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Featured Application: This study focuses on the design of a 3-DOF spherical motor for the camera
module of the humanoid and autonomous systems. The proposed 3-DOF spherical motor has a
wide application prospect in joints and eyeballs of the humanoid, unmanned aerial vehicles,
autonomous cars, walking robots, and other fields.

Abstract: In keeping with consumers’ preferences for electromagnetic motors of ever smaller power
consumption, it is necessary to improve the power efficiency of the electromagnetic motors used in
unmanned aerial vehicles and robots without sacrificing their performance. Three-degree-of-freedom
(3-DOF) spherical motors have been developed for these applications. Accordingly, this study modi-
fies the 3-DOF spherical motor proposed by Hirata’s group in a previous study (Heya, A.; Hirata, K.;
Niguchi, N., Dynamic modeling and control of three-degree-of-freedom electromagnetic actuator
for image stabilization, IEEE Transactions on Magnetics 2018, 54, 8207905.) to accomplish a 3-DOF
spherical motor for camera module with higher torque output in the large rotation angle. The main
contribution of this study is to improve the static torque in the X- and Y-axes with an improved
electromagnetic structure and a particular controlling strategy. In the structural design, eight symmet-
rical coils with specific coil combination are used instead of conventional four symmetrical coils. In
this study, the development of the proposed 3-DOF spherical motor was constructed and verified by
using a 3D finite-element method (3D FEM). The simulation results show that the proposed 3-DOF
spherical motor has higher torque output in the large rotation angle when compared to the original
3-DOF spherical motor.

Keywords: electromagnetic motor; multiple-degree-of-freedom motor; spherical motor; image
stabilization; electromagnetic analysis; finite-element method; voice coil motor

1. Introduction

With the increasing demand of industrial automation and robots around the world
for a multi-degree-of-freedom (DOF) motion mechanism, a motion mode for motors has
been developed from simple 1-DOF motion to a multi-DOF motion, and the application
of humanoid is actively proceeding [1,2]. Conventionally, for joints and eyeballs of the
humanoid, the multi-DOF systems are implemented with multiple motors to mimic the
movement of human body [3,4]. Multi-DOF systems are devices that can set orientation
and positioning of the object in any direction [5,6]. However, these systems have increasing
weight and size. In recent years, various multi-DOF motors have been developed and
designed to achieve the multi-axis or multi-DOF motion. These multi-DOF motors include
2-DOF motors [7–13], 3-DOF motors [14–16], 4-DOF motors [17], and 5-DOF motors [18]
depending on their applications. For example, Dehel et al. presented a 2-DOF motor with
an unlimited angular range [7]. Sakaidani et al. proposed a feedback control method
for a 2-DOF motor [10]. Song et al. and Liu et al. proposed some novel 2-DOF motors
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for camera modules [8,9,11,12]. Kwon and Ro proposed accurate and rapid analysis
and optimal design methods for 2-DOF motor [13]. Heya et al. proposed a novel 3-
DOF linear oscillatory motor [16]. Chang et al. proposed a novel 4-DOF motor for laser
beam stabilization [17]. In camera modules, several methods were proposed in order to
improve the efficiency, such as compliant mechanism [9,15], chamfered edge magnet [11],
L-shape coil [12,18], optimization [8,13], and so on. In addition, motors can be classified by
shape, such as square and sphere [7,10,14]. According to the collecting information, the
performance comparison list of the several kinds of 3-DOF motors is shown in Table 1. In
this study, the voice coil type is selected due to its simple structure, high response, and
high positioning accuracy.

Table 1. Performance comparison list of several kinds of 3-DOF motors.

