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Abstract

:

Featured Application


The novel linear vibration motor can be used in an electronic cigarette and in a smartphone or smartwatch to reduce the thickness of devices.




Abstract


The spring structure design and magnetic circuit optimization were considered to design a novel linear vibration motor with advantages of lower cost and similar motor performance compared to a coin-type vibration motor. A vibration motor is inserted in an electronic cigarette to provide haptic feedback to remind the user that the electronic cigarette is ready to operate. For the new generation of electronic cigarettes, new vibration motors require smaller size, lower cost, and acceptable motor performance. A three-dimensional finite element method has been used to find the coil’s magnetic flux density and von Mises stress distribution in the spring. Moreover, the electromagnetic-mechanical coupling method has been employed to find the motor acceleration on a dummy jig. The acceleration of the vibration motor was obtained to verify the analysis results by experiment. The experiment results verified the analysis results of the linear vibration motor. Compared to a coin-type vibration motor, the novel linear vibration motor has 9.09% and 80.77% reductions in total thickness and manufacturing cost, and a 40.0% improvement in acceleration.
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1. Introduction


Compared to traditional cigarettes, more and more electronic cigarettes (E-cigarettes) [1] are widely used, which can be useful to quit smoking. They reduce the hazardous effects of some traditional cigarettes and risk of fires, and they keep people away from carcinogens in traditional cigarettes. E-cigarettes do not need to burn but only produce an aerosol by heating the cigarettes. Vibration motors are used to remind the user that E-cigarettes are ready to operate by providing haptic feedback.



Many studies on vibration motors have been completed. A coin-type vibration motor creates a large acceleration in the form of eccentric vibration, but it has a short product life due to wear of the bushing and bearing. Hwang et al. proposed a simpler structure with a longer life span by eliminating small commutation parts [2]. A horizontal linear vibrating actuator was designed by Lee et al. to reduce the thickness of a smartphone and provide better haptic performance compared to a vertical linear vibration actuator. However, the specifications of horizontal linear vibration are 16.5 mm in length and 15.0 mm in width, which are too big to apply in E-Cigarettes [3].



A new design of a linear actuator with great magnetic force was proposed by Nam et al. to reduce the response time under given constraints on volume and rated power [4]. Jiang et al. investigated the linear vibration motor used on a liquid crystal display (LCD) display to reduce the magnetic flux leakage by employing mechanical finite element analysis and experimental verification [5]. These vibration motors are widely used in smartphones, tablets, and car touch screens. However, few studies have involved a linear vibration motor inside an electronic cigarette due to the size problem, and previous works do not take a dummy jig into consideration in the analysis. The acceleration of linear vibration is measured by specified equipment (a 100 g dummy jig) with a similar weight to a smartphone or E-cigarette.



This research proposes a novel linear vibration motor with smaller size (Ø8.0 × 2.5 mm), higher motor performance at 250 Hz, and lower manufacturing cost due to a reduced number of fabricated parts and complexity of the manufacturing process. First of all, the comparison between coin-type vibration motor and novel linear vibration motor is discussed, including the working principle, advantages, and disadvantages. Secondly, the electrical material properties are introduced to obtain the average flux density on the voice coil considering nonlinear B-H behavior of the yoke and top plate. The mechanical material properties were used to conduct modal analysis and static analysis to obtain the resonance frequency and von Mises stress distribution on the spring, respectively. They were also used to do an electromagnetic-mechanical coupling analysis.



Thirdly, a coin-type vibration sample, a linear vibration motor prototype, and experiment setups are discussed. The analysis results of the prototype have been verified. Based on the analysis methods, novel linear vibration motors have been developed to reduce the resonance frequency and improve the magnetic force by considering a novel spring structure and magnetic circuit optimization. Then, two novel types of linear vibration motors were manufactured to check the acceleration on a dummy jig. Both experimental results match well with the analysis results. The novel type (spring thickness = 0.13 mm) shows better acceleration performance than the coin-type vibration motor at a certain frequency range (around 250 Hz). Compared to the coin-type vibration motor, the novel linear vibration motor has a 9.09% reduction in total thickness, an 80.77% reduction in manufacturing cost, and a 40.0% improvement in acceleration at 250 Hz.




2. Model Description


2.1. Coin-Type Vibration Motor


A coin-type vibration motor generally includes a stator assembly in the form of a stationary part and a rotor assembly in the form of a rotary part. The stator assembly has a lower case, an upper case, a shaft, a flexible printed circuit board (FPCB), brushes, and a permanent magnet. The rotor assembly can rotate around the shaft and has a bearing, two voice coils, a weight, a communication circuitry, and a metal commutator. The stator assembly is electrically connected to the rotor assembly via brushes that are fixed at the top surfaces to the lower case and the bottom surfaces of the metal commutator. The full model, half model, and exploded view of the coin-type vibration motor are shown in Figure 1.



The coin-type vibration motor generates rotational force to turn a rotary unit with an unbalanced mass, thereby obtaining mechanical vibration. The rotational force is generally produced by supplying voltage to a rotor voice coil through the communication circuitry by contacts of the brushes and metal commutator. Unfortunately, brushes passing through a gap between segments of the metal commutator create mechanical friction and electric sparks. These phenomena shorten the lifetime of the vibration motor and cause unstable haptic performance.




