
actuators

Article

Design, 3D FEM Simulation and Prototyping of a Permanent
Magnet Spherical Motor
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Abstract: In recent years, large tilt angles, uniform magnetic flux distributions, strong forces, and
large torques for motors have increasingly become important for robotics, biomedical, and automotive
applications that have multi-degrees of freedom (MDOFs) motion. Generally, one-degree of-freedom
motors are applied in MDOF motion. These situations cause the systems to have very complex and
large structures. In order to address these issues, a 2-DOF surface permanent magnet spherical motor
with a new mechanical design for the movement of the rotor with a large tilt angle of ±45◦ was
designed, simulated, produced and tested in this paper. The motor consisted of a 4-pole permanent
magnet rotor and a 3-block stator with 18 coils. In this study, the mechanical structure of the proposed
spherical permanent magnet motor surrounded the rotor with two moving parts to move at a large tilt
angle of ±45◦ without using any mechanical components such as spherical bearings, joint bearings,
and bearing covers. Thus, the tilt angle, force, and torque values of the proposed motor have been
improved according to MDOF motion motors using spherical bearings, bearing covers, or joint
bearings in their mechanical structures in the literature. Ansys Maxwell software was used for the
design and simulation of the motor. Three-dimensional (3D) finite element method (FEM) analysis
and experimental studies were carried out on the force, torque, and magnetic flux density distribution
of the motor. Then, simulation results and experimental results were compared to validate the 3D
FEM simulations results.

Keywords: electrical machines; multi-degree of freedom; finite element method simulations

1. Introduction

In recent years, with the development of robotics, biomedical, and automotive indus-
tries, the need for spherical motors, actuators, and manipulators that can perform motion
with multi-degrees of freedom (MDOFs) has increased. Therefore, researchers have carried
out studies on multi-axis motor designs with different structures and different operational
performances, such as induction motors, ultrasonic motors, actuators, manipulators, and
permanent magnet motors.

Williams and Laithwaite designed an induction motor with a spherical stator [1–3].
However, given the large dimensions of this induction motor, a new spherical motor
with a spherical rotor was designed [4,5]. A three-degree-of-freedom (DOF) spherical
manipulator [6,7] and MDOF force characterization system of soft actuators [8], a spherical
actuator [9], and a fine motion wrist with six DOFs [10–12] were designed with large
structures. Spherical MDOF motors with sphere and shell stator and rotor structures were
designed [13–20]. It has been observed sphere and shell rotor and stator motor designs
were caused by mechanical loads and frictions between the rotor and the stator.

Based on the previous studies, MDOF motors and actuators studies have been car-
ried out using spherical bearings, bearing covers, and joint bearings in their mechanical
structures to reduce mechanical loads and frictions and to improve the tilt angle motion.

A spherical actuator of which the stator includes 24 coils with 2 layers, and the rotor
includes 8 permanent magnets and has a ±11◦ tilting angle by using bearings in the
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mechanical part. The outer stator radius of the actuator is 112.5 mm [21]. A spherical
motor of which the rotor consists of 8-tiered-type permanent magnets, and a stator of
which the outer diameter is 250 mm consists of 21 slots and has ±11.5◦ tilting angle. A
joint bearing is used in the center of the rotor to support MDOF motions [22]. A spherical
permanent magnet motor was designed, and the torque of the 4-phase system of the motor
according to the change of the pole pitch angles obtained is about 25 mN·m when the
tilt angle is 22.5◦ and the rotating angle is 0◦. A spherical bearing is used to connect the
rotor to the motor [23]. A spherical motor which consists of eight permanent magnets
in the rotor and eight symmetrical coils in the stator was designed and verified by using
three-dimensional (3D) finite element method (FEM) simulations. For the movement of
the motor around the X-axis, Y-axis, and Z-axis, the coils rotating around the three axes
have 450, 450, and 250 turns, respectively. The resistance of each coil for rotating around
the X-axis and the Y-axis is 9.6 ohm, and the resistance of each coil for rotating around
the Z-axis is 6.5 ohm. Each coil is excited with a current of 0.25 A. Power consumption
was considered for the design. A spherical bearing is used to connect the rotor and the
stator. The spherical motor has a tilt angle of ±25◦ along the X- and Y-axes and that of
±5◦ along the Z-axis. The average total torque output of the motor obtained is 7.98 mN·m
in movements with a ±25◦ tilt angle [24]. A three-DOF voice coil motor that consists of
a radially oriented ring magnet in the rotor and 16 coils in a stator was designed with
the illustration of the structure, working principle, and simulation studies of the motor.
For the movements of the motor around the X-axis, Y-axis, and Z-axis, the coils around
these three axes have 500, 500, and 450 turns, respectively. Each coil is excited with a
current of 1 A. Power consumption is considered for the electromagnetic structure design.
A spherical bearing that is located at the center of the moving part is used to connect the
moving and fixed parts. The proposed voice coil motor has a tilt angle of ±30◦ along the
X- and Y-axes. The torque ranges of the motor obtained are between 14.08 mN·m and
19.40 mN·m from 0◦ to 30◦ tilt angles along the X-axis [25]. A spherical actuator consists of
16 permanent magnets in the rotor and 24 coils in the stator and has a ±37◦ tilting angle
using a spacer and a shaft in the mechanical part. The resistances of all the coils are set to
2 ohm, and the loss obtained is 2 W [26]. A spherical joint that has a 1.08 N force for 2-DOF
tilting movement was designed [27]. A spherical permanent magnets motor that has a tilt
angle of ±30◦ along the X- and Y-axes and a rotation angle of ±360◦ along the Z-axis was
designed with 4 drum-type permanent magnets. The outer stator radius of the motor was
designed to be 90 mm. A shaft with a bearing cover is used in the mechanical design of the
motor. The forces of the motor obtained are about 0.5 N in tilt movements and about 1 N
in rotation movements [28–31]. The other spherical actuator that consists of 8 permanent
magnets in the rotor and 16 air-cores coils in the stator was designed and has a ±11.5◦

