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ABSTRACT   

FMBA(Fast Moving Ball Actuator), developed as novel electronic-paper display, has already proven its operability and 
functionality. However, optimization issues related with low operating voltage, high refresh rate, fine pixel and higher 
display resolution, etc. are still remaining to be improved for a successful commercialization. In order to optimize such 
issues effectively, static and transient model were developed and verified by comparing the calculated results to the 
measured. The static model is based on the force balancing equation between the driving and the holding forces while the 
transient model is developed from Newton’s 2nd law by adding the inertia as well as the resistive damping forces caused 
by the surroundings. With the simplified static model, driving voltage of 30.71 V was obtained, which is reasonably 
matched to the measured voltage of 40 V. Based on the transient model, also, the transient response of the device can be 
estimated within reasonable margin. Considering the absence of reliable key parameters of surface roughness, static and 
dynamic frictional coefficient, and refractive indices, the developed static and transient models account well the 
experimental results and thus they are expected to contribute further improvements in FMBA. 
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1. INTRODUCTION  
After the first successful demonstration1 as novel electronic-paper display device, FMBA has continued its endless 
improvements2-4. Although its operability and functionality as a display device had already proven, optimization issues 
such as operating voltage, refresh rate, pixel size and display resolution, etc. are still remaining to be improved for a 
successful commercialization. In order to optimize such issues effectively, clear understanding on its operation principle 
and the corresponding model should be developed. 

In the previous work5, threshold voltage model was proposed which based on the force balancing between the driving 
and the holding forces. The proposed threshold voltage model considered all the related forces of Coulomb force, 
dielectrophoretic (DEP) force, frictional force, and adhesive force caused by van der Waals force, where frictional force 
consists of vertical Coulomb and DEP forces, buoyance, and gravity. As DEP force, buoyance, and gravity were 
concluded negligible compared to Coulomb force and van der Waals force, they were omitted from the simplified 
threshold voltage model. The calculated threshold voltage was matched well to the measured voltage, which verified the 
proposed threshold voltage model was reasonable. FMBA, however, is not restricted to the so-called “still-cut” image 
display and therefore its dynamic performances such as switching speed and refresh rate should also be studied for the 
video display applications. 

The transient model as well as the improved static model are presented in this paper. Inertia and damping effects were 
studied and included in the transient model where the translational and the rotational motions were assumed to be 
independent. After developing the draft transient model, it was reviewed whether it logically matched with the 
previously developed static model or not. On this way, the inconsistency in the frictional coefficients used in the static 
and the transient models and the miscalculation regarding van der Waals force as a normal force not a frictional force 
were corrected. 
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2. STATIC MODELING 
The previously developed threshold voltage model5 based on the force balancing condition between all the involved 
forces shown in Figure 1. In order to consider 3D geometric effect, Coulomb and DEP forces were analyzed through 
FEM simulations while all the remaining forces were analytically modeled. As DEP force, buoyance, and gravity were 
negligible compared to the lateral/vertical electrostatic forces and van der Waals force, they were omitted from the 
simplified threshold voltage model. 

 

 
Figure 1. Cross-sectional schematic view of FMBA showing all the involved forces. 

 

The van der Waals force, however, should be treated as a frictional force but it’s regarded as a resistive force previously. 
Such a miscalculation led the static frictional coefficient μ to the under-fitted value of 0.06. The static frictional 
coefficient of 0.06 was too small to be larger than the dynamic frictional coefficient required in the transient model. In 
order to fix such a logical inconsistency, the simplified threshold voltage equation was corrected as Equation (1) and the 
static frictional coefficient was changed as 0.6. With the correction, the threshold voltage Vth was calculated as 30.71V, 
which reasonably matched to the measured voltage of 40 V. Although the difference between the calculated and the 
measured is increased, it’s more consistent logically. 
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In Equation (1) of the simplified threshold voltage model, FvdW,1+2 is total van der Waals force between the ball and the 
underlying electrode as well as the underlying dielectric. Also Ke,drive, Ke,couple, Ke,hold, and Kev,hold are coupling parameters 
explaining the relationships between voltages and corresponding forces as explained in Reference 5. 

