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ABSTRACT Owing to the fourth industrial revolution and the recent trend for compact, high-performance,
and multifunctional electrical devices, the demand for a small and high-performance camera module has
dramatically increased. To address this, in this study, a novel, miniaturized, high-performance, low-cost
multifunctional camera module with optical image stabilization (OIS) via a novel two-axis motional actuator
with 1-Stage is proposed. To date, a systematic analysis and optimal design method for the actuators
of camera modules has not been proposed yet. Accurate and rapid analysis and optimal design methods
are proposed herein. Based on the proposed methods, it is possible to reduce the time and cost for the
development of actuators for camera modules. The usefulness of the proposed actuator system for small, high
performance, and multifunctional camera modules, and the proposed analysis and optimal design method
were verified experimentally in this study.

INDEX TERMS Actuator, chamfered magnet, coil diameter, optical image stabilization (OIS), optimization
algorithm, voice coil motor (VCM).

I. INTRODUCTION
The voice-coil-motor (VCM) type and the borrowed VCM
actuator are the key components that are now used in camera
modules represented by smartphones and digital single-lens
reflex (DSLR) cameras that convert electronic and electrical
signals (power) generated within the module into mechan-
ical movements. Compared witois other methods, such as
piezoelectric and stepping motors, the VCM has a relatively
low-manufacturing cost, while it has an excellent output per-
formance, and can thus be miniaturized. Recently, the market
for cameras representing smartphones has been growing, and
manufacturers are using these components to implement opti-
cal image stabilization (OIS) and auto-focus (AF) functions
in camera modules.

The OIS and AF functions are designed to compensate
for image and focus instability caused by user hand tremors.
When this function was first released, it was mainly used for
camera modules at high prices, but it is now commonly used
in smartphones and in others devices. This trend is moving
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toward the size and thickness of the devices containing the
modules and the increasing miniaturization of the camera
modules. Studies on the miniaturization of actuators for the
implementation of OIS and AF functionalities in line with
this miniaturized camera module have been conducted as
described below.

The following studies and proposals have been conducted
for the miniaturization and performance improvement of the
entire OIS and camera modules. First, we identified prior
studies that attempted optimization simulation using genetic
algorithms for the overall size and dimensions of OIS actua-
tors [1], and that also placed magnets and coils on each side
of the square-shaped actuators to maximize efficiency in the
same space. Similarly, there have been attempts that reduced
crosstalk and improved efficiency by adding ferromagnetic
objects between coils and magnets [2]. Two magnets of the
same size were attached, and the coils were placed at the
positions of each pole to confirm the proposal of an actuator
that considered the AF and the OIS functionalities [3]. Addi-
tionally, an attempt was made to change the arrangement of
the coils and magnets within the conventional actuators [4].
Recently, it was also possible to identify the proposed design
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of coils by transforming the shape of coils into L-shape [5],
conduct the proposed chamming of magnets, and consider the
structural studies on both OIS and AF functionalities that can
be adjusted in five directions by applying both L-shaped coils
and chamfer magnets at the same time.

In addition, new electronic control methods for actuators
for OIS could be proposed to increase efficiency [6]. Accord-
ingly, research was conducted to provide electrical signals to
enhance OIS and AF functions by adjusting liquid lenses [7]
and to study the use of ultrasonic linear motor methods to
achieve OIS functionality [8]. These studies and suggestions
have been able to identify research trends for VCM actuators
for OIS but also for AF.

Various methods have been proposed and applied to date
in addition to the aforementioned studies and suggestions
to miniaturize and improve performance of VCM actuator
camera modules for OIS [9]–[21]. However, it is still diffi-
cult to determine how to achieve overall performance, cost,
and size (miniaturization). In general, various attempts and
possibilities for miniaturization of the module could be con-
firmed [22]–[42], but it was demonstrated that continuous
research is needed in terms of performance improvement and
cost reduction.

Reference [9] proposed the chamfer of magnets within the
VCM actuator to improve the space efficiency and perfor-
mance of the camera module. It was confirmed that the pro-
posed method can achieve a similar performance compared
with the existing one, while concurrently securing additional
space in the module.

In this study, we proposed to improve performance by opti-
mizing the chamfer angle of the magnet inside the VCM actu-
ator and the length of the coil wire diameter at the same time,
and to reduce costs using mass production. Based on this
proposal, we intended to show that the optimization model
leads to additional internal space and improved performance
compared with the existing one, and that mass production of
the optimal chamfered magnet and coil can reduce the overall
manufacturing cost of the OIS VCM actuator.