tilting angle. The torque of the actuator obtained is 30.9 mN·m at ±11.5◦ tilting movements
using a shaft component in the mechanical structure [32]. A three-DOF spherical motor
was proposed with types of drum, butterfly, layered and series permanent magnets. The
supporting shaft and bearing cover are used to connect the rotor to the motor [33]. A model
consisting of a doubly excited spherical motor that has a 2-part stator with 12 windings and
4 permanent magnet rotors was investigated. A spherical bearing is used to connect the
rotor to the motor. Electromagnetic and structural simulations were performed according to
the motion capabilities of the spherical motor. After the simulations of the spherical motor
were completed, it was tested with the prepared prototype and designed drive circuit. It
was found that it can successfully perform 8 different motions from the starting position to
the ±30◦ tilt motion position as revealed by the electromagnetic simulations [34,35].

In these studies, DOF motion motors and actuators were designed using spherical
bearings, bearing covers, and joint bearings in their mechanical structures to provide tilting
and rotational movement. However, it has been seen that the tilt motion capacities of the
spherical bearings, bearing covers, and joint bearings are limited to the rotor movements
and tilt motion angles of the MDOF motors and actuators. Therefore, the limited tilt motion
angle of the motor also affects the torque and force values.
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From the previous studies in the literature, it has been observed that there is a need to
improve the tilt angle, force, torque, mechanical structure, and size of the motor for robotic,
biomedical, and industrial applications that have MDOF motion. In order to address these
issues and contribute to applications with 2-DOF motion, a spherical-surface permanent
magnet motor with a 4-pole and 3-block stator having 18 coils has been designed and
produced in this study. The stator part of the motor has been designed with three blocks to
ensure the easy movement of the rotor in the mechanical structure with a large tilt angle
and obtain higher torque and force values.

A new mechanical structure has been also designed for the proposed motor. This
mechanical design surrounds the rotor with two moving parts to provide the movement of
the rotor in the X- and Y-axes at a large tilt angle of ±45◦ without using any mechanical
part elements such as spherical bearings, joint bearings, and bearing covers. These moving
parts have been connected to each other with pins and integrated into the base with two
fixed parts from their sides.

Furthermore, the force and torque values of the proposed motor have been improved
thanks to the new mechanical structure compared to MDOF motion motors that use
spherical bearings, bearing covers, or joint bearings in their mechanical structures.

3D simulations have been performed, before the motor was prototyped. The force,
torque, and magnetic flux density of the motor have been obtained by 3D simulations
with Ansys Maxwell using the FEM [36]. Then, the motor has been produced, and the
experimental studies have been performed to obtain the magnetic flux density, force,
and torque using a gaussmeter and a load cell. Finally, experimental studies have been
compared and validated with 3D FEM simulations results.

2. Design of the Spherical Permanent Magnet Motor
2.1. Structure of the Motor

The design parameters and the sizing of a two-DOF spherical permanent magnet
motor were determined by using the results of the study given in [37]. In that study,
27 different motor models were designed and simulated with different magnet materials,
different magnet structures, and different stator–rotor structures. The spherical permanent
magnet motor model suggested in [37] was taken as a baseline model in this study.

