing proof masses was designed and simulated in [23], and the in-phase sensing mode was suppressed by using it.



The ring and diamond coupling structures presented in the published materials could change the modal order and improve the frequency separation, but these structures have very stringent machining precision requirements. Moreover, the shock resistance has not been discussed in these articles. This paper presents a lever coupling mechanism, which can not only improve the gyroscope’s shock resistance along the driving direction, but also will not sacrifice any mechanical sensitivity. Compared with the ring and diamond structures, this structure is simpler and is easier to process. Section 2 discusses the relationship between the mechanical sensitivity and the drive mode frequency. Section 3 describes the shock response of the ideal dual-mass silicon micro-gyroscope. The relationship between the shock response and in-phase frequency in driving direction is analyzed. Section 4 presents the design and analysis of the lever coupling mechanism. In addition, a silicon micro-gyroscope with this proposed lever coupling mechanism based on our previous structure is described. In Section 5, the modal order, temperature performance and the shock resistance are analyzed by the FEM method. Section 6 discusses the whole paper.




2. Analysis of the Mechanical Sensitivity


Neglecting the nonlinearity, which is derived from the large deformation of the beams, the dynamic equations of a dual-mass silicon micro-gyroscope can be expressed as:


[image: there is no content]



(1)






[image: there is no content]



(2)




where x, y are the mass displacements in the drive and sense direction; [image: there is no content], [image: there is no content] represent the mass along the X-axis and Y-axis; [image: there is no content], [image: there is no content] represent the damping coefficients along the X-axis and Y-axis; [image: there is no content], [image: there is no content] represent the stiffness along the X-axis and Y-axis; [image: there is no content], [image: there is no content] are the driving force and the Coriolis force, respectively, and can be expressed by:


[image: there is no content]



(3)




where [image: there is no content] is the amplitude of the driving force; [image: there is no content] is the angular frequency of the driving force; [image: there is no content] is the input angular velocity.



The solutions of (1) and (3) could be obtained as:


[image: there is no content]



(4)




where [image: there is no content]; [image: there is no content] is the drive mode frequency, which is the operational frequency; [image: there is no content], [image: there is no content] are the quality factor and the damping ratio of the drive mode, respectively. The solutions of (2)–(4) could be obtained as:


y(t)=Aycos(ωt−φd−φs)=2mcΩωAFmxmyω2−ωd22+ω2ωd2Qd2ω2−ωs22+ω2ωs2Qs2cos(ωt−φd−φs),



(5)




where [image: there is no content]; [image: there is no content] is the sense mode frequency; [image: there is no content], [image: there is no content] are the quality factor and the damping ratio of the sense mode, respectively.



The mechanical sensitivity can be obtained as follows:


Sy=AyΩ=2mcωAFmxmy·1ω2−ωd22+ω2ωd2Qd2·1ω2−ωs22+ω2ωs2Qs2.



(6)







Ideally, [image: there is no content], [image: there is no content] is defined as the frequency difference between the drive mode and the sense mode, which is given by [image: there is no content]. (6) can be expressed as:


Sy=2mcωdAFmxmy·Qdωd2·12ωdΔω−(Δω)22+ωd2(ωd−Δω)2Qs2=mcfdAF8π3mxmy·Qdfd2·1(2fdΔf−(Δf)2)2+fd2(fd−Δf)2Qs2,



(7)




where [image: there is no content]; [image: there is no content].



[image: there is no content], [image: there is no content] and [image: there is no content] are fixed when the structure form is assured. [image: there is no content] and [image: there is no content] are mainly decided by processing and packaging processes. Then, the mechanical sensitivity is primarily determined by the values of [image: there is no content] and [image: there is no content]. Figure 1 illustrates the relationship between the mechanical sensitivity, [image: there is no content], and [image: there is no content].


Figure 1. The curves of the mechanical sensitivity related to [image: there is no content] and [image: there is no content].



[image: Sensors 17 00995 g001]






It can be seen that the mechanical sensitivity is increased with the reduction of [image: there is no content] and is decreased with the rising of the drive mode frequency. However, because the working bandwidth of the gyroscope is estimated as [image: there is no content], the value of [image: there is no content] cannot be too small for the requirement of the working bandwidth. Therefore, in order to get a higher mechanical sensitivity, [image: there is no content] should be as low as possible.




3. Shock Load and Shock Response Analysis


3.1. Shock Load


The shocks in shock environments are invariably irregular in pulse shape, jagged in spectral characteristics and variable from one occurrence to another. Such shock loads can be conveniently approximated by a series of simple shock pulses. A classical form of such a pulse is the half-sine waveform, as is shown in Figure 2, which can be expressed as:


[image: there is no content]



(8)




where [image: there is no content], T is the duration time of the shock load and [image: there is no content] is the peak acceleration of the shock load.


Figure 2. Shock load.



[image: Sensors 17 00995 g002]







3.2. Shock Response Analysis


For a dual-mass micro-gyroscope, as is shown in Figure 3, the kinetic equation along the driving direction under the base acceleration load can be expressed as:


[image: there is no content]



(9)




where [image: there is no content], [image: there is no content], [image: there is no content] are the second order mass matrix, damping matrix and stiffness matrix, respectively; [image: there is no content] represents the displacement vector of coriolis masses.


Figure 3. Schematic diagram of a dual-mass micro-gyroscope with drive mode coupled.



[image: Sensors 17 00995 g003]






The stiction and the electric short circuits due to the contact between the movable part and the stationary part or the substrate are important sources of failure in MEMS, which are different from the large-scale devices. Then, the displacement of the devices should be lower than the gap between the movable part and the stationary part or the substrate. For the MEMS gyroscope, the gap is about several micrometers to several tens of micrometers, and the design of the support beam and the structural form generally ensures that the structure has a good linearity at this level of displacement. Therefore, ignoring the nonlinear effect, (9) can be simplified and solved by the modal superposition method. This method can get the analytical solution of the shock response, which is convenient for analyzing intuitively. The solving process is described in Appendix A.



