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Abstract: Multi-DOF motion is realized in the eyes and joints of robots mostly through the combina-
tion of multiple one-degree-of-freedom (1-DOF) motors. However, this results in reduced efficiency,
a large volume, reduced response speed, and inaccurate positioning. To solve these problems, this
study proposes a novel 3-DOF spherical voice coil motor (VCM). In this VCM, 16 coils and a radially
oriented ring magnet are used to generate a Lorentz force to achieve motion. In particular, coils
for Z-axis rotation are sandwiched between the coils for X- and Y-axis rotation. Furthermore, the
proposed VCM can achieve 360° rotation about the Z-axis. The commercial software ANSYS was
used to design and verify the performance of the proposed VCM. Simulation results indicate that
this VCM affords improved power efficiency because only a suitable combination of coils, rather
than all coils, needs to be powered on. The results demonstrate the feasibility of the proposed 3-DOF
spherical VCM.

Keywords: three-degree-of-freedom actuator; electromagnetic actuator; spherical actuator; electro-
magnetic analysis; voice coil motor; voice coil actuator

1. Introduction

In recent years, robots have become increasingly popular, and the motors used in
the joints of robotic arms have improved gradually. Robot eyes and joints are mostly
powered by a combination of multiple one-degree-of-freedom (1-DOF) motors to perform
multi-DOF motion. However, this results in reduced efficiency, a large volume, reduced
response speed, and inaccurate positioning. To solve these problems, researchers have de-
veloped and applied various multi-DOF motors, including permanent magnet motors [1,2],
induction motors [3], ultrasonic motors [4], and other types of motors [5,6]. In smartphones,
camera modules are used for capturing clear and sharp images. At present, mainstream
smartphone camera modules have autofocusing (AF), optical image stabilization (OIS), and
optical zoom (OZ) functions [7]. To provide these functions, voice coil motors (VCMs) or
voice coil actuators (VCAs) have been widely used because they afford advantages such as
a simple structure, compact size, high positioning accuracy, and high power efficiency [8,9].
VCMs with 1- and multi-DOF motion have been developed to realize 1-DOF AF [10-13],
2-DOF OIS [14-18], 2-DOF OZ [7], 3-DOF AF/OIS [19], and 5-DOF AF /OIS [9]. However,
these VCMs have a cubic shape, which limits their scope of application.

Considering the aforementioned context, studies have been increasingly focused on
the design of spherical VCMs [20-22]. Spherical VCMs can be applied in robot eyes, robot
joints, positioning actuators, and medical equipment. Spherical VCMs are divided into two
types depending on their electromagnetic design: moving coil type (the coil is the rotor
and the magnet is the stator) and moving magnet type (the magnet is the rotor and the coil
is the stator).
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Kim et al. [23] proposed a spherical VCM in which the coil was considered one part
of the rotor and the magnet was considered one part of the stator. Motion was achieved
by the torque produced by the Lorentz force generated from the interaction between the
coil and the magnet. A sequential quadratic programming method and the MATLAB
optimization toolbox (MathWorks, Natick, MA, USA) were used to optimize the design
parameters of the spherical VCM, and 2-DOF motion was achieved. Kim et al. proposed
another spherical VCM of this type [24].

Heya et al. proposed another type of spherical VCM [25-27]. In their structure, the
coil was considered one part of the stator and the magnet was considered one part of the
rotor. Through the appropriate placement of the magnet and yoke, the magnetic field
through the coil and the Lorentz force became larger than those in the conventional design.
Finally, 3-DOF motion was achieved. However, due to the specific set of magnets used, the
movable angle along the Z-axis was only £5°. Chu et al., Fusayasu et al., and Yang et al.
also proposed other spherical VCMs of this type [28-30].

The present study builds upon prior studies of cell phone camera modules by our
research group and on existing designs to formulate a new type of 3-DOF spherical VCM
for application in robot eyes. This study aims to improve the movable angles of the 3-DOF
spherical VCM to mimic the motion of human eyes. The proposed 3-DOF spherical VCM
has a compact diameter of 34 mm. Furthermore, it can achieve 360° rotation along the
Z-axis. Through a specific design of the electromagnetic structure, its power efficiency can
be improved. A finite element method was used to verify the feasibility of the proposed
3-DOF spherical VCM relative to a conventional 3-DOF spherical VCM.