Type Voice Coil
Motor Type

Stepping
Motor Type

Induction
Motor Type

Synchronous
Motor Type

Reluctance
Motor Type

Control Simple Complex Complex Complex Medium

Structure Simple Complex Complex Complex Simple

Response High Medium Medium Medium Low

Positioning accuracy High Low Low High Low

Force/Torque Low Medium High Medium High

Cogging effect No Yes No Yes No

Spherical motors are electric devices capable of achieving multiple DOF rotary motions
in a single joint [19–21]. Spherical motors have several advantages, such as a compact
structure, a flexible motion mode, no accumulation of motion bias, and a simple control
method compared with conventional multi-DOF actuating systems that consist of several
single-DOF motors [1,22,23]. Therefore, they have been actively developed and have
a wide application prospect in joints and eyeballs of the humanoid, unmanned aerial
vehicles, autonomous cars, walking robots, and other fields. For these autonomous systems,
environment and space recognition is a crucial function. The image information of the
environment and space is captured by using a camera module, while these autonomous
systems are moving [24]. As a result, developing a camera module with multi-DOF
spherical motors to mimic the movement of human eyeball is an important issue in a wide
application of the humanoid and autonomous systems.

This study focuses on the design of a 3-DOF spherical motor for the camera module of
the humanoid and autonomous systems. Hirata’s group proposed a novel 3-DOF spherical
motor for image stabilization, and the dynamic characteristics were clarified through
the electromagnetic field analysis using the 3D finite-element method (3D FEM) [25].
In keeping with consumers’ preferences for electromagnetic actuators of ever smaller
power consumption, it is necessary to improve the power efficiency of the electromagnetic
motors used in unmanned aerial vehicles and robots without sacrificing their performance.
Accordingly, this study modifies the 3-DOF spherical motor proposed by Hirata’s group
in a previous study [25] to accomplish a 3-DOF spherical motor for camera module with
higher torque output in the large rotation angle. The main contribution of this study is to
improve the static torque in the X- and Y-axes with an improved electromagnetic structure
and a particular controlling strategy. In the structural design, eight symmetrical coils with
specific coil combination are used instead of the conventional four symmetrical coils.

2. Design of Original 3-DOF Spherical Motor

This section reviews the basic structure of the original 3-DOF spherical motor proposed
by Hirata’s group in a previous study [25]. Its basic structure is shown in Figure 1. As
shown, the original 3-DOF spherical motor includes a rotor and a stator. It belongs to
the moving magnet type VCM and its detailed components are shown in Figure 2a. As
shown, the rotor includes an inner yoke and 8 permanent magnets. Figure 2b illustrates
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the magnetization directions of the 8 permanent magnets. The stator includes an outer
yoke A, an outer yoke B, 8 coils, and a support part. A spherical bearing is used to
connect the rotor and the stator. The spherical bearing and the support part are made of
non-magnetic materials.
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Figure 2. (a) Detailed components and (b) magnetization of permanent magnets in original 3-DOF spherical motor.

As shown in Figure 1, 4 symmetrical coils are wound around the outer yoke A. Among
the 4 coils, 2 coils are used for rotating around the X-axis, and other coils are used for
rotating around the Y-axis. In addition, 4 symmetrical coils wound around the outer yoke
B are used for the rotating around the Z-axis. The design parameters of the original 3-DOF
spherical motor are illustrated in Figure 3, and their corresponding dimensions are listed
in Table 2. The movable angle of the original 3-DOF spherical motor around the X-axis
and Y-axis is ±25◦, and that around the Z-axis is ±5◦. Note that for a more comprehensive
description of the original system, the reader is referred to [25,26].
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Table 2. Values of design parameters of original 3-DOF spherical motor.

Symbol Corresponding Parameter Value

DO1, DO2 Outermost diameter 28.0 (mm)

tO1, tO2 Outer yoke thickness 2.0 (mm)

tg1 Air gap length 2.0 (mm)
tg2 2.1 (mm)

tm1 Permanent magnet thickness 3.1 (mm)
tm2 2.7 (mm)

ti Inner yoke thickness 8.0 (mm)

θm1, θm2 Permanent magnet angle 60.0 (deg)

θO1, θO2 Outer yoke angle 70.0 (deg)

wO1 Outer yoke width 7.5 (mm)
wO2 10.0 (mm)

wm1 Permanent magnet width 6.5 (mm)
wm2 3.0 (mm)

wi1 Inner yoke width 13.9 (mm)
wi2 14.4 (mm)

