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Abstract In this paper, a novel hybrid optical image

stabilization (OIS) actuator for digital camcorder is pro-

posed. Image stabilization for this hybrid type consists of

both radially and tangentially moving components to

compensate for hand trembling. The proposed OIS actua-

tor, which uses a voice coil motor method, is divided into

two parts: a structure and a magnetic circuit. For the

structural part, the driving mechanism consists of two

systems: one system is based on a ball guide with a mag-

netic spring, and the other system is based on a pivot

bearing. The former system is typically used as a driving

mechanism in mobile devices, whereas the latter system

has advantages such as mechanical stability and reduced

friction. Overall, a magnetic spring between the magnet

and yoke should be considered to select the best magnetic

circuit part design and mechanism design. Regarding the

electro-magnetic (EM) circuit, two types of EM circuits

were designed to satisfy each direction: one circuit is a

moving magnet circuit for the radial direction, and the

other circuit is a moving coil for the tangential direction. In

a digital camcorder, the space for the OIS actuator is

limited, and thus, optimized actuator with adequate per-

formances is required. To solve these problems, a sensi-

tivity analysis was performed using the design of

experiment procedure. Based on these results, an objective

function was defined for the optimization procedure.

Finally, the actuator was fabricated, and the dynamic

characteristics and feasibility of adapting two types of

mechanisms of the suggested OIS actuator were verified.

The experimental results indicate that the proposed OIS

actuator exhibits sufficient performance for the sensitivity.

1 Introduction

Many studies have been performed regarding image sta-

bilization (IS) systems to compensate for hand trembling in

digital cameras, digital camcorders, and hybrid devices.

Representative methods for IS systems include electric

image stabilization (EIS), digital image stabilization (DIS),

and optical image stabilization (OIS). Toshiro et al. (1990)

studied EIS systems, Ko et al. (1998) studied DIS systems,

and Koichi et al. (1993) studied OIS systems. Although EIS

exhibit good performance, they have a high cost because

gyroscopes or accelerometers are required, whereas DIS

systems do not require these types of devices. However,

DIS systems have a disadvantage that involves the limita-

tion of compensation performance. The OIS systems

compensate a blurred image by modifying the optical path
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against hand trembling. To move the optical components,

various methods such as voice coil motor (VCM) and

piezo-electric (PZT) methods have been studied. Kauhanen

and Rouvinen (2006) studied the PZT bimorph bending

actuator, and Yu et al. (2005) studied the design of the

VCM as a driving actuator. Although the PZT type has fast

response characteristics, it requires a high voltage and has a

high cost. However, the VCM type does not require high

voltage to be applied for a fast response. Recently, the OIS

actuator, which uses the VCM type, is being highlighted as

a means to reduce motion blur because of its mechanical

stability, low cost, and reliability. Also, the VCM actuator

has advantages such as easy fabrication and fine motion.

The driving mechanisms of the OIS actuator include the

prismatic joint, ball guide, and compliant system. Song

et al. (2009–2010) researched the OIS actuator in a cellular

phone that uses a prismatic joint and a compliant mecha-

nism for mechanical movement. However, this actuator has

difficulties with mechanical stability and friction. Like-

wise, the conventional OIS actuator for digital camcorder

had problems of mechanical stability, low sensitivity, and

friction. In this paper, a novel hybrid OIS actuator is pro-

posed to solve these problems; it has various advantages

such as mechanical stability, no friction and good effi-

ciency regarding its power consumption. For the electro-

magnetic (EM) circuit, two types of EM circuits were

designed to satisfy each direction. One circuit is a moving

magnet (MM) circuit for the radial direction, and the other

circuit is a moving coil (MC) circuit for the tangential

direction. For the structural part, the driving mechanism

consists of two systems: one system is the ball guide

method with a magnetic spring, and the other system is a

pivot bearing. In a digital camcorder, the space for the OIS

actuator is limited, and thus, optimized actuator with ade-

quate performances is required. The design of experiment

(DOE) procedure for the sensitivity analysis was performed

to improve the driving performance of the actuator. Finally,

the proposed actuator was fabricated, and the performance

of the OIS actuator and feasibility of adapting a hybrid

mechanism were experimentally verified.

2 Initial design

2.1 Mechanism design

Mechanisms for the moving part are divided into three

types: prismatic joint, ball guide and compliant type, as

shown in Fig. 1. Each mechanism has advantages and

disadvantages. Even though the prismatic joint type has the

advantage of the mechanical stability, it should overcome

the disadvantage of friction problem. On the other hand,

the compliant type has both merit of friction problem and

demerit of mechanical stability. The ball guide type is

better than the prismatic joint for the friction problem and

is worse than the compliant type for the mechanical sta-

bility. To select the moving mechanism, both friction and

mechanical stability should be considered in the structural

design. Therefore, the hybrid type, which combines two

mechanisms, is proposed as a new mechanism to improve

performance. The prismatic joint type is not considered for

the hybrid type due to a bad friction condition. Wire sus-

pension as a compliant mechanism and ball bearing types

are considered for the new mechanism. Wire suspension as

a compliant mechanism is replaced with the pivot bearing

to obtain improved stability and non-friction. This mech-

anism exhibits good efficiency with respect to power

consumption due to its structural design. However, a

magnetic spring is required in the design to meet the

desired performance. Initially, it is necessary to define the

specifications of the OIS actuator. In a study by Golik

(2006), the amplitude for the handshake of a mobile device

was measured with a laser pointer. Song et al. (2009) then

used this method to define specifications. Kauhanen and

Rouvinen (2006) reported that the handshake of a mobile

device was 1.7� and 0–30 Hz. Choi et al. (2008) reported

that the stroke of the actuator is dependent on the optical

imaging system. A drive integrated circuit was considered,

which is used in the OIS actuator, and the desired speci-

fications of the OIS actuator and the performance of the

conventional actuator are summarized in Table 1. The

most prominent factors for designing the OIS actuator are

u(t)
u(t)

u(t)

(a) (b) (c)

Fig. 1 Moving mechanism

a prismatic joint, b ball guide

and c compliant system
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the conceptual design and the specifications, which deter-

mine the final performance of the actuator. The proposed

design concept, which uses a hybrid mechanism, is shown

in Fig. 2. The initial model and moving mechanism, as

shown in Figs. 3 and 4, were also designed after adopting

the conceptual design. Mechanisms for each direction can

be expressed, as shown in Eqs. 1 and 2, for the radial and

tangential directions.

m€xþ c1 _xþ kx ¼ F1 ¼ S1V1 ð1Þ

where m is the mass, c1 is the damping coefficient, k is the

stiffness, F1 is the driving force, S1 is the sensitivity, and V1

is the input voltage.

J€hþ c2
_h ¼ F2 � r ¼ T ¼ S2V2 ð2Þ

where J is the moment of inertia, c2 is the damping coef-

ficient, F2 is the driving force, r is the distance from the

pivot to the center of the force, T is the torque, S2 is the

sensitivity, and V2 is the input voltage.

2.2 Electromagnetic circuit design

In general, magnetic circuit parts, which consist of a

magnet, coil and yoke, are divided into a moving coil type

and a moving magnet type. These magnetic circuit parts

have advantages and disadvantages. For a moving magnet

type, not only the electromagnetic components but also the

mechanical components should be considered. The driving

force of electromagnetic components, which is shown in

Eq. 3 as Fd, can be expressed by the mechanical compo-

nents in Eqs. 1 or 2 as F1 or F2, respectively. For a moving

coil type, the interruption between the coil connection and

moving range should be verified. Additionally, an advan-

tage of the moving mass is that the mass of the moving coil

type is lower than the mass of the moving magnet type.

Chiu et al. (2007) used the following formulation for

electromagnetic force

Mover_tangential
Fixed body

Mover_radial

Ball bearing

Pivot bearing

(a)   

Magnet_radial

Lens 

Yoke_mag_radial

Lens holder_radial(b)   

Pivot bearing

Yoke_coil_radialCoil_radial

Coil_tangential

Ball bearing

Holder_tangential(c)   

Fig. 3 Initial model a overall structure, b structure for the radial

direction and c structure for the tangential direction

Table 1 Specifications of the OIS actuator

Conventional Desired

1st frequency (Hz) 31 30 ± 5

DC sensitivity (mm/V) 0.1 0.4

AC sensitivity (G/V) 1.0 1.2

u(t)

θ

r

(a) (b)

Fig. 2 Design concept for the moving mechanism a ball guide and

b pivot bearing
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Fd ¼ N � i � le � B ¼ N � VA

qL
� le � B ð3Þ

where Fd is the driving force, N is the number of coil turns,

i is the amount of current applied to the voice coil, le is the

effective length of the voice coil, B is the magnetic flux

density, and V, A, q, and L are the applied voltage, cross-

sectional area, electric conductivity, and total length of the

coil, respectively. Based on the structural design and Eq. 3,

the initial magnetic circuits were designed, as shown in

Fig. 5.

Radial direction
(ball bearing)

Tangential direction
(pivot bearing)

Fixed body

(a)   

Mover_radial

Radial driving

Ball bearing

(b) 

Pivot bearing

Tangential driving

Mover 
Tangential

Fixed body

(c)   

Fig. 4 Moving mechanism a side view of the overall mechanism,

b mechanism for the radial direction and c mechanism for the

tangential direction

Tangential direction
(Moving coil type)

Radial direction
(Moving magnet type)

Fig. 5 Initial magnetic circuits

Yoke_magnet

Yoke_coil

Coil

Magnet

Hall effect sensor

(a)  

Yoke_coil

Yoke_magnet

Coil

Magnet

Hall effect sensor

(b) 

Fig. 6 Detail of the magnetic circuits a radial direction and

b tangential direction
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Fig. 7 Simulation results of magnetic flux density and magnetic intensity a overall magnetic circuit, b radial direction and c tangential direction
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The detailed magnetic circuits for the radial and tan-

gential directions are shown in Fig. 6. For the radial

direction, the proposed magnetic circuits consisted of two

magnets, four magnet yokes, two coils and Hall-effect

sensor. And, for the tangential direction, the proposed

magnetic circuits consisted of one magnet, two yokes, and

two coils. The moving magnet type was selected for

radial driving, and the moving coil type was selected for

tangential driving. As stated above section, the hybrid

mechanism, which uses both ball guide type and pivot

bearing type, is proposed as a new mechanism. For the

radial driving, the moving magnet type of ball guide

mechanism is needed to use magnetic spring between

magnet and yoke. And the structure of moving part is

simple. For the tangential driving, the moving coil type of

pivot bearing is required to make a simple connection of

winding coils in one component. It is possible for the

moving coil type not to consider the attraction force

between magnet and yoke. The coils for radial and tan-

gential driving can be placed in one component, as shown

in Figs. 3 and 5. The Hall-effect sensor was used to detect

the position of moving parts. To correct the position of

moving parts, the linearity of the Hall-effect sensor

should be verified.

2.3 Finite element analysis

The commercial software Maxwell 3D was used to simulate

the driving force and magnetic flux. The magneto-static

analysis was performed to consider the electromagnetic

field effect on both sensors and error/noise. Figure 7 shows

the simulation results of the magnetic flux and intensity.

In detail, the electromagnetic field effect between two

Hall-effect sensors has no effect on each other as shown

in Fig. 7a. The magnetic flux density and intensity were

not affected by each magnetic circuit. Song et al. (2010a,

b) discussed the concept of a magnetic spring, preload

and the linearity of the Hall-effect sensor. By using this

concept, the magnetic spring and linearity of the Hall-

effect sensor for each direction was simulated. Tables 2

and 3 show the design values of the initial magnetic

circuit and coil specifications. Figure 8 shows the linearity

of the Hall-effect sensor in each direction. The linearity

of the Hall-effect sensor was verified within the moving

Table 2 Design values for the initial magnetic circuit

Variables (mm) Radial direction Tangential direction

X Y Z T X Y Z T

Magnet 4.8 6.0 1.1 18.4 5.6 2.5

Yoke_mag 5.0 6.0 0.5 18.4 5.3 1.0

Yoke_coil 6.0 6.0 0.5 26.0 4.0 1.0

Coil 5.0 6.0 1.0 2.0 6.5 6.2 1.3 2.2

Table 3 Coil specifications

Coil Radial Tangential

Diameter (mm) 0.083 0.094

Resistance (ohm) 31.77 30.22

Turns (number) 288 299

Current (A) 9.07 9.89

+0.4

0.0

-0.4
0.0 +0.4-0.4

T
es

la
 [

B
]

Displacement [mm]

driving range

center
+0.4

-0.4

(a) 

+0.6

0.0

-0.6

0.0 +0.4-0.4

T
es

la
 [

B
]

Displacement [mm]

driving range

center
+0.4

-0.4

(b) 

Fig. 8 Linearity of the Hall-effect sensor a radial direction and

b tangential direction

Table 4 Performance of the initial model

Desired Initial

Radial

direction

(MM type)

Tangential

direction

(MC type)

1st frequency (Hz) 30 ± 5 39.5 –

Magnetic spring (N/m) 65 ± 20 107.5 –

DC sensitivity (mm/V) 0.4 0.35 –

AC sensitivity (G/V) 1.2 2.17 1.89
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range [-0.4 mm to ?0.4 mm]. The results from the simu-

lation for the initial model are summarized in Table 4. For

tangential driving, the AC sensitivity exhibits sufficient

performance, and the linearity of the Hall-effect sensor is

about 96% within the driving range. For radial driving, the

DC sensitivity, magnetic spring and first frequency are

not close to the target value, the AC sensitivity exhibits

sufficient performance, and the linearity of the Hall-effect

sensor is about 97% within the driving range. Therefore, the

optimization is required for the magnetic spring, first fre-

quency, and the DC sensitivity.

3 Optimized design

Electromagnetic circuit designs for each direction were

determined in the previous section. The design variables

were selected after considering the effect on the sensi-

tivity and structural constraints. For the radial direction,

Fig. 9a shows the design variables for the magnetic cir-

cuit that were used to perform the sensitivity analysis.

The level of sensitivity analysis and range are shown in

Table 5. The size of the magnet is very sensitive to the

driving force, and the magnetic spring and first frequency

exhibit similar behavior, as shown in Fig. 10. Therefore,

the size of the yoke should be selected after considering

the interaction among the design variables. Based on the

sensitivity analysis, the objective function is defined as

Eq. 4 for the radial direction, and the first frequency and

normal force, which operates as an attractive force

between the magnet and the yoke, are selected as

constraints.

Minimize

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kt;i � kt;desired

� �2
q

subject to kt;desired ¼ 2pfoð Þ2m

fo ¼ 30� 5 Hz;

ð4Þ

where kt,i is the magnetic spring for the magneto-static

simulation during iteration, kt,desired is the numerical value

of the magnetic spring, f0 is the first frequency, and m is the

mass of the mover.

Constraint #1

26 (gf) B normal force B 36 (gf)

Constraint #2

25 (Hz) B 1st frequency B 35 (Hz)

The magnetic spring is associated with the Lorentz and

reaction forces. Equations 5 and 6 describe the relation-

ship between force and displacement and the magnetic

spring for the optimized model. Figure 11 shows the

Lorentz and reaction forces of the initial and optimized

models.

Fdriving ¼ �FLorentz � Freaction ð5Þ

kt ¼
Fdriving

y
¼ 59:46ðmNÞ

0:8 (mm)
¼ 74:3 ðN/mÞ ð6Þ

For the tangential direction, the circuit exhibits a

sufficient performance because the driving mechanism is

free of friction. However, the performance can be

improved by using the sensitivity analysis. Figure 9b

Mag_wx

Mag_yok_wx

Yok_coil_w

Mag_t

(a) 

Yok_top_yMag_y

Yok_top_z

Mag_z

Gap_coil_yok

Yok_bot_z(b) 

Fig. 9 Design variables a radial direction and b tangential direction

Table 5 Design variables for DOE in the radial direction

Variables (mm) Item

Range Step Level

Mag_x 4.2–5.0 0.2 5

Yoke_coil_x 5.0–5.8 0.2 5

Yoke_mag_x 4.2–5.0 0.2 5

Mag_z 1.0–1.2 0.1 3
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shows the design variables of the magnetic circuit that

were used to perform the sensitivity analysis. The level of

sensitivity analysis and range are shown in Table 6. As

shown in Fig. 12, the size of magnet and the gap are very

sensitive to the Lorentz force. The dynamic performance

can be improved by selecting the sensitivity level for

the design variables. Table 7 shows design values of

optimized magnetic circuits for the radial and tangential

directions.

4 Experimental results

Based on previous results, the final model was fabricated

to verify its performance as shown in Fig. 13. Figure 14

shows the experimental setup for the dynamic tests of

the fabricated actuator. A laser Doppler vibrometer

(LDV) was used to obtain frequency responses. Figure 15

shows the frequency responses that were obtained from

the experiments in each direction. The experimental

mag_tyok_coil_wmag_yok_wxmag_wx

321543215432154321

38.4
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32.0
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1s
t f
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(c)

Fig. 10 Sensitivity analysis in

the radial direction a Lorentz

force, b magnetic spring and

c first frequency
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responses were obtained with the LDV and a sine sweep

signal. The AC sensitivities were 1.91 G/V in the radial

direction and 2.17 G/V in the tangential direction.

Table 8 shows a comparison of the optimized and

experimental results for dynamic characteristics. As

shown in Table 9, the performance of conventional

actuator is compared with the one of the proposed

actuator. Consequently, the high AC sensitivity of the

actuator was verified for the radial and tangential direc-

tions when compared with the desired value. Therefore,

the fabricated actuator exhibited satisfactory performance

with the desired specifications.

5 Conclusions

A hybrid OIS actuator, which included a pivot bearing and

ball guide, was proposed to compensate for hand trem-

bling. Initially, the desired specifications of the OIS
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Fig. 11 Simulation results for

the magnetic spring a initial

model and b optimized model

Table 6 Design variables for DOE in the tangential direction

Variables (mm) Item

Range Step Level

Mag_y 5.9–6.5 0.3 3

Mag_z 1.5–2.5 0.5 3

Gap_coil_yoke 0.5–0.9 0.2 3

Yoke_top_y 3.5–4.5 0.5 3

Yoke_top_z 1.0–2.0 1.0 2

Yoke_bot_z 1.0–2.0 1.0 2
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actuator were defined and the conceptual design was used

for the driving mechanism and magnetic circuits. Two

types of magnetic circuits were considered for the radial

and tangential directions, and the linearity of the Hall-

effect sensor was verified within the moving range. A

sensitivity analysis was performed to improve the driving

performance with the DOE procedure. Based on the

sensitivity analysis, the objective function for the radial

direction was defined by considering the constraints.

Finally, the suggested OIS actuator for a digital camcorder

was fabricated, and the feasibility of adapting two types of

mechanisms was experimentally verified. In the future, an

OIS system with the developed hybrid actuator will be

fabricated, and its performance will be verified

experimentally.

mag_y mag_zt gap_c_y_t yok_top_y yok_bot_z yok_top_z

1 2 3 1 2 3 1 2 3 1 2 3 1 2 1 2

0.0690

0.0705

0.0720

0.0735

0.0750

Lo
re

nt
z 

fo
rc

e

Fig. 12 Sensitivity analysis in

the tangential direction

Table 7 Design values for the optimized magnetic circuit

Variables (mm) Radial direction Tangential direction

X Y Z T X Y Z T

Magnet 4.2 6.0 1.0 18.4 5.3 1.5

Yoke_mag 4.8 6.0 0.5 18.4 5.3 1.0

Yoke_coil 5.8 6.0 0.5 26.0 3.0 1.0

Coil 5.0 6.0 1.0 2.0 6.5 6.2 1.3 2.2

Side view

Top view Mover_Tangential

Mover_RadialFixed body

Fig. 13 Fabricated model

Fig. 14 Experimental setup
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Fig. 15 Experimental results a FRF for radial direction and b FRF

for tangential direction
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