The shock response, which is compatible with the analytical solution [24], is given by:


[image: there is no content]



(10)







In order to realize the relationship between the shock response and the in-phase frequency more intuitively, a numerical simulation has been done by MATLAB software. The parameters used for the simulation are shown in Table 1.



Table 1. The parameters used for the simulation.







	
Parameters

	
[image: there is no content] (kg)

	
[image: there is no content](g)

	
T(s)

	
[image: there is no content](rad/s)






	
Values

	
[image: there is no content]

	
100

	
[image: there is no content]

	
[image: there is no content]










Figure 4 shows the simulation results. It can be found that the displacement of the shock response is decreased with the rise of [image: there is no content]([image: there is no content]). Therefore, it is very critical to raising the in-phase frequency for enhancing the impact properties of micro-gyroscopes.


Figure 4. The shock response related to the in-phase frequency.



[image: Sensors 17 00995 g004]








4. Architecture Design


Much research on the development and analysis of the silicon micro-gyroscope structure has been done in our previous work [24,25,26,27,28,29]. Therefore, this section mainly introduces the design and analysis of the coupling mechanism.



4.1. Design of the Coupling Mechanism


According to the above analysis, it is necessary to design a coupling mechanism, for which the in-phase stiffness is greater than the anti-phase stiffness. Then, the in-phase mode frequency of the gyroscope would be higher than the anti-phase mode frequency, which could reduce the shock response without loss of mechanical sensitivity. A lever coupling mechanism is proposed based on the improved coupling method, as is shown in Figure 5. The architecture is completely symmetrical. The coupling structure is formed with three parts:

	(1)

	
levers, which are used to transform the displacement of the proof masses.




	(2)

	
a tuning fork structure, which is important to determine the values of the in-phase coupling stiffness [image: there is no content] and the anti-phase coupling stiffness [image: there is no content]. In the in-phase mode, the two beams of the tuning fork resonator will be subjected to the in-phase forces along the x direction and will produce a torsional force around the z direction; while in the anti-phase mode, the two beams of the tuning fork resonator will be subjected to the anti-phase forces along the x direction and will produce an axial force in the y direction.




	(3)

	
a double-ended beam, which absorbs the force produced by the tuning fork structure. The different forces in the in- and anti-phase mode will cause the torsional deformation and the bending deformation, respectively.








Figure 5. The proposed coupling mechanism.



[image: Sensors 17 00995 g005]






The coupling mechanism presents two different mode shapes in the in-phase mode and the anti-phase mode. For in-phase motion, the coupling mechanism is forced in opposite directions by the proof masses, and the double-ended beam presents bending deformation, as demonstrated in Figure 6a. For anti-phase motion, the coupling mechanism is forced in the same direction by the proof masses, and the double-ended beam presents torsional deformation, as depicted in Figure 6b. The parameters of the coupling structure will determine the in-phase mode and the anti-mode stiffness, which will be analyzed in the following section.


Figure 6. The two different mode shapes of the anchored diamond coupling beam in the in-phase mode (a) and anti-phase mode (b).



[image: Sensors 17 00995 g006]







4.2. Analysis of the Relations between the Stiffness and the Structure Parameters


Generally, in order to improve the consistency of processing, the same width is applied to all slender beams. In this design, the width of the slender beam is 10 [image: there is no content]m. This paper mainly introduces the effects of dimensions [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content] and [image: there is no content] on the in-phase and the anti-phase coupling stiffness. [image: there is no content] presents the length of the double-ended beam; [image: there is no content] presents the length of the tuning fork beam; [image: there is no content] presents the gap between the two tuning fork beams; [image: there is no content] presents the length of the lever; [image: there is no content] presents the length of the lever’s resisting arm. The initial values of [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content] and [image: there is no content] are shown in Table 2.



Table 2. The parameters of the coupling mechanism used for the simulation.







	
Parameters

	
[image: there is no content]([image: there is no content]m)

	
[image: there is no content]([image: there is no content]m)

	
[image: there is no content]([image: there is no content]m)

	
[image: there is no content]([image: there is no content]m)

	
[image: there is no content]([image: there is no content]m)






	
Values

	
300

	
300

	
50

	
300

	
100










The stiffness can be calculated by formula [image: there is no content]. Figure 7 shows the finite element model of the lever coupling mechanism. The thickness of the structure is 60 [image: there is no content]m, and the mesh element is SOLID95. The element, which can tolerate irregular shapes without as much loss of accuracy, is defined by 20 nodes having three degrees of freedom per node: translations in the nodal x, y and z directions. The element may have any spatial orientation. SOLID95 has plasticity, creep, stress stiffening, large deflection and large strain capabilities. Various printout options are also available [30]. The silicon material properties are listed in Table 3 [31,32]. By applying a constant force on Surface-A and -B along the driving direction as shown in Figure 6, the displacement can be obtained by ANSYS static analysis. Then, the in-phase and anti-phase coupling stiffness are obtained. Figure 8 illustrates the relationship between the in-phase coupling stiffness, as well as the anti-phase coupling stiffness and [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content] and [image: there is no content], respectively.


Figure 7. The finite element model of the lever coupling mechanism.



[image: Sensors 17 00995 g007]





Figure 8. The relationships between the in-phase coupling stiffness, as well as the anti-phase coupling stiffness and: [image: there is no content] (a); [image: there is no content] (b); [image: there is no content] (c); [image: there is no content] (d); [image: there is no content] (e).



[image: Sensors 17 00995 g008]






Table 3. Model parameters for FEM simulations.







	
Parameters

	
Young’s Modulus (Pa)

	
Poisson’s Ratio

	
Density (kg/m3)






	
Values

	
[image: there is no content]

	
[image: there is no content]

	
2330










The ratio of in-phase coupling stiffness to the anti-phase coupling stiffness is shown in Figure 9. Figure 8a indicates that [image: there is no content] chiefly influences the anti-phase coupling stiffness, while [image: there is no content] principally decides the in-phase coupling stiffness, as described in Figure 8c. It can be seen from Figure 9b,d that the ratio shows a rapid increase at first and then decreases gradually as [image: there is no content] increases, yet it presents an increasing tendency after decreasing at the beginning as [image: there is no content] increases. Therefore, the maximum ratio can be obtained by optimizing [image: there is no content] and [image: there is no content]. Figure 9e reveals that [image: there is no content] has an equivalent effect on both in-phase and anti-phase coupling stiffness. Therefore, the appropriate level of the in-phase and the anti-phase coupling stiffness can be gained by optimizing [image: there is no content].