 

3. TRANSIENT MODELING 
The transient model is generated by combining the translational motion of the moving ball due to the lateral electrostatic 
driving force as considered in the static model and the rotational motion due to the friction between the moving ball and 
the underlying substrate surface. Here it’s assumed that the translational and the rotational motions are independent. The 
transient model shown in Equation (2) and (3) includes 1) the inertia and the moment of inertia of the moving ball, 2) 
added-mass effect due to the surrounding fluid, 3) translational and rotational drag forces, and 4) dynamic frictional 
force as well as the electrostatic driving force which is defined as a function of the moving ball location and also the 
applied driving voltage. But the gravity and the buoyance were ignored and the ball was assumed as a rigid body. 
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Equation (2) described the translational velocity v as a function of the driving electrostatic force Fe and the translational 
friction force Ff,translation, where the inertia was expressed through the ball density ρs and volume of the ball V. As the ball 
is moving in the fluidic surrounding, the added mass effect6 should be included through the added mass coefficient Ca 
and fluid density ρf and the drag represented through the drag coefficient7 Cd,trans also. In Equation (3) for the angular 
velocity ω of the rotational motion, I was the moment of inertia of the ball, Cd,rot the drag coefficient of the rotational 
motion8, r the radius of the ball, and Ff,rolling the frictional force causing the rolling motion. The detailed development of 
the transient model is described in Reference 9. 

 

 
Figure 2. Realization of the developed transient model within MatLab Simulink environment. 

 

       
(a) Experimental results of the ball locations                     (b) Comparing the calculated results to the measured 

Figure 3. Verification of the proposed transient model. 
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The proposed transient model was realized with MatLab Simulink as shown in Figure 2 and its results were compared to 
the measured results of the moving ball location as a function of time. As shown in Figure 3a, the ball positions were 
measured through optical inspection while applying the driving bias continuously. In order to obtain the reliable 
experimental results, 3 different samples were tested and all the measured data were summarized statistically as shown in 
Figure 3b. The calculated results were matched well with the experimental data including the nonlinear behavior in the 
ball positions. However, the proposed transient model predicted the faster response than the measured, which is expected 
due to the larger driving force as the static model resulted out the lower threshold voltage. 

 

4. CONCLUSION 
Here the transient model as well as the improved static model of novel display device of fast moving ball actuator were 
presented with the validation data. Although the expected threshold voltage from the improved static model was lower 
than the measured, it reflected the operation principle of the device more correctly. Then the transient model based on 
Newton’s 2nd law was developed and realized within MatLab Simulink environment. Two governing equations for the 
translation and the rotation motions, respectively, were built by including the inertia and the fluidic damping. The 
calculated transient response was matched well with the measured, which verifies the accuracy of the proposed transient 
model. Several improvements are still needed to increase the accuracy more but the developed static and transient 
models can help us to get clear insight on FMBA operation and thus contribute to successful commercialization of 
FMBA as novel display. 

 

ACKNOWLEDGEMENTS 
This work was supported by the IT R&D Program of MKE/KEIT. [10041596, Development of Core Technology for 
TFT Free Active Matrix Addressing Color Electronic Paper with Day and Night Usage]. 

 

REFERENCES 

[1] Kim, D., Choi, H., Lee, D., Hong, M., Kim, S., Lee, J., Bae, B., Jung, D., Kim, B. and Lee, C., "Development of 
fast moving ball actuator mode for electronic-paper displays," Proc. IDW, 1283-1284 (2008). 

[2] Park, H., Choi, H., Lee, D., Kim, D., Bae, B., Kim, W., Kim, B. and Hong, M., "Development of fast moving 
ball actuator mode for novel electronic-paper displays," IMID Digest, 935-936 (2009).  

[3] Lee, J., Keum, C. M., Choi, H., Park, H., Lee, D., Kim, W., Kim, B., Hong, M. and Bae, B., "Proposal of fast-
moving ball actuator mode for electronic-paper displays," JJAP 50, 03CC10 (2011). 

[4] Park, H., Yoon, H., Lee, J., Bae, B., Kim, B. and Hong, M., "Basic operation mechanisms of floating metal ball 
actuator mode as novel electronic-paper displays," SID Digest, 1567-1569 (2012). 

[5] Hong, M., Lee, J., Jhun, C. G., Yoon, H. W., Bae, B. S. and Han, S., "Threshold voltage model of fast-moving 
ball actuator," Electron. Mater. Lett. 10(2), 369-372 (2014). 

[6] Verekar, P. K. and Arakeri, J. H., "Sphere rolling down an incline submerged in a liquid," Proc. 4th Int. Conf. 
Fluid Mech. & Fluid Power, FMFP10-AM-01 (2010). 

[7] Schaffer, E., Norrelykke, S. F. and Howard, J., "Surface forces and drag coefficients of microspheres near a 
plane surface measured with optical tweezers," Langmuir 23, 3654-3665 (2007). 

[8] Agayan, R. R., Smith, R. G. and Kopelman, R., "Slipping friction of an optically and magnetically manipulated 
microsphere rolling at a glass-water interface," J. Appl. Phys. 104, 054915 (2008). 

[9] Yoon, H. W., Lee, J., Hong, M., Jhun, C. G., Bae, B. S. and Han, S., "Transient model and its experimental 
verification of fast-moving ball actuator for electronic-paper displays," will be published. 

Proc. of SPIE Vol. 9889  988928-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/17/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx


