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Asymmetric Acceleration Drive 
 Using Linear Oscillatory Actuator under Open-Loop Control 

 
 

Abstract. This paper proposes an asymmetric acceleration drive method for linear oscillatory actuators under open-loop control. The effectiveness 
of this method is confirmed through the comparison of the 3-D FEM analysis results with the measurements of a prototype.  
 
Streszczenie.  W artykule przedstawiono asymetryczne urządzenie oscylacyjne dla liniowych aktuatorów ze sterowaniem otwarto-pętlowym. 
Efektywność metody analizy została potwierdzona poprzez porównanie analizy elementowo-skończeniowej z wynikami pomiarów3D  
(Asymetryczny przyspieszający napęd wykorzystujący liniowy aktuator oscylacyjny prze otwarto-pętlowym sterowaniu) ). 
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Introduction 

Recently, linear oscillatory actuators (LOAs) have been 
used in a wide range of applications because they have a 
lot of advantages; high efficiency, simple structure, easy 
control, and so on [1]. Small-sized LOAs are especially 
expected to be used as vibration actuators to provide haptic 
sensation to handheld devices such as recent super-
compact mobile phones.  

Haptic feedback devices that employ vibration have 
been designed recently [2]-[5]. In addition, devices that 
generate a force vector using asymmetric acceleration were 
studied [6]-[9]. However, these devices are not suitable for 
incorporation into mobile devices because these devices 
have problems with size and complexity of control.  

In this paper, we propose an asymmetric acceleration 
drive generation method for small-sized LOA’s under open-
loop control. The dynamic characteristics of the actuator are 
calculated by coupling the magnetic field analysis with the 
motion analysis and employing 3-D FEM. The effectiveness 
of this drive method under open-loop control is confirmed 
through the comparison of the measurements of a 
prototype. 

 
Basic Structure and Operating Principle 

The basic structure of the LOA in this study is shown in 
Fig. 1. This actuator mainly consists of a mover which is 
composed of two parallelly magnetized semicircular 
magnets and a high density metal weight, a stator which is 
composed of a cylindrical back yoke and an excitation coil, 
and a spring. The mover mass and the spring constant are 
1.81g and 1.93N/mm, respectively. The spring and the case 
are made of non-magnetic stainless steel.  

The operating principle of the LOA is shown in Fig. 2. 
The magnetic flux from the permanent magnets flows to the 
center. When the coil is excited, it experiences a Lorentz 
force due to the interaction between the current flowing 
through it and the flux from the permanent magnets. 
However since it is fixed to the back yoke, the resulting 
reaction force drives the mover in the opposite direction of 
the Lorentz force. A reciprocating motion is simply created 
by applying an alternating current to the coils. 
 
Analyzed Method 

Using the magnetic vector potential A, and the current 
flowing through the coils I0, the equations of the magnetic 
field and the electric circuit are coupled and are expressed 
as follows:  
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where  is the reluctivity, J0 is the excitation current 
density,  is the reluctivity of the vacuum, M is the 
magnetization of the permanent magnet, V0 is the applied 
voltage, R is the resistance,is the interlinkage magnetic 
flux of the excited coil, nc and Sc are the number of turns and 
the cross-sectional area of the coil respectively, and ns is 
the unit normal vector of the coil’s cross section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Basic structure of LOA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Operation principle  
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Coupled Analysis with Motion Equation 
The motion of the mover is described as follows: 
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Where M is the mass of the mover, z is the displacement 

of the mover, Fz is the magnetic force component, kz is the 
spring coefficient, and D is the viscous damping coefficient. 
The thrust of the mover is calculated using the Maxwell 
stress tensor method, and is substituted into equation (4). 
At each time step, the finite element mesh is refreshed, and 
the position and velocity of the mover are calculated by 
solving the above equation of motion. 

Fig. 3 shows the flowchart for the coupled analysis. In 
this analysis, the mover can be moved a large distance 
without mesh distortion by using the mesh coupling method 
[10], which greatly reduces the computation time.  
 
Analyzed Model and Condition 

Fig. 4 shows the 3-D finite element mesh of the 
magnetic circuit with the air layers omitted from the diagram. 
The analyzed region is 1/4 of the whole region because of 
the symmetry. The mover is moved from -0.8 mm to 0.8 mm. 
The number of tetrahedron elements, edges, and unknown 
variables are 225,324, 275,596, and 250,403, respectively.  

 
Voltage generation for open-loop control 

To generate an asymmetric vibration under open-loop 
control, the required voltage must be calculated.  

First, the flux, inductance, thrust constant, and detent 
force of the LOA is calculated using 3D-FEM and input into 
the MATLAB/Simulink model shown in Fig. 5.  

Then, a qualitatively similar position-time waveform 
created by the slider crank [6] was input as the target value. 
The amplitude of the waveform was different from that of 
slider crank due to the different stroke lengths of both 
devices. The force required to move the actuator 

accordingly was then calculated. Next, the current required 
to generate the necessary force to move the mover was 
calculated based on the thrust and the detent characteristic 
and the mover’s present position. Finally, the voltage is 
calculated. When this voltage is input into the LOA, the 
same vibration as the target waveform is generated under 
open-loop control. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Flow chart  for analysis  
 
 
 
 
 
 
 
 
 
 
 
Fig.4. FEM model (1/4 region)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. An example of the wide figure inserted into the text 
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Results and Discussion 
Fig. 6 shows the experimental setup for measuring the 

mover amplitude. Fig. 7 shows the calculated and 
measured results of the steady-state mover acceleration 
when the LOA was operated at a frequency of 10Hz. An 
asymmetric acceleration similar to the one produced by 
Amemiya et al [6] was obtained. From these figures, the 
measured results qualitatively agree with the calculated 
results though the peak value of the acceleration is different. 
Moreover, some vibration can be observed in the 
acceleration waveform of the measured results.  

We then attached the LOA to a resin block, and 
performed an experiment to see if a force vector could be 
detected. The experimental setup for measuring the 
acceleration is shown in Fig. 8. We used a 140g block to 
simulate a handheld device, and suspended the block with 
a thread to remove influence of friction. The results are 
shown in Fig.9. It shows that asymmetric acceleration was 
not detected, and only natural vibration was detected. This 
was because the generated force was too small for the 
140g resin block. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Photograph 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Measuring system 
Fig.6. Experimental setup 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Calculated results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Measured results 
Fig.7. Steady-state waveform of input voltage and acceleration 
(frequency: 10Hz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8.Experimental System 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9.Block acceleration 
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Conclusion 
In this paper, an asymmetric acceleration drive method 

for an LOA under open-loop control was presented. The 
effectiveness of this drive method was verified through 3-D 
FEM analysis and measurement of the prototype.  We 
succeeded in the generation of asymmetric vibration using 
an LOA under open-loop control. However we were not able 
to feel the force vector because the force of the LOA was 
too small. We aim to correct this problem in the near future. 
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