Figure 9. The relationship between the ratio of the in-phase coupling stiffness to the anti-phase coupling stiffness and: [image: there is no content] (a); [image: there is no content] (b); [image: there is no content] (c); [image: there is no content] (d); [image: there is no content] (e).



[image: Sensors 17 00995 g009]






In summary, the effect of [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content] on the in-phase coupling stiffness, as well as the anti-phase coupling stiffness is different. The ideal stiffness that we need can be obtained by adjusting their values according to the analyses above.




4.3. Architecture Design


Figure 10 shows the silicon micro-gyroscope structure with the designed lever coupling mechanism, which is based on the structure proposed in our previous work. Each tine includes a Coriolis proof mass and two frames, supported by symmetrical springs. The electrodes are variable-area capacitances to guarantee the linearity of the capacitance change with the displacement in the motion direction parallel to the plates.


Figure 10. The silicon micro-gyroscope structure with the designed lever coupling mechanism.



[image: Sensors 17 00995 g010]








5. FEM Simulations of the Whole Structure


A dual-mass structure with traditional coupling beams is given for contrast verification, as depicted in Figure 11. The architecture is the same as the silicon micro-gyroscope shown in Figure 10, except for the coupling part, where the direct coupling via elastic springs is adopted. This structure is defined as the Type-A structure, and the above structure is defined as the Type-B structure for convenience.


Figure 11. The dual-mass structure coupled via elastic springs.



[image: Sensors 17 00995 g011]






5.1. Modal Analysis


The mode analyses of Type-A in the in- and anti-phase modes in the driving direction are carried out and shown in Figure 12a,b, and the mesh element is SOLID 95. The in- and anti-phase frequencies ([image: there is no content],[image: there is no content]) are 2442.28 Hz and 3784.8 Hz, respectively. Similarly, the mode analysis of Type-B is made.


Figure 12. Modal analysis of the Type-A structure: (a) the in-phase mode; (b) the anti-phase mode.



[image: Sensors 17 00995 g012]






According to the analysis in Section 4.2, the [image: there is no content] value is zero to get a higher ratio, as well as to get a smaller anti-phase mode stiffness. Figure 13 shows the relationships between [image: there is no content], [image: there is no content] and [image: there is no content] of Type-B and [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content]. It can be see that [image: there is no content] chiefly influences the value of [image: there is no content], while [image: there is no content] principally decides the value of [image: there is no content]. [image: there is no content] and [image: there is no content] can influence both the [image: there is no content] and [image: there is no content] values. As depicted in the inset figures, the maximum ratio can be obtained by optimizing [image: there is no content] and [image: there is no content]. According to the expressions [image: there is no content] and [image: there is no content], Figure 13 can confirm the trend in Figure 8 and Figure 9.


Figure 13. The relationships between [image: there is no content], [image: there is no content] and [image: there is no content] of Type-B and: [image: there is no content] (a); [image: there is no content] (b); [image: there is no content] (c); [image: there is no content] (d).



[image: Sensors 17 00995 g013]






By adjusting and optimizing the dimensions of the coupling mechanism, its anti-phase frequency is approximately equal to that of Type-A. The final parameters of the lever coupling mechanism are given in Table 4.



Table 4. The parameters of the lever coupling mechanism.







	
Parameters

	
[image: there is no content]([image: there is no content]m)

	
[image: there is no content]([image: there is no content]m)

	
[image: there is no content]([image: there is no content]m)

	
[image: there is no content]([image: there is no content]m)

	
[image: there is no content]([image: there is no content]m)






	
Values

	
800

	
400

	
10

	
580

	
0










Figure 14a,b presents the in-phase and anti-phase modes of Type-B. [image: there is no content] and [image: there is no content] are 10,323.9 Hz, 3739.34 Hz, respectively. It demonstrates that the Type-B architecture can optimize the modal order. Specifically, the in-phase mode frequency is nearly 176% higher than the anti-phase one. Because [image: there is no content] is almost the same in both Type-A and Type-B structures, as well as [image: there is no content] is uniform, the mechanical sensitivity of the Type-B has no loss compared with the Type-A.


Figure 14. Modal analysis of the Type-B structure: (a) the in-phase mode; (b) the anti-phase mode.



[image: Sensors 17 00995 g014]







5.2. Thermal Analysis Simulation


The mechanical and physical properties of the silicon material are greatly affected by the temperature. The change of temperature will lead to the structural deformation and the variation of the elastic modulus. In addition, due to the difference in the thermal expansion coefficient between the silicon structure layer and the glass substrate layer, the mismatch thermal stress will be produced as the temperature changes. These will cause the resonant frequency drift.



A thermal analysis simulation is performed for the two structures using the ANSYS software. Figure 15 shows the simulation models of the two types. In the figure, the blue part is a 60 [image: there is no content]m-deep silicon layer, and the orange part is a 500 [image: there is no content]m-deep glass layer. The mesh element is SOLID 90, which has 20 nodes with a single degree of freedom, temperature, at each node. The 20-node element has compatible temperature shapes, is well suited to model curved boundaries and is applicable to a 3D, steady-state or transient thermal analysis [30]. The change in stiffness due to thermal stress affects the natural frequency of the gyroscope.


Figure 15. Simulation models of the two types of gyroscopes: (a) the Type-A structure; (b) the Type-B structure.



[image: Sensors 17 00995 g015]






Table 5 depicts the frequencies of the two gyroscopes at different temperatures. Table 5 shows that the working frequency shift of the Type-A structure is 10.71 Hz, whereas the frequency shift of the Type-B structure is 15.45 Hz. Obviously, although the proposed architecture is more complicated than the compared one (Type-A structure), the temperature performance is not deteriorated.



Table 5. The frequencies of the two structures at different temperatures ([image: there is no content]).







	
Frequency (Hz)

	
Type-A

	
Type-B






	
−40 °C

	
[image: there is no content]

	
[image: there is no content]




	
−20 °C

	
[image: there is no content]

	
[image: there is no content]




	
0 °C

	
[image: there is no content]

	
[image: there is no content]




	
20 °C

	
[image: there is no content]

	
[image: there is no content]




	
40 °C

	
[image: there is no content]

	
[image: there is no content]




	
60 °C

	
[image: there is no content]

	
[image: there is no content]











5.3. Transient Dynamic Analysis


There are three methods for the transient dynamics analysis: full method, reduced method and modal superposition method. The full method uses the full system matrix to calculate the transient response, which is the strongest of the three methods, allowing the inclusion of various non-linear properties (plasticity, large deformation, large strain) [33]. This paper uses the full method in the transient dynamics analysis.



The damping effect is crucial to determine the dynamic transient response. In this section, the full method analysis uses the Rayleigh damping model, which is one of the most widely-used damping models. Alpha damping and Beta damping are used to define Rayleigh damping constants [image: there is no content] and [image: there is no content]. The damping matrix [C] is calculated by using these constants to multiply the mass matrix [M] and stiffness matrix [K]: [image: there is no content]. The values of [image: there is no content] and [image: there is no content] are not generally known directly, but can be calculated from modal damping ratios ([image: there is no content]). [image: there is no content] is the ratio of actual damping to critical damping for a particular mode of vibration, i. If [image: there is no content] is the natural circular frequency of mode i, [image: there is no content] and [image: there is no content] satisfy the relation: [image: there is no content]. To specify both [image: there is no content] and [image: there is no content] for a given damping ratio [image: there is no content], it is commonly assumed that the sum of the [image: there is no content] and [image: there is no content] terms is nearly constant over a range of frequencies. Therefore, given [image: there is no content] and a frequency range [image: there is no content] to [image: there is no content], two simultaneous equations can be solved for [image: there is no content] and [image: there is no content] [34]:


[image: there is no content]



(11)






[image: there is no content]



(12)







According to our previous experimental results, the quality factor of the MEMS gyroscopes which we developed is about 3000–8000. Then, the modal damping ratio can be calculated by [image: there is no content], where, Q is the quality factor. In this paper, the quality factor uses 5000. The [image: there is no content] and [image: there is no content] values can be calculated by (11) and (12) based on the modal analysis results. The values of Type-A and Type-B structures are shown in Table 6.



Table 6. The [image: there is no content] and [image: there is no content] values of Type-A and Type-B structures.







	
Value

	
[image: there is no content]

	
[image: there is no content]






	
Type-A

	
[image: there is no content]

	
[image: there is no content]




	
Type-B

	
[image: there is no content]

	
[image: there is no content]










5.3.1. Impact Performance Comparison under the Same Shock Load


For verifying the theory analysis and the effectiveness of the proposed structure, transient dynamic analysis is implemented by using the ANSYS software. For the impact response we studied, there may occur negative volumes of the mesh element due to large deformation, which will lead the ANSYS calculation process to be terminated. In order to avoid the above situation, it is important to adjust and optimize the mesh size and accuracy.



In the simulation, shock load with peak acceleration [image: there is no content] g and duration time [image: there is no content] s is applied to both samples in the drive direction. Both the analytic results and the FEM results of two types are shown in Figure 16. Comparison of the peak of the shock response is provided in Table 7.


Figure 16. Analytic and FEM results of Type-A and Type-B.



[image: Sensors 17 00995 g016]






Table 7. The peak of the shock response in the analytic and FEM results.







	
Peak Value ([image: there is no content]m)

	
Analytic Results

	
FEM Results






	
Type-A

	
[image: there is no content]

	
[image: there is no content]




	
Type-B

	
[image: there is no content]

	
[image: there is no content]










Of course, the analytic results and the FEM results coincide well with each other. The small difference between the analytic results and the FEM results is mainly caused by the neglecting of the non-linear effect in the analytic results and the equivalent treatments taken in model simplification and the unsymmetrical meshing in simulation modeling. Therefore, for the MEMS gyroscope with a good linearity, the mode superposition method can be used for the simplified analysis. However, to get the more accurate results, it is better to use the full method. Table 7 show that the shock response of Type-B is far lower than that of Type-A, which proves that the lever coupling mechanism is particularly effective at reducing the shock response.



Figure 17 shows the stress distributions of Type-A (a) and Type-B (b) at the maximum impact displacement, respectively. It is obvious that the stress in Type-B is far lower than that in Type-A, which shows that the lever coupling mechanism is notably effective at reducing the stress caused by shock loads. Therefore, the Type-B structure with the designed coupling mechanism can truly reduce the impact response displacement and impact load stress.


Figure 17. The stress distributions of Type-A (a) and Type-B (b) at the maximum impact displacement.



[image: Sensors 17 00995 g017]







5.3.2. Shock Resistance of the Gyroscope along the X-Axis


Figure 18a illustrates the shock response of Type-A under a 440 g, 1-ms shock load. We can see that its peak value is 20.25μm, while the minimum clearance along the driving direction is 20μm. Therefore, the shock load should be less than this level to protect the structure against collisions. The stress distribution of Type-A at 0.28 ms (the moment of the maximum impact displacement) is shown in Figure 18b. It is obvious that the stress is far below the fracture strength of silicon materials (790 MPa) [29]. Therefore, for Type-A, the shock response has already reached the structure gap allowed, while the maximum structural stress value has not attained the ultimate stress. Therefore, the impact resistance ability is mainly determined by the allowed maximum shock displacement. It illustrates that the failure of this structure is mainly caused by the collision.


Figure 18. The shock response (a) and the stress distributions (b) at the maximum impact displacement of Type-A under a 440 g shock load.
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Figure 19a illustrates the shock response of Type-B under a 2500 g, 1-ms shock load. We can see that its peak value is 7.24μm, which is far less than 20μm. Figure 19b gives the stress distribution of Type-B at 0.46 ms (the moment of the maximum impact displacement). The biggest stress is about 720 MPa, which is lower than the allowable stress of silicon materials. The results show that the Type-B structure can withstand a 2500 g shock load. For Type-B, the fracture, which is caused by the stress concentration, is the main failure mode.


Figure 19. The shock response (a) and the stress distributions (b) at the maximum impact displacement of Type-B under a 2500 g shock load.
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In summary, the shock resistance ability along the driving direction of Type-A is less than 400 g, while that of Type-B can reach 2500 g. The simulation results demonstrate that the lever coupling mechanism can significantly improve the shock resistance of the dual-mass silicon micro-gyroscope with drive mode coupled.






6. Discussion


Micro-gyroscope is an important part of MEMS inertial sensors. Shock resistance is one of the primary issues in the design of silicon micro-gyroscopes for many applications. For dual-mass bulk silicon micro-gyroscopes with drive mode coupled, the shock response along the driving direction can be enhanced by improving the in-phase mode frequency. However, generally, the gyroscope’s in-phase mode frequency is lower than and close to the anti-phase mode frequency, which is the operational mode frequency. Therefore, the improving of in-phase mode frequency will also raise the anti-phase mode frequency, which will influence the mechanical sensitivity. The coupling mechanism design method, which significantly improves the in-phase frequency, as well as keeps the anti-phase frequency almost constant, has its peculiar advantage in improving the shock resistance without sacrificing the mechanical sensitivity. In this paper, a new lever coupling mechanism is presented. The detailed comparisons of the pros and cons between this mechanism and other methods are listed in Table 8.



Table 8. The detailed comparisons between the proposed structure and other methods.







	
Methods

	
Advantages

	
Disadvantages






	
Improving the robustness of the weak structures

	
Simple to design, easy to implement

	
Slight effect




	
The use of stoppers

	
Simple to design, easy to implement

	
Easy to cause fracture, debris, and performance shifts




	
The traditional method to raise the in-phase mode frequency

	
Simple to design

	
Reduce the mechanical sensitivity




	
The ring or diamond coupling structures

	
Improve the shock resistance without sacrificing the mechanical sensitivity

	
Complicated structure, stringent machining precision requirements




	
The proposed coupling structure

	
Improve the shock resistance without sacrificing the mechanical sensitivity, easy to process

	
Complicated structure










The critical dimensions of the lever coupling mechanism are discussed, and their effects on the in-phase stiffness and the anti-phase stiffness are discussed in detail. A micro-gyroscope equipped with the proposed lever coupling mechanism, which is based on our previous gyroscope structure, is designed. Modal analysis results show that the gyroscope’s in-phase mode frequency is 176% larger than the anti-phase one, while the anti-phase frequency is almost constant compared with the gyroscope with a traditional coupling mechanism. This verifies that the designed lever coupling mechanism has a significant effect on changing the modal order and improving the frequency separation. Compared with the contrast structure, the mechanical sensitivity has no loss. Due to the mechanical and physical properties of the silicon material being greatly affected by the temperature, the temperature performance is also analyzed. Although the proposed architecture is more complicated than the compared one, the results showed that the temperature performance was not deteriorated. The shock response of the designed dual-mass silicon micro-gyroscope and the contrast structure under the same specified shock load (100 g, 1 ms) along the driving direction is calculated by using both the analytic solution and the FEM method. The correctness of the analytic solution is verified well. Both the analytic solution and FEM method conclusions prove that the silicon micro-gyroscope structure with the lever coupling mechanism can notably reduce the shock response by more than one order of magnitude and cut down the stress produced in the shock process by about 35.5% compared with the traditional elastic coupled one. In addition, the shock resistance of both structures is investigated. The results show that the shock resistance of the improved gyroscope can reach 2500 g along the driving direction, while that of the traditional one is less than 440 g. Consequently, the lever coupling mechanism is able to change the modal order and improve the frequency separation by structurally offering a higher stiffness difference ratio and tremendously enhances the shock resistance in the driving direction without sacrificing sensitivity.



Because this design is based on the gyroscope we previously developed, which is only coupled in the drive motion, the coupling mechanism can only improve the shock resistance along the driving direction. Its shock resistance along the sensing direction should be enhanced by using stoppers or the optimization of beams, which will be studied deeply in our future work. The lever coupling mechanism is universal for a dual-mass silicon micro-gyroscope with drive mode coupled. Furthermore, for a micro-gyroscope with both drive and sense mode coupled, the research on the sense mode coupling mechanism is necessary and significant to improve the shock resistance.
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Appendix A


By mode superposition Method [35], (9) can be decoupled and simplified as:


[image: there is no content]



(A1)






[image: there is no content]



(A2)







It can be found that the shock response of the structure is only decided by the in-phase mode response. (A1) can be expressed as:


[image: there is no content]



(A3)






[image: there is no content]



(A4)







Laplace transform is applied to solve (A3); the result of the transformation is given by:


Q(s)=Ap2mdω{C1s−(−ζ1ωd−in−jωd−in1−ζ12)+C2s−(−ζ1ωd−in+jωd−in1−ζ12)+C3s−jω+C4s+jω},



(A5)




where,


[image: there is no content]



(A6)
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(A7)
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(A8)
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(A9)







Then, the solution to (A3) is derived by the inverse Laplace transformation, which is given below:


[image: there is no content]



(A10)







Similarly, the solution to (A4) can be obtained by the same method.