II. WORKING PRINCIPLE OF OIS MODULE
A. OIS MODULE SELECTION AND WORKING PRINCIPLE
CONFIRMATION
The principle of movement of the VCM actuator on the
OIS module is that the lens module, including the magnet,
is moved along the X- or Y-axes by the Lorentzian force
generated by the coil. In this study, the elasticity of the four
springs located in each corner section, as shown in Fig. 1(b),
was used to enable the module’s motion. The lens module
can adjust the magnitude (moving distance of the module)
of the Lorentzian force in the coil due to the number of
windings in the coil, effects of the applied current, type of
material in the magnet, and the contact area, according to
the principle of electromagnetic induction. Fig. 1(c) shows
the that the chamfer magnets and the lens module can move
simultaneously from−0.1 mm to+0.1 mm along the X- and
Y-axes, respectively.

FIGURE 1. (a) Composition of the optical image stabilization (OIS)
module. (b) Inner view of the module, (c) top-view (cross-section) and
displacement of the lens module.

B. SETTING OF OIS ACTUATOR TYPE AND DESIGN
PARAMETERS
As briefly mentioned in the previous section, for the overall
structure, the leaf spring structure that is frequently used in
camera modules currently sold in the market was applied.
The organization of each parameter setup was organized
in Table 1, andwas designed a) to be approximately five times
larger than the camera module that is currently being released
for accurate analysis, and b) to increase the connectivity with
the OIS module production and experiment.

First, the range of possible displacement of the calculated
and manufactured model lens module in the simulation was
set to a maximum of 0.2 mm for both the X- and Y-axes.
Detailed design parameters for each configuration can be
checked from the next section, and the full implementation
is shown in Fig. 1(a).

C. ESTABLISHMENT OF THE ENTIRE VERIFICATION
PROCESS
In this study, the overall verification configuration, sim-
ulation, and experimental design flow are proposed as
in Fig. 2. Using the electromagnetic simulation software
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TABLE 1. Specifications of the Optical Image Stabilization (OIS) Voice Coil
Motor (VCM) Actuator.

JMAG Designer and MATLAB, the design and setting of the
chamfer magnet angle and coil diameter parameters in the
VCM actuator method were conducted, and the Lorentzian
force was simulated according to the optimization. At the
same time, a mathematical interpretation of the entire cam-
era OIS module applied with it was then linked to produce
laboratory-level model. Accordingly, the model was used to
measure the motion of the module to which the Lorentzian
force was applied according to the chamfer angle of the
magnet and the coil diameter of the coil.

The simulation confirmed the Lorentzian force generation
for the section between 30◦ and 0◦ of the chamfer magnet
angle that increased from 0.2 mm to 0.01 mm in increments
of 0.2 mm to the maximum value of 0.25 mm, based on
the coil diameter. The results corresponding to the optimal
point were selected, and an attempt was made to link them
to the module’s displacement with a numerical approach
to the force (Lorentzian force) that occurred in the entire
module. When the difference between the Lorentzian force
that appeared in the X and Y-axes increased by 10% or more,
it was decided to set the specifications of the magnet and coil
sets again.

Based on the data obtained at this stage, the camera
model was produced. After the installation of the coils for
each diameter and the magnets for each chamfer angle,
the response speed was checked and selected. Subsequently,
the displacements that appeared when currents were applied

in the general smartphone printed circuit board (PCB) were
measured. If the displacements in the X- and Y-axes differred
by more than 10% as in the simulation, the module, coil,
and magnet were reconfigured. Finally, comparison of the
simulation with the experimental results was based on the
overall study flow, as indicated in Fig. 2.

III. CONFIGURATION OF THE OIS MODULE AND SETTING
OF MAGNET AND COIL PARAMETERS
A. SETTING OF MAGNET SPECIFICATION
In the case of the magnets, various parameters were deter-
mined as shown in Fig. 3(a), and the chamfer angle simulation
rangemaximized the area that faced the coil. To facilitate pro-
cessing in the experimental models in the future, the chamfer
angle was set to range from 0 ◦ to 30 ◦. As mentioned earlier,
the width, depth, and length of the magnet were adjusted to
the overall ratio because the size of the entire camera module
was increased five times, and the weight was specified based
on the manufacturing specifications. Thematerial of the mag-
net N45Hwas designated as Nd-Fe-B. This type is commonly
used currently in camera VCM actuators. The position of the
chamfer in the magnet section is located on the N pole, and
Fig. 1(c) is marked with a solid line.