2.2. Linear Vibration Motor


Generally speaking, a linear vibration motor includes a stator assembly and a vibrator assembly. The stator assembly has a lower case, an upper case, an FPCB, and a voice coil. The vibrator assembly consists of a spring, a yoke, a weight, a permanent magnet, and a top plate. The stator assembly is placed under the vibrator assembly to have interaction between the magnetic field and the electrical field and generate electromagnetic force on the vibrator assembly. The electrical input signal is applied to the voice coil, and when current flows through the voice coil, a force is generated. The input voltage is an alternating current (AC) signal. The force reverses direction each time the current reverses, so the force on the vibrator assembly causes it to move up and down with the signal.



For maximum force, the magnetic field must be perpendicular to the direction of the current flow. Figure 2 shows an exploded view and a cross-sectional view of the linear vibration motor. Compared to a coin-type vibration motor, a linear vibration motor has some advantages, like faster response time and precise vibration.




2.3. Material Properties


The linear vibration motor is an electric device with coupling between the electromagnetic field and the mechanical field. The most essential performance of the vibration motor is the acceleration on a dummy jig, which has a size of 105 × 45 × 15 mm and weight of 100 g as standard test conditions. A base and spring foundation provide almost free constraint. The measurement method for acceleration is shown in Figure 3. The vibration motor should be attached by using double-sided tape on the central upper surface of the dummy jig.



The mechanical properties of the linear vibration motor and dummy jig include the density, Young’s modulus, and Poisson’s ratio, as shown in Table 1. The material properties of the lower case, spring foundation, and base are the same as those of the upper case, and the FPCB is negligible due to its tiny mass. Cold-rolled carbon steel sheet (SPCC) is a magnetic material, and the magnetic hysteresis (B-H) curve is used to represent its nonlinear magnetic properties, as shown in Figure 4. Permanent magnets are made from magnetized material and produce continual magnetic fields. The material properties of the permanent magnet (N50H) are the remanent flux density (1.43 T), coercivity (1066 kA/m), and relative permeability (1.07). Moreover, the direct-current resistance (DCR) is 30 ohms, and the total coil length is 1.488 m.





3. Analysis Methods


3.1. Magnetostatic Analysis


This study employed a magnetostatic finite element method model of the linear vibration motor to obtain the magnetic field and electromagnetic force. Based on Maxwell’s equations [6,7], magnetostatic equations describe magnetic fields that do not vary with time, which are caused by a permanent magnet or by the steady flow of electricity (Direct current). The magnetostatic equations in differential forms are Gauss’s magnetic law and Maxwell’s-Ampere’s law:


  ∇ · B = 0 ,  



(1)






  ∇ × H = J ,  



(2)




where  ∇  with the dot denotes divergence, and  B  is the magnetic flux density.  ∇  with the cross denotes curl,  J  is the current density, and  H  is the magnetic field intensity. The magnetic field can be derived from the vector potential as follows:


  ∇ × A = B ,  



(3)




where the field  A  is called the magnetic vector potential. The flux density on voice coil is used to calculate the force factor, which is the transmission factor between the electromagnetic domain and mechanical domain. The Lorentz force resulting from the interaction between the electric current and magnetic field can be expressed as:


   F  L o r e n t z   =  ∮  i d l × B ,  



(4)




where  i  and  l  denote the coil current and total coil length, respectively.




3.2. Mechanical Analysis


The static analysis of the mechanical parts is intended to calculate the effects of the constant loads on the structure while ignoring the effects of the inertia and shock that are commonly found when the applied load changes abruptly. The dynamic analysis of the mechanical parts is used to determine the vibrational characteristics. There are two analyses in this sub-section. One is linear stress analysis to check the von Mises stress distribution on the spring. The other is modal analysis to determine the mode frequencies and mode shape from the structures of the spring. The boundary conditions of the mechanical analysis are shown in Figure 5. To observe the boundary conditions easily, the upper case and lower case have been made transparent, and the red areas are the fixed parts for mechanical analyses.



In the static mechanical analysis [8], the governing equation is as follows:


   [   K m   ]   { x }  =  {   F  L o r e n t z    }  ,  



(5)




where    [   K m   ]   ,    { x }   , and    {   F  L o r e n t z    }    are the stiffness matrix of the vibration motor, displacement vector, and Lorentz force vector, respectively. The Lorentz force is applied on the top plate to obtain the static analysis results. For an isotropic material, the stresses and strains can be represented by column matrices as:


   { σ }  =  [ D ]   { ε }  ,  



(6)






   [ D ]  =  E   (  1 + ν  )   (  1 − 2 ν  )     [      1 − ν    ν   ν   0   0   0     ν    1 − ν    ν   0   0   0     ν   ν    1 − ν    0   0   0     0   0   0      1 − 2 ν  2     0   0     0   0   0   0      1 − 2 ν  2     0     0   0   0   0   0      1 − 2 ν  2       ]  ,  



(7)




where    [ D ]   ,  E , and  ν  denote a constitutive matrix, Young’s modulus, and Poisson’s ratio, respectively.



Mathematically, the von Mises stress is a scalar value of stress that can be computed from the Cauchy stress tensor components in a general three-dimensional (3D) domain. A material starts yielding when the von Mises stress reaches a value known as the yield strength,    σ y   . The von Mises stress is used to predict the yielding of a material under multiaxial loading conditions using results from a simple uniaxial tensile test.