The operating principles are based on the Lorentz force of a voice coil actuator (VCA)
or a voice coil motor (VCM) and the magnetic attractive force between the outer yoke A
and the permanent magnet. Figure 4a,b shows the Y-Z cross-section of the original 3-DOF
spherical motor when the rotor is rotating around the X-axis at 0◦ and 25◦, respectively.
It can be observed that when the rotor is rotating around the X-axis from 0◦ to 25◦ in a
counter-clockwise direction, the Lorentz force from a part of the coils and the permanent
magnets is very small due to the weak magnetic flux [27]. In other words, the power
efficiency of the original 3-DOF spherical motor is low and could be improved. As a result,
the original 3-DOF spherical motor [25] is modified in this study to accomplish a 3-DOF
spherical motor for a camera module with higher torque output in the large rotation angle.
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3. Design of Proposed 3-DOF Spherical Motor

This section introduces the basic structure of the proposed 3-DOF spherical motor in
this study. Its basic structure is shown in Figure 5a. When comparing Figures 1 and 5a,
the proposed 3-DOF spherical motor has the same structure except for 8 symmetrical coils
wound around the outer yoke A. As shown in Figure 5a, 8 symmetrical coils are wound
around the outer yoke A. Among the 8 coils, 4 coils are used for rotating around the X-axis,
and other coils are used for rotating around the Y-axis.
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Figure 5b shows the Y-Z cross-section of the proposed 3-DOF spherical motor when
the rotor is rotating around the X-axis at 25◦. Here, the 4 coils are called C1, C2, C3,
and C4, respectively. As shown, when the rotor is rotating around the X-axis from 0◦

to 25◦ in a counter-clockwise direction, the magnetic flux through the coils C2 and C4
is too weak, so the coils C2 and C4 are turned off in the proposed design. Due to the
proposed electromagnetic structure with a particular controlling strategy, the proposed
3-DOF spherical motor has higher torque output in the large rotation angle when compared
to the original 3-DOF spherical motor [25]. The flowchart designed to actuate the proposed
3-DOF spherical motor for rotating around the X-axis is illustrated in Figure 6. In this paper,
we discuss the actuator rotating around the X-axis between 0◦ and 25◦, so we only need
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to power on the coil C1 and C3. For another scenario, if we want to let the actuator rotate
around the X-axis between 0◦ and −25◦, we only need to power on the coil C2 and C4. In
the next section, the improvement in the static torque of the proposed 3-DOF spherical
motor is verified by using the 3D FEM.
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Figure 6. Flowchart to actuate proposed 3-DOF spherical motor for rotating around the X-axis.

4. 3D FEM Simulation

To compare the torque output of the original 3-DOF spherical motor and the proposed
3-DOF spherical motor, ANSYS, a commercial software, was utilized to demonstrate their
performance. Here, the 3D FEM was used to demonstrate the results of torque output
and magnetic flux density distribution because the original 3-DOF spherical motor and
the proposed 3-DOF spherical motor are not full symmetry. Figure 7a,b show the 3D
FEM models of the original 3-DOF spherical motor and the proposed 3-DOF spherical
motor, respectively.
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From Figures 1 and 5, because the structure of the original 3-DOF spherical motor and
the proposed 3-DOF spherical motor for rotating around the Y-axis is the same as that for
rotating around the X-axis, only 3D FEM simulations for rotating around the X-axis were
performed and compared. In the simulations, the materials of the yokes, the coils, and the
permanent magnets are selected as steel-1008, copper, and NdFe35, respectively. In the
original 3-DOF spherical motor, each coil for rotating around the X-axis, Y-axis, and Z-axis
has 900, 900, and 250 turns, respectively. By calculating, the inductance and resistance of
each coil for rotating around the X- and Y-axes are 7.9 × 10−7 H and 19.2 Ω, respectively;
those of each coil for rotating around the Z-axis are 2.2 × 10−7 H and 6.5 Ω, respectively.
In the proposed 3-DOF spherical motor, each coil for rotating around the X-axis, Y-axis,
and Z-axis have 450, 450, and 250 turns, respectively. By calculating, the inductance
and resistance of each coil for rotating around the X- and Y-axes are 4.0 × 10−7 H and
9.6 Ω, respectively; those of each coil for rotating around the Z-axis are 2.2 × 10−7 H
and 6.5 Ω, respectively. The current 0.25 A was selected to pass each coil of the original
and proposed 3-DOF spherical motor. Therefore, the current density of the original and
proposed structure is 1.4 × 107 A/m2. The diameter of the coils is 0.15 mm for both the
original 3-DOF spherical motor and proposed 3-DOF spherical motor. It is noted that for
the original 3-DOF spherical motor [25] and proposed 3-DOF spherical motor, the main
driving range of both motors is around the origin, and the coils are switched at the same
high speed for both motors. Here, the power consumption issue for the driving circuit
is ignored.