B. SETTING OF COIL SPECIFICATION
In the case of the coil, various parameters were determined
as shown in Fig. 3(b), and the simulation range of the coil
diameter was set from 0.2 mm to 0.25 mm. The material was
designated as copper, a commonly used material in camera
VCM actuators. Because the size of the entire camera module
was increased, the width, depth, and length of the coil were
also adjusted to the overall ratio. In the case of the diame-
ter, this was determined within the range generally used in
current camera VCM actuators. If it was less than 0.2 mm,
the allowed current was lowered, and if it exceeded 0.25mm,
the number of windings was lowered to less than 20 times,
so both cases were excluded.

C. LENS MODULE CONFIGURATION INCLUDING SPRING
AND AIR GAP
In the case of lens modules, the shapes were implemented to
verify the function of the OIS module, and a magnet holder
was implemented on the face where the lens module and the
magnet were in contact. The springs at each corner of the
lens module were installed as ready-made (commonly used)
products, and the air gap was set at 0.15 mm in consideration
of the designated movement of the lens module.

IV. ANALYSIS AND OPTIMAL DESIGN OF OIS MODULE
A. SETTING OF SIMULATION DETAILS
In this section, by analyzing the generation of Lorentz force
according to the angle of the chamfer magnet, and the
diameter of the coil in the structure of the VCM actuator,
a simulation was conducted to find the chamfer angle and
the coil diameter that can generate the maximum force.
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FIGURE 2. The proposed optimal design flow for OIS of camera module.
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FIGURE 3. (a) Magnet parameters and chamfer angle variable, (b) coil
parameters and diameter variable designation.

The parameters of the camera module arranged above were
applied equally to the JMAG Designer, and the calcula-
tion method was performed using the finite-element-method
(FEM). The simulation of the three-dimensional (3D) model
implemented based on the arranged contents is shown
in Fig. 1(a), and this was applied to JMAG Designer.

FIGURE 4. Relationship between the spring and the entire module when
a Lorentzian force is applied.

B. SETTING OF EQUATION USING HOOKE’S LAW
Analysis using a free-body-diagram (FBD) was conducted
on the approach to simulation and subsequent production
experiments. To this end, the VCM actuator was simplified
to show the force involved, as shown in the 3D modeling
figure (Fig. 4). As mentioned above, the simulation and the
production camera module prototype in the second half were
in the form wherein a total of four springs supported the lens
module and the weights of the four magnets. In other words,
theweight of the lensmodulewith themagnets (FLens+Magnet )

and the elasticity of the four springs (FSpring) were balanced.
This can be expressed by the following equation.

FLens+Magnet = Fspring (1)

When a current is applied to the coil to generate an addi-
tional force to move the lens module, the content can be
expressed by (2) in accordance with Fig. 4.

FCoil,Lorentz+FLens+Magnet = FSpring (2)

In (2), the elastic force of the spring can be expressed by
Hooke’s law according to (3).

FSpring = −kx (3)

The elasticity defined by (3) may be expressed by the
spring constant and displacement. The displacement here
represents the distance the lens module moves on the left and
right owing to the Lorentzian force. The force acting on the
spring can be considered as a force in the horizontal direc-
tion rather than a contraction force in the vertical direction.
Accordingly, it can be expressed in the form of (4) based on
the addition of a constant in (3) to compensate for it.

FSpring = −ckx (4)

In (4), the degree to the Lorentzian force that finally
occurred in (1) can be confirmed as the displacement (exten-
sion) of the spring. Reference was made in a prior study [9],
and a prototype was made to measure the relationship
between the elastic force of the spring and the Lorentzian
force according to the coil diameter and the chamfer magnet
angle.

C. SETTING OF OPTIMIZATION EQUATION
As mentioned earlier, in the simulations, the optimization
variables were set as the angle of the chamfered of the
magnet, the diameter of the coil, expressed according to the
following equation.

FCoil,Lorentz = w1FChamfer Degree + w2FCoil Diameter (5)

Each force F is designated based on the angle of the cham-
fer of the magnet and the diameter of the coil. In addition, w1
and w2 represent the weights (importance). In the case of the
two weights, the same value was entered (w1 = w2 = 1)
as the importance was the same, and the maximum value of
the Lorentzian force generated in the coil was used as the
objective function. Using this optimization function equation,
the data of each variable was received, and a simulation was
performed to measure the Lorentzian force using the FEM
based on the 3D model in Fig. 1.