The modal vector matrix is expressed as [image: there is no content]. The shock response can be calculated by [image: there is no content] and is given by:


[image: there is no content]



(A11)









References


	1. 
Ni, Y.; Li, H.; Huang, L.; Ding, X.; Wang, H. On Bandwidth Characteristics of Tuning Fork Micro-Gyroscope with Mechanically Coupled Sense Mode. Sensors 2014, 14, 13024–13045. [Google Scholar] [CrossRef] [PubMed]

	2. 
Cao, H.L.; Li, H.S.; Lu, X.; Ni, Y.F. Temperature Model for a Vacuum Packaged MEMS Gyroscope Structure. Key Eng. Mater. 2013, 562–565, 280–285. [Google Scholar] [CrossRef]

	3. 
Wagner, U.; Franz, J.; Schweiker, M.; Bernhard, W.; Müller-Fiedler, R.; Michel, B.; Paul, O. Mechanical Reliability of MEMS-structures under shock load. Microelectron. Reliab. 2001, 41, 1657–1662. [Google Scholar] [CrossRef]

	4. 
Brown, T.G. Harsh military environments and microelectromechanical (MEMS) devices. In Proceedings of the IEEE SENSORS 2003, Toronto, ON, Canada, 22–24 October 2003; Volume 2, pp. 753–760. [Google Scholar]

	5. 
Zhou, J.; Jiang, T.; Jiao, J.-W.; Wu, M. Design and fabrication of a micromachined gyroscope with high shock resistance. Microsyst. Technol. 2014, 20, 137–144. [Google Scholar] [CrossRef]

	6. 
Tao, Y.K.; Liu, Y.F.; Dong, J.X. Flexible stop and double-cascaded stop to improve shock reliability of MEMS accelerometer. Microelectron. Reliab. 2014, 54, 1328–1337. [Google Scholar] [CrossRef]

	7. 
Younis, M.I.; Alsaleem, F.; Jordy, D. The response of clamped–clamped microbeams under mechanical shock. Int. J. Non-Linear Mech. 2007, 42, 643–657. [Google Scholar] [CrossRef]

	8. 
Fang, X.W.; Huang, Q.A.; Tang, J.Y. Modeling of MEMS reliability in shock environments. In Proceedings of the 7th International Conference on Solid-State and Integrated Circuits Technology, Beijing, China, 18–21 October 2004; Volume 2, pp. 860–863. [Google Scholar]

	9. 
Li, G.X.; Shemansky, F.A. Drop test and analysis on micro-machined structures. Sens. Actuators A Phys. 2000, 85, 280–286. [Google Scholar] [CrossRef]

	10. 
Béliveau, A.; Spencer, G.T.; Thomas, K.A.; Roberson, S.L. Evaluation of MEMS capacitive accelerometers. IEEE Des. Test Comput. 1999, 16, 48–56. [Google Scholar] [CrossRef]

	11. 
Fan, M.S.; Shaw, H.C. Dynamic Response Assessment for the MEMS Accelerometer under Severe Shock Loads; NASA Goddard Space Flight Center; Greenbelt, MD, USA, 1 October 2001. [Google Scholar]

	12. 
Mariani, S.; Ghisi, A.; Corigliano, A.; Zerbini, S. Multi-scale analysis of MEMS sensors subject to drop impacts. Sensors 2007, 7, 1817–1833. [Google Scholar] [CrossRef]

	13. 
Mariani, S.; Ghisi, A.; Corigliano, A.; Zerbini, S. Modeling impact-induced failure of polysilicon MEMS: A multi-scale approach. Sensors 2009, 9, 556–567. [Google Scholar] [CrossRef] [PubMed]

	14. 
Mariani, S.; Ghisi, A.; Corigliano, A.; Martini, R.; Simoni, B. Two-scale simulation of drop-induced failure of polysilicon MEMS sensors. Sensors 2011, 11, 4972–4989. [Google Scholar] [CrossRef] [PubMed]

	15. 
Lin, R.; Li, W.; Zhao, J.; Zhou, Q.; Man, X.; Xie, J. Optimization Research on Anti High Shock Ability of Quartz MEMS Gyroscope. Piezoelectr. Acoustoopt. 2013, 1, 016. [Google Scholar]

	16. 
Hsieh, H.T.; Su, G.D.J. Reliability of a MEMS actuator improved by spring corner designs and reshaped driving waveforms. Sensors 2007, 7, 1720–1730. [Google Scholar] [CrossRef]

	17. 
Yoon, S.W. Vibration Isolation and Shock Protection for MEMS. Ph.D. Thesis, University of Michigan, Ann Arbor, MI, USA, 2009. [Google Scholar]

	18. 
Yoon, S.W.; Yazdi, N.; Perkins, N.C.; Najafi, K. Micromachined integrated shock protection for MEMS. Sens. Actuators A Phys. 2006, 130, 166–175. [Google Scholar]

	19. 
Stauffer, J.-M. Current capabilities of MEMS capacitive accelerometers in a harsh environment, aerospace and electronic systems magazine. IEEE Aerosp. Electron. Syst. Mag. 2006, 21, 29–32. [Google Scholar]

	20. 
Zhou, J.; Jiang, T.; Jiao, J.-W.; Wu, M. Design and fabrication of a micromachined gyroscope with high shock resistance. Microsyst. Technol. 2014, 20, 137–144. [Google Scholar] [CrossRef]

	21. 
Guan, Y.; Gao, S.; Jin, L.; Cao, L. Design and vibration sensitivity of a MEMS tuning fork gyroscope with anchored coupling mechanism. Microsyst. Technol. 2016, 22, 247–254. [Google Scholar] [CrossRef]

	22. 
Guan, Y.; Gao, S.; Liu, H.; Jin, L.; Niu, S. Design and Vibration Sensitivity Analysis of a MEMS Tuning Fork Gyroscope with an Anchored Diamond Coupling Mechanism. Sensors 2016, 16, 468. [Google Scholar] [CrossRef] [PubMed]

	23. 
Trinh, T.Q.; Nguyen, L.Q.; Dao, D.V.; Chu, H.M.; Vu, H.N. Design and analysis of a z-axis tuning fork gyroscope with guided-mechanical coupling. Microsyst. Technol. 2014, 20, 281–289. [Google Scholar] [CrossRef]