The Cauchy stress tensor,    σ  i j    , consists of nine components that completely define the state of stress at a point inside a material in the deformed state:


   [   σ  i j    ]  =  [       σ  11        σ  12        σ  13          σ  21        σ  22        σ  23          σ  31        σ  32        σ  33        ]  ,  



(8)






   σ v 2  =  1 2   [     (   σ  11   −  σ  22    )   2  +    (   σ  22   −  σ  33    )   2  +    (   σ  33   −  σ  11    )   2  + 6    (   σ  23  2  +  σ  31  2  +  σ  12  2   )   2   ]  ,  



(9)




where    σ v    is the von Mises stress, and subscripts 1, 2, and 3 denote the x-direction, y-direction, and z-direction, respectively. In Figure 6,    σ  11    ,    σ  22    , and    σ  33     represent the normal stresses, while    σ  12    ,    σ  23    , and    σ  31     are the shear stresses.



The factor of safety (FoS) expresses how much stronger a system is than it needs to be for an intended load [9]. It is defined as the ratio of the yield stress to the working stress for ductile materials. The working stress is selected as the maximum von Mises stress in this study.


  F a c t o r   o f   S a f e t y =   Y i e l d   s t r e s s    σ y    M a x i m u m   v o n   M i s e s   s t r e s s     .  



(10)








3.3. Electromagnetic-Mechanical Coupling Method


The voltage equation of the linear vibration motor is described as follows:


  V = i R + B l  x ˙  ,  



(11)




where  V ,  R , and   x ˙   denote the driving voltage, coil resistance, and velocity of the mechanical vibrator assembly, respectively. The back electromotive force is generated by the coil motion against the driving voltage due to Faraday’s law [10]:


   V  b a c k   = B l  x ˙  ,  



(12)




where   B l   is defined as a force factor with note units.



The force factor can be obtained by magnetostatic analysis. The mechanical vibration equation of the spring-damping-mass system can be developed using a 3D finite element method. The mechanical response can be obtained by solving the electromagnetic-mechanical coupling equation:


   [   M m   ]  {    x ¨   m  } +  [   C m   ]   {    x ˙  m   }  +  [   K m   ]   {   x m   }  =  {   F  L o r e n t z    }  ,  



(13)






   [   M d   ]   {     x ¨   d   }  +  [   K d   ]  {  x d  } =  {   F  T r a n s i m i t    }  ,  



(14)




where    [   M m   ]    and    [   C m   ]    denote the mass matrix of the vibration moor and the damping coefficient matrix of the vibration motor.    [   M d   ]    and    [   K d   ]    denote the mass matrix and stiffness coefficient matrix of the dummy jig, respectively. {FTransimit} is the driving force applied on the dummy jig, which is transmitted from the vibration motor. The damping coefficient matrix of the dummy jig has been ignored. A diagram of the mechanical vibration system and electromagnetic-mechanical coupling method are shown in Figure 7 and Figure 8, respectively.




3.4. Samples


The vibration motor is inserted in an E-cigarette’s lower part that users grab. The design principle is that a user can feel haptic feedback directly when the vibration motor is mounted in this position. A sample and 3D model of an E-cigarette are shown in Figure 9, and the total mass of the E-cigarette is 81.83 g.



The coin-type vibration motor is shown in Figure 10 with the front side and back side. Each component of the linear vibration motor is shown in Figure 11. The 3D model of the prototype spring is the same as the manufactured spring sample, as shown in Figure 12. These vibration motors were used to do experiments to obtain the acceleration on a dummy jig.




3.5. Experimental Setup


The experimental setup for measuring the acceleration on the testing jig includes a computer, a monitor, a mouse, and a keyboard, a vibration tester (Type BK 2120C2), a testing jig, and a vibration motor, as shown in Figure 13. The testing jig consists of a base, 4 spring foundations, a 100 g dummy jig, and an accelerometer. The detailed components of the testing are shown in Figure 14. When the sinusoidal voltage is applied to the vibration motor, the motor vibration and the acceleration on the dummy jig can be detected by an accelerometer. The acceleration is converted from a time-domain signal to a frequency-domain signal through a preamplifier and fast Fourier transform (FFT) analysis inside the vibration tester, and the results are displayed on the screen.



A vibration motor is designed to provide haptic feedback to a human by vibrating human skin. According to mechanoreceptors [11], the Pacinian corpuscles in the skin and fascia can detect rapid vibrations of around 200–300 Hz. In addition, the most sensitive frequency of the human finger is around 250 Hz [12,13].



The coin-type vibration motor has been used for E-cigarettes for a long time, so its acceleration was measured as reference data. Two input voltages were used for the prototype linear vibration experiment. One is 0.5 V to check the resonance frequency of the vibration motor. The other is 4.35 V to measure the acceleration performance from 100 to 300 Hz. Furthermore, the final excited frequency range is from 240 to 260 Hz at 4.35 V.



A comparison between the experiment results of the acceleration on the dummy jig of the prototype with different voltages is shown in Figure 15. The analysis results are in good agreement with the experiment results. The acceleration of the prototype (0.021 g) is 86.0% lower than that of the coin-type vibration motor (0.15 g) at 250 Hz, which is a significant problem that needs to be solved. Based on the same analysis methods, there are several designs listed in the next section, and the analysis results of the novel design were verified by experiment results.





4. Design and Optimization


The target for the linear vibration motor is to have a similar acceleration to that of coin-type vibration motors at 250 Hz. However, the prototype cannot reach the design target. In this section, the spring shape design, spring thickness design, and magnetic circuit design and optimization are discussed in detail. The resonance frequency and excitation force are the two essential factors that affect the acceleration. In the linear mechanical vibration system, it is effective to reduce the resonance frequency of the linear vibration motor by increasing the movable mass or decreasing the spring constant.