For a fair comparison, the original 3-DOF spherical motor and the proposed 3-DOF
spherical motor are assumed to have the same power consumption. For the original 3-
DOF spherical motor, in the simulation case for rotating around the X-axis, the power
consumption Po can be expressed as:

Po = 2 Io
2Ro, (1)

where Io and Ro are the current and the resistance of each coil, respectively, for the original
3-DOF spherical motor. For the proposed 3-DOF spherical motor, in the simulation case for
rotating around the X-axis, the power consumption Pp can be expressed as:

Pp = 2 Ip
2Rp, (2)

where Ip and Rp are the current and the resistance of each coil, respectively, for the proposed
3-DOF spherical motor. It is noted that

Rp = 1/2Ro. (3)

Let Po = Pp, from Equations (1)–(3), the following equation can be obtained:

Ip =
√

2Io. (4)

In the simulations, we show two possibility cases. The first one is under the same
input current of 0.25 A, and the second is under the same power consumption, which
means that the input current of the original motor is 0.25 A, and that of the proposed motor
is 0.25

√
2 A.

5. Numerical Results of 3D FEM and Discussion

Figures 8 and 9 show the magnetic flux density distribution of Y-Z cross-section when
the rotor is rotating around the X-axis at 0◦ and 25◦ for the original 3-DOF spherical motor
and the proposed 3-DOF spherical motor, respectively. The movies for the magnetic flux
density change in Y-Z cross-section when the rotor is rotating around the X-axis from
0◦ to 25◦ are provided in Videos S1 and S2 of the Supplementary Materials, respectively.
As shown, when the rotor of the original 3-DOF spherical motor is rotating around the
X-axis from 0◦ to 25◦ in a counter-clockwise direction, the magnetic flux into the upper
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part of the coils in the left side is very weak, which agrees to the viewpoint in Section 2.
Figures 8 and 9 only show the magnetic flux density distribution of the coils and the
magnet. Based on Ampère’s circuital law, the magnetic field generated from the energized
coils must be considered. The vector diagram of the magnetic flux density distribution in
the yoke and magnet is shown in Figure 10.
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Under the same input current of 0.25 A, Figure 11 shows the numerical results with a
step size of 1◦ obtained for the torque change with respect to the different rotation angle of
the original and the proposed 3-DOF spherical motor either in a counter-clockwise direction
or in a clockwise direction. When the rotor rotates in a counter-clockwise direction, the
direction of the current is out of the page, such as in Figure 4. By contrast, when the rotor
rotates in a clockwise direction, the direction of the current is into the page. The torque
values due to Lorentz force and magnetic attractive force are listed in Tables 3 and 4. For
easier reading, the results in Tables 3 and 4 are shown with step size of 5◦ only. In the
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original structure, as shown in Figures 8a and 9a and Video S1, the torque output decreases
in the large rotation angle because the effective area of the magnetic flux through the coils
becomes small. In the proposed structure, as shown in Figures 8b and 9b and Video S2, the
torque output increases with the rotation angle because the effective area of the magnetic
flux through the coils increases along with the rotation angle. In addition, because the
effective area of the magnetic flux through the coils in the original structure is larger than
that in the proposed structure, the torque output of the original structure is larger than that
of the proposed structure around the origin. Finally, from the ratio of the torque due to
Lorentz force and magnetic attractive force as shown in Tables 3 and 4, it is clarified that
the proposed motor has a specific structure that utilizes the Lorentz force more actively
when compared to the original motor.
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However, in Table 5, we present their comparisons in a different way. Based on the
same copper loss and power, the input current of the proposed motor is

√
2 times as large

as that of the original motor. A current of 0.25
√

2 A was selected to pass each coil of the
proposed motor with the current density of 2 × 107 A/m2. For easier reading, the results
in Table 5 are also shown with step size of 5◦ except the magnitude of the average values
in the bottom. Based on the same design parameters, the improvement percentage of the
torque density is the same as that of the torque output in Table 5. Here, the outermost
diameter is used to calculate the motor’s volume and the torque density. It is obvious that
the greater the rotation angle, the lower the efficiency for the original 3-DOF spherical
motor; in contrast, the greater the rotation angle, the higher the efficiency for the proposed
3-DOF spherical motor.
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Table 3. Torque output of original 3-DOF spherical motor.