	24. 
Ni, Y.F.; Li, H.S.; Huang, L.B.; Yang, B. Shock Analysis on Dual-Mass Silicon Micro-Gyroscope. Adv. Mater. Res. 2011, 338, 401–405. [Google Scholar] [CrossRef]

	25. 
Yin, Y.; Wang, S.-R.; Wang, C.-C.; Yang, B.; Sheng, P.; Tian, Z. Dual-mass silicon micro-gyroscope. J. Chin. Inert. Technol. 2008, 6, 15. [Google Scholar]

	26. 
Ni, Y.; Li, H.; Huang, L. Design and application of quadrature compensation patterns in bulk silicon micro-gyroscopes. Sensors 2014, 14, 20419–20438. [Google Scholar] [CrossRef] [PubMed]

	27. 
Yin, Y.; Wang, S.-R.; Wang, C.-C.; Yang, B. Structure-decoupled dual-mass MEMS gyroscope with self-adaptive closed-loop detection. In Proceedings of the 2010 IEEE 5th International Conference on Nano/Micro Engineered and Molecular Systems, Xiamen, China, 20–23 January 2010; pp. 624–627. [Google Scholar]

	28. 
Yang, B.; Yin, Y.; Huang, L.; Wang, S.-R.; Li, H.S. Research on a new decoupled dual-mass micro-gyroscope. Proeedings of the 2011 10th International Conference on Electronic Measurement & Instruments (ICEMI), Chengdu, China, 16–19 August 2011; pp. 205–208. [Google Scholar]

	29. 
Yin, Y. Research on Design Theory and Methods of Dual-Mass Micromachined Silicon Gyroscope; Southeast University: Nanjing, China, 2011. (In Chinese) [Google Scholar]

	30. 
ANSYS Mechanical APDL Feature Archive. Available online: http://148.204.81.206/Ansys/150/ANSYS%20Mechanical%20APDL%20Feature%20Archive.pdf (accessed on 23 March 2017).

	31. 
Hopcroft, M.A.; Nix, W.D.; Kenny, T.W. What is the Young’s Modulus of Silicon? J. Microelectromech. Syst. 2010, 19, 229–238. [Google Scholar] [CrossRef]

	32. 
Gad-el-Hak, M. The MEMS Handbook; CRC Press: Boca Raton, FL, USA, 2001. [Google Scholar]

	33. 
Bathe, K.J.; Wilson, E.L. Numerical Methods in Finite Element Analysis; Prentice-Hall Inc.: Englewood Cliffs, NJ, USA, 1976. [Google Scholar]

	34. 
Bathe, K.J.; Wilson, E.L. Numerical Methods in Finite Element Analysis; Prentice-Hall Inc.: Canonsburg, PA, USA, 2013. [Google Scholar]

	35. 
Rao, S.S. Mechanical Vibration; Prentice Hall: Upper Saddle River, NJ, USA, 2011. [Google Scholar]





























































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







media/file26.jpg





media/file8.jpg
S
+—— Tuning fork structure
| SR





media/file27.png
DISPLACEMENT

FREQ=10323.9
DMX =1545.1

DISPLACEMENT

STEP =1
SUB =3
FREQ=3739.34
DMX =767.661

(b)






media/file34.jpg
00203 06 08 1 12 1416 15 2

s)
@ ®)






media/file13.png
1
VOLUOMES
TYPE NUM

ANSYS

R17.0






media/file31.png
1 0-6 10°®

5 - 0.3
4 - \
3 -
107
= 04 08 12 16
~ 9
= 2 t(s)
— Analytic results of Type A
1 - —— FEM results of Type A
— Analytic results of Type B
FEM results of Type B
107
-1 T T T T T T T T | —





media/file12.jpg
TYEE MM

ANSYS
g






media/file18.jpg





media/file9.png
LBI [ | lC
I __i_ 7 §
=t - Le
T — |
' |
Levers
| T
- » Tuning fork structure

-t = Y~ Double end fixed beam
L 7'/





media/file14.jpg
K(N/m)

@

5

—
— kin
Toow0 %0 e 0 @0 4 w0 ae w1
Lyum) Lyum) dy(uum)
@
o

EITa T T

Ieum)
(d)






media/file35.png
1
22.5

20
17.5
15
12.5
x(m) 10

-2.5

0° _20.25um
-

0.34ms

0 02040608 1 12 1.4 16 1.8 2
t(s)
(a)

107

zoom in

Shock load: Ap=440g, T=1ms
Time: t=0.34ms

Colour Bar

B 2167108
I 433x108
.649x108
865x108
.108x10°
.130x10°
151x10°
173x10°
.195x10°

(b)






media/file20.jpg





media/file23.png
DISPLACEMENT DISPLACEMENT

STEP =1 STEP =1
SUB =1 SUB =4

FREQ=2442.28 ! FREQ =3784.8
DMX =753.588 DMX =770.373






media/file5.png
ka

==l

X1

Coupling
Mechanism

a(t)






media/file36.jpg
JrrTeTTen
isazisian

0 0204 06 08 1 12 1416 18 2
(s)
(a)






media/file15.png
J(N/m)

103

10° 10°
601 50 -
I 404 = a
50 kan kan 404 \ kan
o
40 — 30 . :
Kin = \ — kin =z 304 \ — kin
301 = \. = .
Z 20{ | \ Z \
« .\ « 20' ®
20' u .\' \
\ \o\. )
\.\.‘ \
10' . .*.—._. 10_ .\
10- N, .
TE-E-m-g-m-m-m-m-m l—l—l—l—----l—l—|>.<|:':=:=::
O 1 1 1 1 O 1 1 1 1 O T T T
0 300 600 900 1200 0 200 400 600 800 0 50 100 150
L (um) Lp(um) dp(Um)
(@) (b) (c)
10 10°
90 - 70
° [ ]
70
60 e 50 - I
9 kin ) = 10 Kin
s / s
< 40 /. < 301 |
304 ) \
20{ =
20- e \ 5
- 104 S
101, ae—"" _, a—e—=" "~ -
0 a—m—a—a—" 0 : " .\I—T\z‘! :
0 50 100 150 200 250 200 400 600
lc(um) Le(um)