However, the movable mass consists of the yoke, weight, magnet, and top plate, which are electromagnetic. Thus, it is not suitable to reduce the resonance frequency for this linear vibration motor by increasing the movable mass. The focus of this study is spring design in order to reduce the resonance frequency and magnetic circuit optimization to improve the acceleration on the dummy jig.



4.1. Spring Shape Designs


According to the linear stress analysis, the Lorentz force of the prototype vibration motor is 0.059 N, with a flux density of 0.273 T and input voltage of 4.35 V, which is applied on the top plate via the direction of the vibration. The von Mises stress distribution on the prototype spring is shown in Figure 16. Six areas have been selected to view the von Mises stress distribution on a single spring rib. The von Mises stress of each area is the average value of the six areas.



The von Mises stresses on six areas are shown in Table 2, which shows that the distribution is not a declining distribution but a U-shaped distribution that first drops and then rises. The maximum value is 25.50 MPa at A0, and minimum value is 10.62 MPa at A3. The yield stress of SUS 301EH is 1080 MPa, and FoS of the prototype spring is about 42.35 (>>1), which means the system can work safely under this condition. However, in order to significantly reduce the resonance frequency of the prototype spring, four parts on a spring rib have been selected as design parameters, as shown in Figure 17.



The design parameters Round #1, Round #2, Width #1, and Width #2 are 0.28, 1.05, 0.30, and 0.40 mm respectively, which are within the manufacturing limitations. Round #1 is the first parameter related to A0 and A1. The bigger the round radius, the higher the maximum von Mises stress is, and the lower the resonance frequency is. From Figure 18 and Table 3, it is clear that the von Mises stress at A1 of type #2 has an 11.89% increase compared with the prototype spring. At the same time, due to the area reduction on A1 and increased displacement, the von Mises stresses in the other areas of type #2 have not significantly changed.



Round #2 is the second parameter related to A0 and A1. When the round radius was increased from 0.65 to 1.05 mm, there was no significant increase in the von Mises stress at A0 and A1 because the location of round #2 is a little bit far away from A0 and A1. However, the resonance frequency still slightly decreased. This means that the type #4 spring with a smooth shape of round #2 can be easier to vibrate than the prototype spring. The von Mises stress distribution for different round #2 parameters is shown in Figure 19. The analysis results are compared in Table 4.



Width #1 is the third parameter related to A4. When width #1 decreases from 0.40 to 0.30 mm, there is a significant increase in the von Mises stress at A4 due to the area reduction. Meanwhile, the maximum von Mises stress has a 1.29% increase at A0 according to the bigger displacement at the top plate with a reduction in resonance frequency (−2.49%). In Figure 20, the von Mises stresses in the other areas do not have much difference when decreasing width #1. The analysis results are compared in Table 5.



Width #2 is the fourth parameter related to A5. The von Mises stress at A5 has a significant increase of about 21.40% when width #2 decreases from 0.50 to 0.40 mm. The maximum von Mises stress of type #8 is 25.88 MPa, which has a 1.49% increase at A0 due to the bigger displacement at the top plate. The resonance frequency has a 3.32% reduction compared to the prototype spring. The analysis results are shown in Figure 21 and Table 6.



From the analysis results of the four parameters, round #1, width #1, and width #2 have a bigger influence on the resonance frequency by about 2.72%, 2.49%, and 3.32% decrease, respectively. Round #2 also influences the resonance frequency, making the spring smooth to vibrate. The maximum von Mises stress occurs with 1.61% and 1.49% increases in round #1 and width #2, respectively. The FoSs of type #2 and type #8 are 41.68 and 41.73, respectively, which are a little bit smaller than that of the prototype. However, the FoSs of these types are still significantly higher than 1.



To minimize the resonance frequency and keep the maximum von Mises stress as low as possible, a novel spring has been proposed with round #1, round #2, width #1, and width #2 values of 0.26, 1.05, 0.30, and 0.40 mm, respectively. The contact area is reduced from 9.72 to 8.05 mm2 to increase the gap between the spring rib and contact to avoid mechanical interference. The spring thickness (St) is 0.20 mm. The analysis results are shown in Figure 22 and Table 7. Compared to the prototype spring, the resonance frequency of novel spring #1 has a 4.37% decrease, and the maximum von Mises stress has a 1.88% increase. The FoS of novel spring #1 is 41.57, which is not much different from the prototype spring.




4.2. Spring Thickness Design


Based on analysis results of novel spring #1, the resonance frequency is still higher than 250 Hz. In this sub-section, the spring thickness is another design parameter, which can also affect the spring stiffness constant. The St values include 0.20, 0.15, and 0.13 mm, with the same spring rib shape. The analysis results are compared in Figure 23 and Table 8.



A thinner spring leads to a big displacement that causes higher von Mises stress. The displacement at the top plate of novel spring #2 and novel spring #3 has 84.76% and 163.80% increases compared to novel spring #1, respectively. The maximum von Mises stress of novel spring #3 increases about 31.33% at A0, and the FoS (31.65) is still higher than 1, which means failure of the structure of the spring will not occur under the current condition. After the spring shape design and spring thickness design, the resonance frequency of novel spring #3 is close to 250 Hz. Novel spring #2 and novel spring #3 were selected for manufacturing.