Rotation Angle
(Deg)

Total Torque Output
(mN·m)

Lorentz Torque Output
(mN·m)

Attractive Torque Output
(mN·m)

Ratio of Lorentz and
Attractive Torque Output

Rotate from −25◦ to +25◦ in a counter-clockwise direction

−25 6.29 5.31 0.99 5.38
−20 7.86 5.73 2.13 2.69
−15 8.60 5.99 2.61 2.30
−10 8.78 6.10 2.67 2.28
−5 8.56 6.15 2.41 2.56
0 8.18 6.14 2.04 3.01
5 7.78 6.09 1.69 3.60
10 7.38 6.02 1.36 4.45
15 7.02 5.84 1.18 4.94
20 6.65 5.54 1.12 4.95
25 6.43 5.02 1.41 3.56

Rotate from +25◦ to −25◦ in a clockwise direction

25 −6.23 −5.29 −0.94 5.65
20 −7.89 −5.74 −2.15 2.67
15 −8.60 −6.00 −2.60 2.30
10 −8.68 −6.11 −2.57 2.38
5 −8.50 −6.15 −2.35 2.62
0 −8.17 −6.13 −2.04 3.01
−5 −7.79 −6.10 −1.68 3.63
−10 −7.33 −6.01 −1.32 4.56
−15 −7.00 −5.84 −1.16 5.04
−20 −6.65 −5.54 −1.11 4.98
−25 −6.38 −5.04 −1.34 3.76

Table 4. Torque output of proposed 3-DOF spherical motor.

Rotation Angle
(Deg)

Total Torque Output
(mN·m)

Lorentz Torque Output
(mN·m)

Attractive Torque Output
(mN·m)

Ratio of Lorentz and
Attractive Torque Output

Rotate from −25◦ to +25◦ in a counter-clockwise direction

−25 6.64 5.72 0.93 6.18
−20 7.26 5.49 1.77 3.11
−15 7.03 5.03 2.00 2.52
−10 6.22 4.39 1.84 2.38
−5 5.13 3.69 1.45 2.55
0 4.09 3.23 0.86 3.77
5 4.58 4.27 0.31 13.66
10 4.87 4.95 −0.08 −61.36
15 5.24 5.52 −0.29 −19.33
20 5.66 5.90 −0.24 −24.94
25 6.07 6.02 0.05 123.17

Rotate from +25◦ to −25◦ in a clockwise direction

25 −6.67 −5.71 −0.96 5.94
20 −7.20 −5.51 −1.69 3.25
15 −7.04 −5.02 −2.02 2.49
10 −6.27 −4.38 −1.89 2.32
5 −5.16 −3.68 −1.48 2.49
0 −4.11 −3.23 −0.87 3.71
−5 −4.62 −4.28 −0.35 12.39
−10 −4.92 −4.95 0.03 −162.85
−15 −5.25 −5.53 0.28 −20.01
−20 −5.60 −5.90 0.30 −19.54
−25 −6.04 −6.01 −0.04 170.21
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Table 5. Comparison of the torque output and torque density of original and proposed 3-DOF spherical motor.