The remainder of this study is organized as follows. Section 2 describes the structure
and operating principle of the proposed 3-DOF spherical VCM. Section 3 introduces
the parameter settings for simulation and results. Section 4 describes the simulation
characterization of the proposed 3-DOF spherical VCM and presents a comparison of its
performance with that of the conventional 3-DOF spherical VCM proposed in [26]. Finally,
Section 5 concludes the study.

2. Structure Design
2.1. Basic Structure

Figure 1a,b illustrate the basic structure and components, respectively, of the proposed
3-DOF spherical VCM. The proposed 3-DOF spherical VCM comprises a moving part
(i.e., rotor), a fixed part (i.e., stator), and a connector. The rotor comprises a radially
oriented ring magnet (Figure 1c) and an inner yoke. The stator comprises 16 coils, an
outer yoke, and a fixed base made of a nonmagnetic material. The moving and fixed
parts are connected by a spherical bearing (KGLM-03, igus, Cologne, Germany) made of a
nonmagnetic material located at the center of the moving part. Of the 16 coils, four, four,
and eight coils are used for rotation about the X-, Y-, and Z-axes, respectively. In addition,
the coils are wound around the outer yoke.

We observed the conventional 3-DOF spherical VCM proposed in [26] and found that
in some situations, the magnetic field from the radially oriented ring magnet was small in
some part of the coils and even changed direction. Therefore, unlike in the conventional
structure, we modified the layout of the coils and separated the coils for rotation about
the X- and Y-axes. The advantage of separated coils is that the power efficiency can be
improved by powering only suitable coils instead of all of them. In addition, the coils for
Z-axis rotation are incorporated into the intermediate layer, that is, they are sandwiched
between the coils for rotation along the X- and Y-axes. Owing to the use of the radially
oriented ring magnet, 360° rotation can be achieved around the Z-axis. Figure 2 illustrates
the design parameters of the proposed structure, and Table 1 presents its dimensions.
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Figure 1. (a) The basic structure of the proposed 3-DOF spherical VCM; (b) detailed components; (c) radially oriented
ring magnet.
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Figure 2. The design parameters of (a) the structure and (b) the rotor in Y-Z cross section in the

proposed 3-DOF spherical VCM.

Table 1. The dimensions of the design parameters.

Parameter Description Value
do Outermost diameter 34 (mm)
dp Fixed base diameter 3 (mm)
te1 Coil thickness for X, Y rotation 1 (mm)
to Coil thickness for Z rotation 1 (mm)
W Coil width for Z rotation 6 (mm)
to Outer yoke thickness 2 (mm)
0o Outer yoke angle 60 (deg)
01 Coil angle 1 70 (deg)
02 Coil angle 2 30 (deg)

Spherical bearing inner
da1 diameter 8 (mm)
Spherical bearing outer
ds2 diameter 10 (mm)
d; Inner yoke outer diameter 15 (mm)
dm Magnet diameter 24 (mm)
tm Magnet thickness 7 (mm)
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2.2. Operating Principle

The operating principle of the proposed 3-DOF spherical VCM is based on a VCA, as
illustrated in Figures 3 and 4. Motion is achieved by the torques produced by the Lorentz
force generated from the interaction between the coil and the magnet along the X-, Y-, and
Z-axes. The direction of rotor tilting is opposite to that of the torque of the coils owing to
the Lorentz force. In our study, the ranges of the tilt angles along the X- and Y-axes were
£30° and the range of the rotation angle about the Z-axis was 360°.