4.3. Yoke Shape Design


Both the yoke and weight are magnetic materials (SPCC), which have high nonlinear magnetic permeabilities to allow high magnetic flux to pass through. The magnetic flux density distributions of three yoke shapes are shown in Figure 24. All of them have the same magnetic flux density (0.273 T). The prototype’s yoke shape is a flat circular plate with a small chamfer to avoid mechanical interference between the spring and yoke. Novel yoke shape #1 is a Z-shape yoke with the same chamfer but an easy way to hold the weight, while novel yoke shape #2 is an L-shape yoke.



The manufacturing cost depends on the complexity of the yoke shape. Novel shape #2 needs a bending operation based on the prototype yoke shape, and novel yoke shape #1 needs one more bending operation. Thus, the order of the manufacturing cost of the three yoke shapes from high to low is novel yoke shape #2, novel yoke shape #1, and the prototype shape. The target of this design is to reduce the manufacturing cost while keeping the same performance. Thus, the prototype yoke shape was used for magnetic circuit optimization.




4.4. Magnetic Circuit Optimization


The Lorentz force applied on the vibration assembly is linearly related to the current in the voice coil. It can be divided into two components. One is current on voice current, and the other is a force factor that consists of the magnetic flux density and total coil length. The input voltage and specifications of the voice coil are fixed. Magnetic circuit optimization (MCO) is used to maximize the Lorentz force by changing the magnetic structure dimensions.



The total thickness of the magnetic structure (yoke, magnet, and top plate) is fixed at 1.03 mm. The thickness from the yoke to the weight is fixed at 0.88 mm. Each magnetic circuit component and constraint has been marked with a number in Figure 25. MCO #1 and MCO #2 have different magnet thickness (MG) with the same yoke thickness (YK). When MG decreases, the top plate thickness (T/P) increases.



MCO #3 and MCO #4 are models with different T/P and the same MG. When T/P decreases, YK increases, resulting in decreasing weight thickness. MCO #5 and MCO #6 have different YK with the same T/P. When YK decreases, MG increases, which also causes the weight thickness to increase. The thicknesses of each magnetic circuit component are shown in Table 9.



The analysis result of the average flux density, force factor, and Lorentz force are shown in Table 10. The optimized result is MCO #2, which has a bigger magnet volume. By comparing all analysis results, it can be found that the magnet thickness is the most essential factor. The Lorentz force of MCO #2 has a 5.36% increase over that of novel spring #3. According to the different novel spring thicknesses, the average flux density differs a little when the relative coil position changes. Based on optimized magnetic circuit results, a new MG (0.53 mm) and T/P (0.20 mm) were applied to novel linear vibration motors, and samples were manufactured to conduct experiments.





5. Results and Discussion


5.1. Novel Vibration Motor Samples and Experiments


After finishing the design of the spring shape, spring thickness, and magnetic circuit optimization, novel motor samples were made to conduct an experiment. The novel spring sample is shown in Figure 26. There were two thicknesses: 0.15 and 0.13 mm.




5.2. Result Comparison


The E-M coupled analysis results are shown in Figure 27, which shows that the experiment results have good agreement with the analysis results when the input voltage is 0.5 V. The acceleration on the dummy jig with the final input voltage (4.35 V) are shown in Figure 28a. The dotted lines are the values predicted using the E-M coupled method. Figure 28b shows the enlarged results of Figure 28a for more clarity with an input voltage of 4.35 V. The novel type with St = 0.13 mm has a higher acceleration value (0.21 G) than the coin-type vibration motor (0.15 G) at 250 Hz, which is a significant improvement of about 40.0%. The specifications of the coin-type vibration motor and novel linear vibration motor are shown in Table 11.





6. Conclusions


This research investigated the electromagnetic and mechanical coupling performance of linear vibration motors by using E-M coupling analysis as well as the experimental results. A novel linear vibration motor was developed to reduce the total thickness, reduce the manufacturing cost, and increase the acceleration performance in the working frequency range (240 to 260 Hz). The proposed linear vibration motor has 9.09% and 80.77% reductions in the total thickness and manufacturing cost, respectively. The acceleration at 250 Hz had a 40.0% improvement. The design method and analysis method in this study can be used for most linear vibration motor design.
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Figure 1. The exploded view and a cross-sectional view of a coin-type vibration motor. 
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Figure 2. The exploded view and a cross-sectional view of a linear vibration motor. 
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Figure 3. (a,b) The measurement method for acceleration of the vibration motor. 
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Figure 4. The B-H curve of SPCC. 






Figure 4. The B-H curve of SPCC.



[image: Applsci 10 08915 g004]







[image: Applsci 10 08915 g005 550] 





Figure 5. The boundary conditions of the linear vibration motor. 
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Figure 6. The nine stress components with respect to a Cartesian coordinate system. 
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Figure 7. Diagram of the mechanical vibration system. 
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Figure 8. Diagram of the electromagnetic-mechanical coupling method. 
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Figure 9. (a) Sample and (b) three-dimensional (3D) model of an E-cigarette. 
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Figure 10. The coin-type vibration motor sample. 
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Figure 11. Each component of the linear vibration motor sample prototype. 
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Figure 12. Sample and 3D model of the prototype spring (thickness = 0.20 mm). 
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Figure 13. The acceleration measurement setup under standard test conditions. 
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Figure 14. The detailed components of the acceleration testing jig. 
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Figure 15. Acceleration comparison between coin-type vibration motor and prototype linear vibration motor. 
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Figure 16. von Mises stress distribution on prototype spring shape. 
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Figure 17. Four design parameters on prototype spring. 
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Figure 18. von Mises stress distribution on spring with different round #1 parameters. 
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Figure 19. von Mises stress distribution on spring with different round #2 parameters. 
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Figure 20. von Mises stress distribution on spring with different width #1 parameters. 
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Figure 21. von Mises stress distribution on spring with different width #2 parameters. 
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Figure 22. von Mises stress distribution on prototype spring and novel spring. 
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Figure 23. von Mises stress distribution on novel spring with different spring thicknesses. 
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Figure 24. Novel yoke shapes and flux density distribution. 
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Figure 25. Thicknesses of the magnetic circuit components. 