The 2-DOF spherical permanent magnet motor consisted of a rotor, a stator, and
mechanical parts. The rotor consisted of radially oriented surface magnets and moving
parts. Steel 1010 that had a high saturation flux density of approximately 2 T was used in
the rotor. SmCo magnets were selected as the material of permanent magnets to provide
the magnetic field of the rotor and have a residual magnetic flux density of 1.12 T. The
stator consisted of 18 coils with 3 separate blocks and 4 separator rings. N020 electrical
steel that had a low core loss of about 13 W/kg and a high electrical conductivity of
1,851,852 Siemens/m was used in the stator. Stainless steel was used as a non-magnetic
material for the mechanical parts and the separator rings of the motor. The separator rings
prevented the stator blocks from touching each other. The moving parts were connected
by pins. The moving and fixed parts were connected to each other by the fixed base parts,
which were located near the rotor. The motor model which is shown in Figure 1 was
designed using Ansys Maxwell software.

2.2. Operating Principle of the Spherical Permanent Magnet Motor

The operating principle of the motor is based on the magnetic force generated by
stator coils and permanent magnets. The same polarity of poles generates forces that push
each other. The opposite polarity of poles produces magnetic forces that are pulled from
each other. Thus, the magnetic forces generate a magnetic torque that allows the rotor to
complete the motions around the X- and Y-axes.
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Figure 1. The design of the spherical permanent magnet motor.

The structure of the stator, rotor, and mechanical parts of the motor are shown in
Figure 2, and the design parameters of the motor model are listed in Table 1.
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Figure 2. Structures of the motor stator with coils (a), separator rings and stator blocks (b), the rotor
with permanent magnets (c), fixed base and moving parts (d), and a housing and covers (e).
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Table 1. Design parameters of the motor.

Symbol Corresponding Parameter Dimension

Sod Stator’s outer diameter 157 mm
Sid Stator’s inner diameter 84 mm
Rod Rotor’s outer diameter 50.7 mm
SRid Separator ring’s inner diameter of the stator 147 mm
PMt Permanent magnet’s thickness 4.15 mm
SRt Separator’s ring thickness 10.5 mm
St Stator’s thickness 9 mm

RPMl Rotor’s length 40 mm
Cl Connector’s length 12.5 mm

MPod Mechanical part’s outer diameter 71.5 mm
TBCid Top and bottom cover’s inner diameter 100 mm
TBCod Top and bottom covers’ outer diameter 167 mm
HTBCl Housing and top-bottom cover’s length 79 mm

Hl Housing’s length 69 mm
FBl Fixed base’s length 5 mm

In this study, the tilt angles of the 2-DOF permanent magnet spherical motor around
the X-axis (α) and Y-axis (β) were ±45◦. As shown in Figure 3, when upper coil 1 and lower
coil 4 are both excited, S magnetic poles are produced. Similarly, upper coil 4 and lower coil
1 are excited, and then, N magnetic poles are produced. Thus, the motor performs a motion
around the X-axis from 0◦ to 45◦. As shown in Figure 4, when upper coils 2–3 and lower
coils 5–6 are excited, N magnetic poles are produced. Similarly, upper coils 5–6 and lower
coils 2–3 are excited, and then, S magnetic poles are produced. Thus, the motor performs
a motion around the Y-axis from 0◦ to 45◦. By changing the direction of the current, the
motor can perform a motion in the reverse direction.
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In addition, while the motor performs the movements around the X-and Y-axes, the
power consumption is considered for electrical design. The power consumption can be
expressed as [24,25]:

P = I ∗ V = I2 ∗ R, (1)

where I is the current of the coil; R is the resistance of the coil.
The coils were excited with a current of 1 A for the movements of the motor around

the X-axis and the Y-axis. Each coil’s resistance was 0.167 ohm.
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When the motor is rotating around the X-axis, the power consumption is expressed
as [24,25]:

PX = I2
UC1 ∗ R + I2

LC4 ∗ R + I2
UC4 ∗ R + I2

LC1 ∗ R (2)

where PX is the power consumption when the motor is rotating around the X-axis; IUC1,
ILC4, IUC4, and ILC1 are the currents of upper coil 1, lower coil 4, upper coil 4, and lower
coil 1, respectively.