D. OPTIMAL DESIGN OF OIS MODULE
Fig. 5 is the result of an optimization simulation that graph-
ically shows the Lorentzian force generated for all points
based on the angle of the chamfer magnet and the diameter
of the coil.
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FIGURE 5. Calculated data of the Lorentzian force based on the proposed
optimization of the chamfer angle of the magnet and the coil diameter.

The following points can be found in this graph. In the case
of the coil diameter, an increase of 0.2 mm to 0.22 mm may
increase the Lorentzian force, but in the cases of increases of
0.22 mm or higher, it could be confirmed that the value did
not increase but was generally maintained at 0.22 mm.

In the case of the chamfer angle of the magnet, a linear
trend was observed based on which the overall Lorentzian
force increased as the area became wider from 30 ◦ in the
shape of a triangle to 0 ◦ in a complete rectangle. In particular,
the Lorentzian force that occurred at approximately 17 ◦,
was measured within all sections. That is, it was confirmed
that the optimum point of the coil diameter and the chamfer
angle of the magnet as a result of the optimization simula-
tion was when the diameter was 0.22 mm and the chamfer
angle was 17 ◦.

E. SIMULATION RESULTS OF DISPLACEMENT
Based on the results obtained from the previous simulations,
the results of the Lorentzian forces generated when the lens
modules and magnets shown in Fig. 2(c) were displaced
from -0.1 mm to 0.1 mm on the X- and Y-axes, respectively.
To this end, the coil diameter (the reference when the chamfer
angle of the magnet is 17 ◦) and the chamfer angle of the
magnet (the reference when the chamfer angle of the magnet
was 0.22 mm) were designated as variables. Accordingly,
the degree of influence on the Lorentzian force for each
variable could be determined.

Common simulation results in Figs. 6(a) and 6(b) indicate
that the Lorentzian force produced by the coils of the lens
module and magnet movement along the X- and Y-axes are
constant. In Fig. 6(a), when the magnetic chamfer angle
was 17 ◦, the Lorentzian force was maximized. At all other
angles, it was observed that as the chamfer angle (30 ◦)
increased, the Lorentzian force decreased. Fig. 6(b) was able
to confirm that the Lorentzian force was large when the

FIGURE 6. Calculated data of the variation of the Lorentzian force when
the lens module moved as a function of the (a) angle of chamfer magnet
with a coil diameter of 0.22 mm, and as a function of the (b) coil diameter
with a chamfer magnet angle of 17 ◦.

diameter of the coil was 0.22 mm. As the length of the diam-
eter of the coil increased, the Lorentzian force also increased.
However, for values from 0.23 mm and above, the same or
similar result to that obtained for 0.22 mm was observed.

V. EXPERIMENT OF OIS MODULE
A. MANUFACTURING OF CAMERA MODULE AND
EXPERIMENT SETUP
Based on the results obtained according to the aforemen-
tioned simulations and numerical analyses, a camera module
model was produced and an experiment was conducted.

The model shown in Fig. 7 was made larger than the cur-
rently released OIS actuator for clear analysis, and is the same
as the VCM actuator specifications applied in the previous
simulation. In the configuration of the entire prototype, four
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FIGURE 7. The prototype of the proposed OIS system by using a voice coil
motor (VCM) for camera module.

magnets can be attached to each side of a square shape on the
part in which the lens module was shaped, and four springs
that supported and moved them were attached to each corner.
The coils were wound 25 times in the direction toward the
N pole of the magnet, and a rack existed to maintain the
corresponding coil shape.

FIGURE 8. Experimental system for the proposed OIS system of camera
module.

Fig. 8 shows all necessary equipment for the experiments.
The method allows a certain range of current to be applied to
the coilsmounted on theOIS actuators.When the lensmodule
moved, the laser module and software measures the degree of
displacement. The flow chart shows this in Fig. 9.

FIGURE 9. Control and data flow throughout the experiment.

Based on the OIS module response time (displacement
time 0 mm to 0.04 mm) measurement shown in [9], the mag-
nets and coil were screened by the response time (excluding
and reaffirming those that exceeded 30 ms). Additionally,
the module’s displacement according to the coil diameter was
measured based on the optimal chamfer angle of the magnet
(equal to 17 ◦). The module’s displacement according to the
magnet chamfer angle was measured based on the optimal
coil diameter which was equal to 0.22 mm. The applied
current was set at 20 mA, as this value is commonly used

in the smartphone PCB environment. The coils in which the
current flowed through were constructed by winding 25 turns
of copper wire, as was done in the simulation. We tried to
confirm the optimummagnet chamfer angle and coil diameter
using the optimization equation that corresponded to the
manufacturing experiment.

B. EXPERIMENTAL RESULTS
After the currents of 20 mA to 60 mA were applied, the
displacement of the lens module was measured according to
the generated Lorentzian force, and the average values were
calculated based on five measurements for each case.

FIGURE 10. Comparison of the displacement of the module based on the
coil diameter and current. (a) X-axis movement direction, and (b) Y-axis
movement direction based on 17 ◦ chamfered magnet.

As it can be observed from the previous simulations and
graphs in Figs. 10 and 11, the Lorentzian force generated
from the coil increased as the current increased. Accordingly,
the lens module and the magnet moved. A linear pattern of
increasing distance was obtained. In the case of the coil wire
diameter in Fig. 10, it was confirmed that the displacement
of the module increased linearly as the diameter increased,
as indicated in the simulation. However, for lengths from
0.22 mm to 0.22 mm, or higher, there were cases where the
value was similar to or greater than 0.22 mm, and both the
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FIGURE 11. Comparison of module’s displacement according to the
variation of magnet chamfer angle and current. (a) X-axis movement
direction, and (b) Y-axis movement direction based on a coil diameter
of 0.22 mm.

magnet and coil criteria showed the same tendency when they
moved along the X- or Y-axes.

In the case of the chamfered angle of the magnets
in Fig. 11, the linear response of the displacement is shown to
be increased generally by square (0 ◦: uncuts), as was shown
in the simulations, but the greatest displacement was obtained
at the optimum angle of 17 ◦. Considering the average value,
the overall Lorentzian force or displacement that occurred
was greater or was at least similar in the case of a chamfer
angle of 13 ◦ compared with the case of the control case
(chamfer angle of 0 ◦).

C. COMPARISON OF CONVENTIONAL MODELS AND
PROPOSED ONE
The contents derived from the simulations and experiments
conducted thus far are shown in Table 2, and the ‘Con-
ventional model’ (control group) is based on ratio ‘1’.
Performance is expressed based on the moving distance
(displacement), and volume is based on the internal space
occupied by magnets and coils. The proposed VCM OIS
module indicated how much improvement could be made in
terms of performance, volume, and production cost compared
to the conventional ones.

TABLE 2. Comparison Between the Conventional Model (CM), the Typical
Chamfered Magnet Model (TCM) and the Proposed Optimization Model
(POM).

1) PERFORMANCE
The conventional VCMOISmodules could even be identified
by the use of arbitrary chamfered angle magnets. However,
this study even suggested optimization (points) for the cham-
fered angle of the magnet and the range of the coil diameter,
and it was confirmed that the performance was improved
by 10% compared to the conventional one. Here, compared
with the conventional module of the chamfered angle of the
magnet or the diameter of the coil, which is not the optimal
point, it was confirmed that the performance was improved
by up to 27%.

2) VOLUME
In the conventional VCM OIS modules, two stages were
required to drive two axis. However, in this study, 2-Axis
was implemented with only one stage. This provides 23%
more internal space (volume) than conventional VCM OIS
modules. In addition, this can reduce the number of parts such
as stage, spring, and others, allowing additional space.

3) PRODUCTION COST
In terms of the overall production cost of the module, By pre-
vious implementing two axis with one stage, it is possible to
reduce production process by 15% compared to conventional
VCM OIS modules by reducing number of parts such as
stage and spring. The coil is already manufactured at a low
and fixed price as a ready-made product, and 10% of the
original price can be reduced in mass production. In the case
of magnets, additional processing costs for chamfering are
incurred individually, but mass production can offset these
additional chamfering processing costs and lower the overall
magnet processing cost by up to 10%.

VI. CONCLUSION
According to the fourth industrial revolution and the indus-
trial trend, the demand for small, high-performance, mul-
tifunctional camera modules is rapidly increasing. In line
with this trend, conventional OIS-related studies have been
conducted mainly on specific items such as presentation of
deformation shapes of components, miniaturization and opti-
mization of modules. Therefore, the significant value of this
research is the proposal of a novel actuator system with OIS
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functionality that yielded a high-performance and multifunc-
tional camera module that enabled miniaturization and low
cost via a two-axis motional mechanism with a single-stage.
Owing to the lack of prior studies on the systematic analysis
and optimal design method for actuators for camera modules,
this study has important implications given the proposed
accurate and rapid analysis and optimal design methods. It is
also noteworthy that the proposed methods make it possible
to reduce time and cost for the development of actuators
for camera modules. This study is also important in that the
proposed actuator and its analysis and optimal design method
can be applied to various types of electric machines.
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