Rotation Angle
(Deg)

Total Torque Output
of Original Motor

(mN·m)

Total Torque Output
of Proposed Motor

(mN·m)

Total Torque Density
of Original Motor

(kN·m/m3)

Total Torque
Density of Proposed

Motor (kN·m/m3)

Improvement
Percentage (%)

Rotate from −25◦ to +25◦ in a counter-clockwise direction

−25 6.29 9.01 0.55 0.78 43.13
−20 7.86 9.72 0.68 0.85 23.56
−15 8.60 9.38 0.75 0.82 8.99
−10 8.78 8.34 0.76 0.73 −4.95
−5 8.56 6.98 0.74 0.61 −18.49
0 8.18 5.76 0.71 0.50 −29.64
5 7.78 6.69 0.68 0.58 −14.06

10 7.38 7.28 0.64 0.63 −1.34
15 7.02 7.88 0.61 0.69 12.22
20 6.65 8.44 0.58 0.73 26.87
25 6.43 8.86 0.56 0.77 37.68

Rotate from +25◦ to −25◦ in a clockwise direction

25 −6.23 −9.08 −0.54 −0.79 45.88
20 −7.89 −9.64 −0.69 −0.84 22.19
15 −8.60 −9.38 −0.75 −0.82 9.14
10 −8.68 −8.40 −0.76 −0.73 −3.30
5 −8.50 −6.99 −0.74 −0.61 −17.76
0 −8.17 −5.78 −0.71 −0.50 −29.30
−5 −7.79 −6.74 −0.68 −0.59 −13.50
−10 −7.33 −7.32 −0.64 −0.64 −0.17
−15 −7.00 −7.91 −0.61 −0.69 12.95
−20 −6.65 −8.38 −0.58 −0.73 25.97
−25 −6.38 −8.81 −0.55 −0.77 38.24

Average
(Magnitude) 7.69 7.98 0.67 0.69 5.22

Finally, from the ANSYS dynamic simulation, the response time of the rotor moving
from −25◦ to +25◦ in a counter-clockwise direction are 0.0763 s and 0.0699 s for the original
and proposed 3-DOF spherical motor, respectively. There is a better performance in
response time for the proposed 3-DOF spherical motor. Detailly, the calculation process
of the dynamic simulation is to compute the time step to reach the next angle by angular
acceleration and angular velocity, which are calculated from the torque generated from the
magnetostatic analysis. Therefore, the actual parameter setting for simulation and step size
of the rotation angle is 1◦ in this paper. The torque and time step are the output, in which
the minimum time step is 0.0007 s by calculating.

In addition, the proposed 3-DOF spherical motor has a greater torque output in the
large rotation angle and has an average improvement percentage of 5.22% when compared
to the original 3-DOF spherical motor. In other words, the proposed 3-DOF spherical motor
has a nice improvement in the large rotation angle by using the novel electromagnetic
structure with a particular controlling strategy. In this paper, we mainly focus on the
improvement of the torque output for the rotation around the X- and Y-axes. Avoiding the
text repeatability, we ignored the detail information. Note that for a more comprehensive
description of the original system, the reader is referred to [25,26]. The main contribution
of this study is to propose this design and verify its performance by using a 3D FEM. A
prototype of the proposed 3-DOF spherical motor will be built to demonstrate its dynamic
performance in a future work, and the driving circuit will also be designed by referring to
the previous study [25,26].

6. Conclusions

This study has proposed a modified 3-DOF spherical motor with an improved elec-
tromagnetic structure and a particular controlling strategy. The proposed motor has a
compact diameter of 28 mm. Moreover, it has a movable angle of ±25◦ along the X- and
Y-axes and that of ±5◦ along the Z-axis. In the structural design, eight symmetrical coils
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with specific coil combination are used instead of conventional four symmetrical coils.
The performance of the proposed 3-DOF spherical motor has been evaluated by means of
a 3D FEM. The numerical results have shown that the proposed 3-DOF spherical motor
has higher torque output in the large rotation angle (average improvement percentage
of 5.22%) when compared to the original 3-DOF spherical motor [25]. As a result, the
proposed 3-DOF spherical motor provides a promising solution for a wide application
of the humanoid and autonomous systems, such as joints and eyeballs of the humanoid,
unmanned aerial vehicles, autonomous cars, walking robots, and other fields.

7. Patents

The proposed electromagnetic structure with a particular controlling strategy reported
in this study is applying for USA and Taiwan patents.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11156872/s1, Video S1: Magnetic flux density change in Y-Z cross-section when the
rotor is rotating around the X-axis for original 3-DOF spherical motor. Video S2: Magnetic flux
density change in Y-Z cross-section when the rotor is rotating around the X-axis for proposed 3-DOF
spherical motor.
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