Figure 25. Thicknesses of the magnetic circuit components.



[image: Applsci 10 08915 g025]







[image: Applsci 10 08915 g026 550] 





Figure 26. Novel spring sample (St = 0.15 mm). 
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Figure 27. Acceleration comparison between coin-type vibration motor and novel linear vibration motors. 
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Figure 28. Acceleration comparison between coin-type vibration motor and novel linear vibration motors (4.35 V): (a) Acceleration from 100 to 500 Hz, (b) acceleration from 100 to 300 Hz. 
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Table 1. Mechanical properties of the linear vibration motor.
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	Parts
	Material
	Density (kg/m3)
	Young’s Modulus (GPa)
	Poisson’s Ratio





	Upper case
	SUS 304
	7850
	193
	0.25



	Spring
	SUS 301 EH
	7800
	110
	0.28



	Yoke/Top plate
	SPCC
	7830
	207
	0.29



	Permanent magnet
	Neodymium
	7010
	160
	0.30



	Voice coil
	Copper
	5321
	126
	0.34



	Dummy jig
	Polyoxymethylene
	1417
	3.15
	0.30
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Table 2. von Mises stress at selected areas on prototype spring shape.
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	Areas
	von Mises Stress (MPa)





	A0
	25.50



	A1
	22.03



	A2
	17.31



	A3
	10.62



	A4
	16.14



	A5
	20.28
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Table 3. Analysis result comparison between different round #1 parameters.






Table 3. Analysis result comparison between different round #1 parameters.





	Items
	Prototype
	Type #1
	Type #2





	Round #1 parameters (mm)
	0.24
	0.26
	0.28



	Maximum von Mises stress (MPa)
	25.50
	25.76 (+1.02%)
	25.91 (+1.61%)



	von Mises stress at A1 (MPa)
	22.03
	23.48 (+6.58%)
	24.65 (+11.89%)



	Resonance frequency (Hz)
	476.18
	470.92 (−1.10%)
	463.25 (−2.72%)



	Displacement at top plate (µm)
	25.87
	26.45 (+2.24%)
	27.34 (+5.68%)
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Table 4. Analysis result comparison between different round #2 parameters.
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	Items
	Prototype
	Type #3
	Type #4





	Round #2 parameters (mm)
	0.65
	0.85
	1.05



	Maximum von Mises stress (MPa)
	25.50
	25.55 (+0.20%)
	25.61 (+0.43%)



	von Mises stress on A1 (MPa)
	22.03
	22.17 (+0.64%)
	22.21 (+0.82%)



	Resonance frequency (Hz)
	476.18
	474.85 (−0.28%)
	473.52 (−0.56%)



	Displacement at top plate (µm)
	25.87
	26.02 (+1.28%)
	26.16 (+1.12%)
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Table 5. Analysis result comparison between different width #1 parameters.
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	Items
	Prototype
	Type #5
	Type #6





	Width #1 parameters (mm)
	0.40
	0.35
	0.30



	Maximum von Mises stress (MPa)
	25.50
	25.68 (+0.71%)
	25.83 (+1.29%)



	von Mises stress on A4 (MPa)
	16.14
	18.53 (+14.81%)
	20.30 (+25.77%)



	Resonance frequency (Hz)
	476.18
	468.70 (−1.57%)
	464.32 (−2.49%)



	Displacement at top plate (µm)
	25.87
	26.71 (+3.25%)
	27.21 (+5.18%)
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Table 6. Analysis result comparison between different width #2 parameters.
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	Items
	Prototype
	Type #7
	Type #8





	Width #2 parameters (mm)
	0.50
	0.45
	0.40



	Maximum von Mises stress (MPa)
	25.50
	25.70 (+0.78%)
	25.88 (+1.49%)



	von Mises stress on A5 (MPa)
	20.28
	22.37 (+10.31%)
	24.62 (+21.40%)



	Resonance frequency (Hz)
	476.18
	467.02 (−1.92%)
	460.35 (−3.32%)



	Displacement at top plate (µm)
	25.87
	26.90 (+3.98%)
	27.68 (+7.00%)
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Table 7. Analysis result comparison between prototype spring and novel spring.
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	Items
	Prototype (St = 0.20 mm)
	Novel Spring #1

(St = 0.20 mm)





	Maximum von Mises stress (MPa)
	25.50
	25.98 (+1.88%)



	Resonance frequency (Hz)
	476.18
	455.36 (−4.37%)



	Displacement at top plate (µm)
	25.87
	28.29 (+9.35%)
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Table 8. Analysis result comparison between different spring thicknesses.
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	Items
	Novel Spring #1

(St = 0.20 mm)
	Novel Spring #2

(St = 0.15 mm)
	Novel Spring #3

(St = 0.13 mm)





	Maximum von Mises stress (MPa)
	25.98
	30.73 (+18.28%)
	34.12 (+31.33%)



	Resonance frequency (Hz)
	455.36
	335.01 (−26.43%)
	280.38 (−38.43%)



	Displacement at top plate (µm)
	28.29
	52.27 (+84.76%)
	74.63 (+163.80%)
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Table 9. Magnetic circuit design parameters.
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	Types
	Yoke

①
	Magnet

②
	Top Plate

③
	Weight

④





	Novel type#3
	0.30
	0.48
	0.25
	0.68



	MCO #1 (MG decrease)
	0.30
	0.43
	0.30
	0.68



	MCO #2 (MG increase)
	0.30
	0.53
	0.20
	0.68



	MCO #3 (T/P decrease)
	0.35
	0.48
	0.20
	0.63



	MCO #4 (T/P increase)
	0.25
	0.48
	0.30
	0.73



	MCO #5 (YK decrease)
	0.25
	0.53
	0.25
	0.73



	MCO #6 (YK increase)
	0.35
	0.43
	0.25
	0.63
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Table 10. Analysis result comparison of the magnetic circuit optimization.
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	Types
	Average Flux Density

(T)
	Force Factor (N/A)
	Lorentz Force

(N)





	Novel type #3
	0.261
	0.388
	0.056



	MCO #1 (MG decrease)
	0.245
	0.365
	0.053 (−5.36%)



	MCO #2 (MG increase)
	0.273
	0.407
	0.059 (+5.36%)



	MCO #3 (T/P decrease)
	0.252
	0.375
	0.054 (−3.57%)



	MCO #4 (T/P increase)
	0.268
	0.399
	0.058 (+3.57%)



	MCO #5 (YK decrease)
	0.262
	0.390
	0.057 (+1.79%)



	MCO #6 (YK increase)
	0.261
	0.388
	0.056
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Table 11. Specifications of the coin-type vibration motor and novel linear vibration motor.
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Items

	
Coin-Type Vibration Motor

	
Linear Vibration Motor






	
Dimension (mm)

	
Ø 8.0 × 2.75 t

	
Ø 8.0 × 2.50 t




	
Contact type

	
Pad type




	
Rated voltage (V)

	
3.0

	
4.35




	
Resistance (Ohm)

	
30.0

	
30.0




	
Resonance frequency (Hz)

	
170

	
280




	
Input frequency (Hz)

	
Around 250 Hz




	
Acceleration @ 250 Hz (G)

	
0.15

	
0.21




	
Manufacturing costs

	
$0.52

	
$0.10

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 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/file13.jpg
Xm
M,

Cin

Frorentz

Base





media/file4.png
+— Upper case

Full model with transparent e * Spring

upper case

<+«— Yoke

«— Weight (SPCC)

<+— Permanent magnet

Half model =

<«— Top plate

- <+— Voice coil

<— FPCB

——— <+<— [ ower case





media/file52.png





media/file39.jpg
OO0,





media/file18.png
3D modeling

Vibration

motor

Front view Side view
Mass:81.83gram
(a) (b)





media/file21.jpg
® O o« o

Yoke  Weight  Permanentmagnel  Top plate

f® O @ B

FPCB  Uppercase Lowercase  Prototype spring  Voice coil
(0.20mm)

Linear vibration motor
(Prototype)





media/file44.png
MPa

0 Prototype Novel spring #1





media/file26.png
Computer

Mouse






media/file55.jpg
Frequency 1) Frequency 1z)

(a) (b)





media/file7.jpg
[—— SPCC|

0.4

024

0.0 T T T T T T
0 50 100 150 200 250 300

H (kA/m)

350





media/file28.png
Dummy jig +ﬁ

 Vibration motor

__—-M‘

Front side of dummy jig

Testing jig & Vibration motor

¢ . f
Spring foundation
Accelerometer
Base _ C

L T ———

Base and spring foundation Back side of dummy jig





media/file10.png





media/file49.jpg





media/file11.jpg





media/file6.png
Vibration motor

/

IlSmm

«—— Spring foundation

<+—— Base

(@)

105 mm

r'l

45 mm

(b)





media/file36.png
Prototype





media/file15.jpg
w1

e

=

Elccronagaeic donain L]

“Mechanical domsin






nav.xhtml


  applsci-10-08915


  
    		
      applsci-10-08915
    


  




  





media/file54.png
0.30 -

J = Novel type (St
= Novel type (St
Novel type (St
= Novel type (St

'JLL

= (Coin—type vibration motor

0.15 mm) Expt. (0.5 V)
0.15 mm) Anal. (0.5 V)
0.13 mm) Expt. (0.5 V)
0.13 mm) Anal. (0.5 V)

o

o)

wn
1

=
b
>

0.15 j.

[ ]
-
&

=
—
O

Acceleration on dummy jig (g)

0.00 . . . = i,im

1 1
100 150 200 250 300 350 400 450 500

Frequency (Hz)





media/file2.png
i «— Upper case

- +«—— Weight (Tungsten)
— «— Voice coil

- «+«— Rotor
e «—— Permanent magnet

< Brushes
&, s

A== Shafl

Full model with transparent

upper case

«+—— Lower case

Rotor Assembly (Front side)

Rotor Assembly (Backside)

Bearing

Communication
circuitry

Metal
commutator





media/file53.jpg
Acceleration on dummy jig (g)

0.30 4

— Coin-type vibi
f— Novel type (5t
f— Novel type (5t
— Novel type
f— Novel type (5t

tion motor
0.15 mn) Expt. (0.5
) Anal. (0.5
0.13 mn) Expt. (0.5
0.13 mm) Anal. (0.5

s
8

0.10 4

0.05 4

0.00
100 150 200 250 300 350 400 450 500

Frequency (Hz)





media/file23.jpg
> 0.20mm
O





media/file24.png





media/file29.jpg
e
&
g

s

s
2

0.10

Acceleration on dummy jig (g)
= =
b3 b

0.00

[— Coin-type vibr
— Prototype
— Prototype
— Prototype

Ton motor
0.20 wm) Expt. (0.
0.20 n) Anal. (0.
0.20 mm) Expt. (4

[—— Prototype (St = 0.20 nn) Anal. (4.