(a) (b)

Figure 3. The operating principle for the rotation about the X-axis when the rotor is tilted at (a) 0° and (b) 30° along

the X-axis.

down

(a) (b)

Figure 4. The operating principle for the rotation about the Z-axis when the rotor is tilted at (a) 0°and (b) 30° along

the X-axis.
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Mlustrating the operating principle underlying rotation about the X-axis, Figure 3a,b
indicate the direction of the magnetic field, current, and Lorentz force when the rotor is
tilted at 0° and 30° along the X-axis, respectively. The operating principle of rotation about
the Y-axis is noted to be similar because the structure of the proposed 3-DOF spherical
VCM is symmetric about the Z-axis. Here, we simply discuss the operating principle
underlying rotation about the X-axis. The direction of the magnetic field through coils
C; and Cj3 is seen to change with motion from 0° to 30° along the X-axis. Therefore, a
reverse current must be supplied to maintain the Lorentz force in the same direction. In
addition, owing to the closed structure of the magnet, as shown in Figure 1c, the magnetic
flux shrinks to the magnet from the top and bottom. Therefore, the magnetic flux through
coils Cp and C4 is not weak, as verified through simulation results (see Section 3). In the
proposed structure, when the tilt angle along the X-axis is more than 10°, the coils close to
the magnet must have a reverse current. By contrast, the current through coils C; and C3
and that through coils C; and C, flow in opposite directions when the tilt angle along the
X-axis is more than 10°.

For the operating principle of rotation about the Z-axis, Figure 4a,b indicate the
direction of the magnetic field, current, and Lorentz force when the rotor is tilted at 0° and
30° about the X-axis, respectively. The direction of the magnetic field through coils Cyeg
and Cijgpt and the direction of the Lorentz force clearly change with motion from 0° to
30° along the X-axis. With a tilt of 30° along the X-axis, because the magnetic field is too
small, coils Cjegt and Ciigpy are powered off instead of having a reverse current. Therefore,
the coils close to the axis of the tilting motion must be prioritized with regard to being
powered on. In this case, the X-axis is the axis of the tilting motion; therefore, coils Cyp
and Cgown are chosen to be powered on. Owing to the structural design and operating
principle, the 16 coils are independent. Figure 5 presents a flowchart illustrating how the
proposed 3-DOF spherical VCM is driven.

Rotate
|
] ¥
Along the X-axis or Y-axis Along the Z-axis
I |
' ] ' '
Tilt angle © = 10 (deg)| | Tilt angle 0 > 10 (deg) | [Tilt angle © = 10 (deg)| | Tilt angle 6 >10 (deg)

|

|

|

|

Current through coils
C,G; and G,C4 flow in
the same direction

Current through coils
C,G; and G,C4 flow in
opposite directions

Power on the
eight coils

Power on the four
coils close to the axis
of the tilting motion

!

Reverse current

!

Reset

Figure 5. The flowchart to drive the proposed 3-DOF spherical VCM.

3. Simulation
3.1. Parameter Settings for Simulation

ANSYS commercial software was used to design and verify the performance of the
proposed 3-DOF spherical VCM. In the simulation, two scenarios were compared. The first
scenario is one of small-angle motion, for which the tilt angles along the X-axis are set as
0°,2°,4°,5°6° 8°, and 10°. The second scenario is one of large-angle motion, for which
the tilt angles along the X-axis are set as 12°, 14°, 15°, 16°, 18°, 20°, 22°, 24°, 25°, 26°, 28°,
and 30°.
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Figure 6a,b present 3D mesh models of the proposed 3-DOF spherical VCM for small-
and large-angle motion, respectively. The other parameter settings in ANSYS software are
as follows. The materials of the radially oriented ring magnet, coils, and yoke are NdFe35,
copper, and steel-1008, respectively. The total currents through the cross section of the
coils for rotation about the X-, Y-, and Z-axes are 500, 500, and 450 (A-turns), respectively.
Consider the coils for rotation about the X-axis as an example; the measurement of a total
current of 500 (A-turns) indicates a coil of 500 turns and a current of 1 A.

5
VaViA N

Q

S
'(4»

Avy

(b)

Figure 6. The 3D mesh model of the proposed 3-DOF spherical VCM for (a) small-angle motion and
(b) large-angle motion.

3.2. Plan of the Simulations

Figure 7 illustrates how the simulations of the proposed 3-DOF spherical VCM pro-
ceeded. The models are completed in SolidWorks commercial software and then imported
into ANSYS for simulation. After the simulation parameters were set, two scenarios must
be simulated to investigate the intersection of the torque, which yield the tilt angle for
which reverse current occurs. Finally, the simulation results during small- and large-angle
motion are plotted and discussed.

Current through
coils C,C; and G,C,

— —

flow in the same

direction Simulate and

Plot the results
— during small-
angle motion

Import
the models

investigate the
— tilt angle for |
which reverse

Set the Simulation
parameters

current occurs

Current through
coils C,C; and C,Cy

L -

flow in opposite

directions

Plot the results
— during large-
angle motion

Figure 7. The plan of the simulations of the proposed 3-DOF spherical VCM.

3.3. Simulation Results

Figures 8 and 9 illustrate the simulation results of the magnetic field distribution for
rotation about the X- and Z-axes, respectively, when the rotor is tilted at 0° and 30° along
the X-axis. Videos S1-54 for Figures 8 and 9 are provided in the Supplementary Materials.
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(b)

Figure 8. The magnetic field distribution for the rotation about the X-axis when the rotor is tilted at (a) 0° and (b) 30° along

the X-axis.

| [0@ep) |
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3
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.00
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Figure 9. The magnetic field distribution for the rotation about the Z-axis when the rotor is tilted at (a) 0° and (b) 30° along

the X-axis.

down

Figure 10a,b indicate the change in torque for the X-axis (or Y-axis) and Z-axis with
respect to the tilt angle along the X-axis, respectively. These results are listed in Tables 2
and 3. Torque-13, Torque-24, Torque-LR, Torque-UD, and Torque-all indicate the torque
generated from coils C; and C3, C; and Cy4, Cey and Ciright Cup and Cgown, and all coils,
respectively. Thus, both Torque-all values are key performance indexes for the proposed

3-DOF spherical VCM.
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Figure 10. The change in torque with respect to the tilt angle along the X-axis for the (a) X-axis (or Y-axis) and (b) Z-axis.

Table 2. The values of the torque with respect to the tilt angle along the X-axis for the X-axis

(or Y-axis).
Tilt Angle Torque-13 (mN-m) Torque—24 (mN-m) Torque—All (mN-m)
(Deg) (Coils Cq and C3) (Coils C, and Cy) (All Coils)
0 —5.83 —3.26 —9.09
5 —4.69 —4.05 —8.74
10 —3.14 —4.06 —7.20
12 0.53 —8.24 —7.72
15 —1.28 —7.81 —9.09
20 —4.44 —7.48 —11.93
25 —7.57 —7.02 —14.59
30 —9.66 —6.20 —15.85

Table 3. The values of the torque with respect to the tilt angle along the X-axis for the Z-axis.

Tilt Angle Torque-LR (mN-m) Torque-UD (mN-m) Torque-All (mN-m)
(Deg) (Coils Cjes and Crigry)  (Coils Cyp and Cyown) (All Coils)
0 —8.26 —11.14 —19.40
5 —8.25 —11.18 —19.43
10 —7.58 —11.30 —18.89
12 0 —11.79 —11.79
15 0 —11.63 —11.63
20 0 —11.63 —11.63
25 0 —11.64 —11.64
30 0 —11.49 —11.49

4. Discussion

As illustrated in Figure 8, the direction of the magnetic field through coils C; and C3
changes during large-angle motion along the X-axis. Therefore, a reverse current must be
supplied to coils C; and C3. As shown in Figure 9, the magnitude of the magnetic field
through coils Cey and Ciigny decreases when the rotor is in large-angle motion. Because
the X-axis is the axis of the tilting motion, coils Ciefy and Ciigp are not powered on. The
Lorentz force is defined as the force generated from a coil in a magnetic field. Owing to the
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definition of the Lorentz force and the constant current, the results are focused only on the
magnetic field through the coils.

Figure 10a and Table 2 indicate that Torque-all for the X-axis (or Y-axis) increases
due to the reverse current. In the previous discussion, the magnetic field distribution
was generated only from the magnet, which mostly affects the torque of the proposed
3-DOF spherical VCM. Notably, another magnetic field is generated from the energized
coils according to Ampere’s circuital law, as shown in Figure 11. When coils C; and C3
have a reverse current, the direction of the magnetic field due to Ampeére’s circuital law
in both coils C; and C3 and coils C; and Cy4 points toward the middle of the structure
(see Figure 11b). Consequently, Torque—24 also increases owing to the reverse current and
increased magnetic flux through coils C; and Cy.

(a) (b)

Figure 11. The magnetic field distribution due to Ampere’s circuital law for the rotation about the X-axis when the rotor is
tilted at (a) 0° and (b) 30° along the X-axis.

Figure 10b and Table 3 indicate that Torque—-all for the Z-axis decreases during large-
angle motion because only half the coils (i.e., coils Cyp and Cgown) need to be powered on.
The equation for power consumption is expressed as

P=IV=IR 1)

when the rotor rotates around the Z-axis during small-angle motion, the total power
consumption, Py, is expressed as

Py = 12upR + 12downR + IZleftR + IzrightR 2)

where Lyp, Iown, lleft, and Lijgnt are the currents of Cup, Cgown, Cleft, and Ciigny, respectively,
and R is the resistance of the coils. Here, the currents of all coils are the same. Therefore,
Equation (2) can be rewritten as

Py = 4R 3)

when the rotor rotates around the Z-axis during large-angle motion, the total power
consumption, P/, is expressed as

P’ =2pR + PyounR = 2I°R (4)

notably, when the rotor rotates around the Z-axis, P,;;" during large-angle motion is just
half that during small-angle motion. Consequently, the power efficiency is improved. The
proposed improved method is expected to provide more uniform torque at the same power
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consumption, that is, Iup and Igown at 1/2 times the current are supplied during large-angle
motion. Table 4 lists the corresponding values of the improved torque with respect to
the tilt angle along the X-axis. The improved Torque-all is clearly better than that of the
original method during large-angle motion.

Table 4. The values of the improved torque with respect to the tilt angle along the X-axis for
the Z-axis.

Tilt Angle Torque-LR (mN-m) Torque-UD (mN-m) Torque—All (mN-m)
(Deg) (Coils Cyef and Ciigpt) (Coils Cyp and Cyown) (All Coils)
0 —8.26 —11.14 —19.40
5 —8.25 —11.18 —19.43
10 —7.58 —11.30 —18.89
12 0 —14.35 —14.35
15 0 —14.24 —14.24
20 0 —14.14 —14.14
25 0 —14.20 —14.20
30 0 —14.08 —14.08

From the simulation characterization of the proposed 3-DOF spherical VCM, the mov-
able angle of the X- and Y-axes is +30° and that of the Z-axis is 360°. For the conventional
3-DOF spherical VCM proposed in [26], the movable angle of the X- and Y-axes is +25°
and that of the Z-axis is +5°. Consequently, the proposed 3-DOF spherical VCM performs
better than the conventional 3-DOF spherical VCM proposed in [26].

In summary, the simulation results indicate that the magnetic field distribution and
output torque match the operating principle proposed in Section 2. Furthermore, Toque-
all for the X-, Y-, and Z-axes is improved. The simulation results verify the excellent
performance of the proposed compact 3-DOF spherical VCM, and it thus represents a
suitable solution for multi-DOF spherical VCM applications in robot eyes, robot joints,
positioning actuators, and medical equipment. In particular, robot eyes do not require an
overly large torque to drive. The proposed VCM enables larger tilt angles along the X- and
Y-axes and even a rotation angle of 360° around the Z-axis. Therefore, it exhibits great
promise for application to robot eyes.

5. Conclusions

This study proposes a 3-DOF spherical VCM and presents its structure, operating
principle, and simulation. The separated coils in the proposed structure enable more
combinations of powered or unpowered coils. This not only improves the power efficiency
but also provides more space to place coils for Z-axis rotation. In addition, the proposed
motor has a large tilt angle of £30° along the X- and Y-axes and even achieves a rotation
angle of 360° around the Z-axis. These features make it more promising for various
applications. In the future, the design of this VCM will be optimized and a laboratory
prototype will be manufactured to evaluate its dynamic performance.

6. Patents

The innovation and proposed structure resulting from the work reported in this article
are applying for Taiwan and USA patents.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/act10070155/s1, Video S1: The magnetic field distribution for the rotation about the X-axis
when the rotor is in small-angle motion. Video S2: The magnetic field distribution for the rotation
about the X-axis when the rotor is in large-angle motion. Video S3: The magnetic field distribution
for the rotation about the Z-axis when the rotor is in small-angle motion. Video S4: The magnetic
field distribution for the rotation about the Z-axis when the rotor is in large-angle motion.
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