(d)

(e)





media/file19.png





media/file28.jpg
(b)





media/file2.jpg





media/file32.jpg
Colour Bar

-

ey
oo
70
oo
Bsr
S
i
o

Colour Bar

Shock o Ap- 1008 T 1ms

(@

(b)






nav.xhtml


  sensors-17-00995


  
    		
      sensors-17-00995
    


  




  





media/file11.png





media/file6.jpg
Quyx

Colour Bar
32x10%

28010°
24x10¢
20010¢
Lexio®
Lx10¢
7a4x107
320107

2010

sx107

020107





media/file24.jpg
Frequency(Hz)

Frequency(Hz)

@

12000 e ooy ® fua
— =5
10000- 10000- Sy
\ B
o % o
o\ Eam J
o L ol e em
TR R W L e Y
Ly(um) Lyfum)
120007 (c) — i w0y (d) ol
iy e
o BN L 15000-
“ 2 ) %
- > Suwe] T
- . 1 z
% e o] T
RIS | \ o
b e | T T T
dy(pm) Le(um)





media/file29.png
1
VOLOMES
TYPE NUM

1
VOLUMES

TYPE NUM

(a)

(b)






media/file1.png
S (m/rad/s)

y

—— Af=10Hz
—— Af=50Hz
107 —— Af=100Hz
—— Af=150Hz
— Af=200Hz
108
10°
10-10
107"
10-12 T T T T T T T T T 1
0 5000 10000 15000 20000 25000

f(Hz)





media/file37.png
x(m)

S = NN W BB U N g 0 O

1
[E—

107

0 02040608 1 12 1.4 16 1.8 2
t(s)
(a)

Zzoom in | -
|

| Sp—

Shock load: Ap=2500g, T=1ms
Time: t=0.46ms

Colour Bar

B 300<10°
I .160x10°
[ 240x10°
[ 320x10°
B 400x10°
[ .480x10°
[ .560x10°
[ .640x10°
Bl 720<10°

(b)






media/file10.jpg





media/file7.png
Cyx

Colour Bar
3.2x107°

2.8x10°
2.4x10°
2.0x10°
1.6x10°
1.1x10°
7.4x107
3.2x107
-9.2x10°%
-5.1x107

-9.2x107





media/file33.png
Colour Bar

A492x107
983x107
147x10%
197x10°
246x10°
295%10°%
344 x10°
393x10°®
442x10°

Shock load: Ap=100g, T=1ms

Time: t=0.34ms

®!
=
O
-
=
v
&
~

317x107
.634x107
951x107
127x10%
158x%10%
190x10%
222x10%
253x%10°®
285x10°®

Shock load: Ap=100g, T=1ms

Time: t=0.46ms

(b)






media/file16.jpg
L

il

il

5
ks 3
;| K /"*‘—\va_v
2 <&

: .
o .

(R A TR T I

Lygm) Lol
(@) (b)
s .
b 5
1 5
B &
<

bt &3
3 >

;
TR @ @ w10 10 1o 10 'S E) 100 130 200 B0

dyum) T
© (@

5
i






media/file3.png





media/file22.jpg





media/file17.png
k. /k,.

k. /k,.

k. /k,.

5_
4 - W
’/
3 . /o/
/
21 *
’/
1 o
e
O T T T T T
0 200 400 600 800 1000
L y(um)
(a)
o] ®
8_
1\
61 *
900N\
41 \’
3 ~
21 ‘\0\
1 ‘\’\‘\0\0—0—._,_,
O T T T T T T 1
0 20 40 60 80 100 120 140 160
dp(Um)
()
5_
4
e e S S S D W —
3_
2_
1 T T T T T
100 200 300 400 500
L(um)

(e)

3 ]
8 Q/M
$: 2+ 0/
<1/
1 ¢
O T T T 1
0 200 400 600 800
Lp(um)
(b)
6 .
54 /
*
£ e
YQ"_' 3 _b\‘\‘\‘\‘\‘\‘—‘/’
2 ]
1 T T T T 1
0 50 100 150 200 250

[o(m)

(d)





media/file38.png





media/file4.jpg
Coupling
Mechanism

a(r)





media/file30.jpg
El

109

10

x(m)

oo 04 08 12 186

Iyt resuls of Type A
o FEM results of Type A
Anlytic results of Type B
- FEM results of Type B

107






media/file25.png
Frequency(Hz)

Frequency(Hz)

12000- d-in 12000- (b) d-in
I -, RIS ¥
®
\.\.\
10000 - 10000 e
S T
m 2.8
e
8000 2 80001 \s
8 &
3 =
o LH-:': 2.6
6000 & 6000+
S
2.5
0 200 400 600 8001000 - 0 200 400 600
4000 1 LA(IJm) 4000 - \l\l\l—-‘._.\._. L’B(um)
0 200 400 600 800 1000 0 100 200 300 400 500 600
L,(um) Lp(um)
120001 () — foin 180007 (d) | T
f 3.04 3.0
y .- fa
e | ®e 25
100004 . - 2.54 15000 -, =
. . ~ AN 20
N WP T 12000 e, =
8000 \.\ s = ., s
& . e
.\.\ 20 40 60 80 100 % 9000 ~ \. '\.1'\ 200 400 600 800 1000
60001 e dp(um) E N\ L (um)
®
6000- .
4000+ - E ®E ® E E E E E = \.\.\.\.\I‘.
3000 - =
0 20 40 60 80 100 0 200 400 600 800 1000

dp(lm) L(um)





media/file0.jpg
S (m/rad/s)

fi,

10%4

1074

1004

1094

100

10

107

Af=50Hz

Af=100Hz
Af=150Hz

10000

f(Hz)

15000

20000

25000





media/file21.png
E=EHEA EEEER

——— Drive Spring
m ——— Sense Spring
I: Drive Comb
m I: Sense Comb
Ei=ES ===s=| y
%) X

Traditional Elastic Coupling mechanism