5V)
5 V)

35 V)
35 V)

100 150 200 250 300

350

Frequency (Hz)

400

450

500





media/file1.jpg
a < Upperease

v
.
-*W

Permanent magne

Full model witheasparet
uppercase

Halfmodel

P
FrcB

st

o Loverene

Bearing

Roor Assnbly (Front sde)

Rotor Assbly (Rackside)

Conmuicaion
ety

Metal
commuttor






media/file12.png
X

lo-33
O
1
o
0'13“ 0-23
>
g
22
O] a. -






media/file9.jpg





media/file42.png
MPa

Prototype





media/file56.png
>

Acceleration on dumm

[
&)}

mm) Expt. (4.35 V)
0.15 mm) Anal. (4.35 V)
0.13 mm) Expt. (4.35 V)

0.13 mm) Anal. (4.35 V)

2.0 T— Coin—type vibration motor 0°35-— Coin—type vibration motor
1= Novel type (St = 0.15 mm) Expt. (4.35 V) = Novel type (St = 0.
1.8 == Novel type (St = 0.15 mm) Anal. (4.35 V) o~ == Novel type (St
{= Novel type (St = 0.13 mm) Expt. (4.35 V) U 0.30 == Novel type (St
1.6 4—— Novel type (St = 0.13 mm) Anal. (4.35 V) ~ == Novel type (St
| —_—
1.4 > 0.25 4
- =
=
= 0.20 =
=
5
= 0.15 =
=]
*
N
S 0.10 4
]
—
<P]
8 0.05
<"
| | | | | | | | | | 1 0°00 | | | |
100 150 200 250 300 350 400 450 500 100 150 200

Frequency (Hz)

(a)

L] L] L] L] L] L}
250 300 350 400 450 500

Frequency (Hz)

(b)





media/file47.jpg
el nn

— ]






media/file38.png





media/file17.jpg
Sample 3D modeling

[ Vibration
motor

Front view ~ Side view
Mass:81.83gram
() (b)





media/file30.png
0.30 e Coin—type vibration motor

Jj= Prototype (St = 0.20 mm) Expt. (0.5 V)
== Prototype (St = 0.20 mm) Anal. (0.5 V)
0254 Prototype (St = 0.20 mm) Expt. (4.35 V)
) == Prototype (St = 0.20 mm) Anal. (4.35 V)

0.20 -

0.15 -

0.10 -

l

o
>
h
[ |

Acceleration on dummy jig (g)

/
— 4 '

A‘/ y
0.00 i .

1 1 1 v 1 h 1 h 1
100 150 200 250 300 350 400 450 500

Frequency (Hz)





media/file51.jpg





media/file35.jpg
®® e

Type
Type #
otype
Proto






media/file48.png
Prototype yoke shape

AAAn Ay LR
rrrrrraa 1 b

Novel yoke shape #1

Novel yoke shape #2

1.6

1.4

1.2

0.8

0.6

0.4

0.2





media/file27.jpg
[ |

Vibcaion motor

|

Front side of dummy jig

Testing jig & Vibration motor

i

Base and spring foundali Back side of dummy jig
ase and spring foundation






media/file3.jpg
Full model with transparent O «— Spring

‘upper case

_ <+— Permanent magnet
Half model - +— Top plate

== -« Voicecoll
W cn
[ ——— Lower case





media/file22.png
® O ® e

Yoke Weight Permanent magnet  Top plate

P ® O ®© @

FPCB  Upper case Lowercase Prototype spring Voice coil
(0.20mm)

Linear vibration motor
(Prototype)





media/file19.jpg
Front side Back side





media/file40.png
MPa

Type #6
Prototype yp





media/file33.jpg





media/file32.png
MPa

Spring rib

[

= O R "))





media/file14.png
Xm F Lorentz
M m

Ko Com

Kq

777777777777777777777777 Bese





media/file41.jpg
OIOJO,





media/file37.jpg
(OJOJO!





media/file46.png
MPa

-

Novel spring #1 Novel spring #2 Novel spring #3

o W ON





media/file45.jpg
LOJOXO),

Novel spring #3





media/file16.png
BZJE.'J'

Electromagnetic domain

Bl

F Lorentz
J' Bli

\Back side

Output acceleration

Mechanical domain






media/file20.png
Front side Back side





media/file50.png
0.88






media/file5.jpg
‘+— Spring foundtion

B

@

105

»





media/file31.jpg





media/file25.jpg





media/file0.png





media/file8.png
2.6 -
2.4

— SPCC

= 14 I

~
m 1.2
1.0
0.8
0.6
0.4
0.2
0.0

1
0 50 100 150 200 250 300 350
H (kA/m)





media/file43.jpg
MPa

2 Prototype Novel spring #1





media/file34.png