When the motor is rotating around the Y-axis, the power consumption is expressed
as [24,25]:

PY = I2
UC2 ∗ R + I2

Uc3 ∗ R + I2
LC5 ∗ R + I2

LC6 ∗ R + I2
UC5 ∗ R + I2

UC6 ∗ R + I2
LC2 ∗ R + I2

LC3 ∗ R (3)

where PY is the power consumption when the motor is rotating around the Y-axis; IUC2,
IUC3, ILC5, ILC6, IUC5, IUC6, ILC2, and ILC3 are the currents of upper coil 2, upper coil
3, lower coil 5, lower coil 6, upper coil 5, upper coil 6, lower coil 2, and lower coil 3,
respectively.

In Equations (2) and (3), the currents of all coils are the same. In this way,
Equations (2) and (3) can be expressed as [24,25]:

PX = 4 ∗ I2 ∗ R (4)

PY = 8 ∗ I2 ∗ R (5)

According to Equations (4) and (5), the power consumptions of the motor rotating
around the X-axis and the Y-axis were determined as 0.667 W and 1.336 W, respectively.

When the motor is rotating around the X- and Y-axes, the total power consumption is
expressed as [24,25]:

PTotal = PX + PY (6)

where PTotal is the sum of the power consumptions of the motor rotating around the X- and
Y-axes.

According to Equation (6), the total power consumption of the motor rotating around
the X-axis and the Y-axis was determined as 2.003 W.

3. Simulations of the Spherical Permanent Magnet Motor

FEM simulation software Ansys Maxwell was used to determine the magnetic field,
force, and torque of the motor. Two cases were studied in the magnetic field calculations.
In these two cases, the magnetic field distributions of the motor were calculated, when
the motor was at no-load and load operating conditions. The other simulations were
performed to calculate the force and the torque of the motor at load operating conditions.
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3.1. Magnetic Field of the Motor under No-Load Operating Conditions

In the first case, the magnetic field distributions of the rotor and the stator were
calculated, when the motor was at no-load. The rotor consisted of surface permanent
magnets and had four permanent magnets, two N poles and two S poles. The model of the
permanent magnet and the rotor is shown in Figure 5.
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The flux density in a permanent magnet is composed of the flux in the air gap and the
intrinsic magnetic induction. The flux density in a permanent magnet can be expressed
as [15,36]:

B = Bi + µ0 ∗ H (7)

where B is the flux density of the permanent magnet magnetization; Bi is the intrinsic
magnetic induction; µ0 is the vacuum permeability; H is the magnetic field.

The residual magnetic flux density of a permanent magnet is expressed as [15,36]:

Br = µ0 ∗ µr ∗ Hc (8)

where Br is the residual magnetic flux density; µr is the relative permeability of the perma-
nent magnet; Hc is the magnetic coercivity of the permanent magnet.

The material properties of the permanent magnet are given in Table 2.

Table 2. Material properties of the permanent magnet.

Parameter Value

Residual magnetic flux density (Br) 1.12 T
Relative permeability of the permanent magnet (µr) 1.08
Magnetic coercivity of the permanent magnet (Hc) 814.567 kA/m

The simulation results of the magnetic field distribution of the rotor and the stator
when the motor was at no-load conditions are shown in Figure 6.

As can be seen from Figure 6, the distribution of the magnetic flux density was smooth,
when the motor was at no-load conditions. Moreover, the average magnetic flux density
distribution in the stator was determined as 0.67 T. It was observed that the magnetic flux
vectors completed the circuit across the stator. The simulation results of the magnetic field
in the air gap when the motor was at no-load conditions are shown in Figure 7.

As shown in Figure 7, the magnetic flux density in the air gap was homogenously
distributed. The average magnetic flux density obtained in the air gap was 0.237 T. It has
been seen that the magnetic flux density of the stator was due to the magnetic energy of
the magnets in the rotor.

3.2. Magnetic Field of the Motor under Load Operating Conditions

In the second case, the magnetic field distributions of the motor for rotating around
the X-axis (α) and the Y-axis (β) from 0◦ to ±45◦ were calculated separately. For the
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movements of the motor around the X-axis and the Y-axis, the coils were excited with a
current of 1 A. Each of the coils in the stator consisted of 90 turns. Therefore, the coils were
excited with 90 A turns of a magnetomotive force in the simulation. The magnetomotive
force is expressed as [36]:

F = N ∗ I (9)

where F is the magnetomotive force, N is the number of turns of the coil, and I is the load
current of the coil.
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When the motor was at load operating conditions, the simulation results of the
magnetic field distributions of the motor at 0◦ and ±45◦ around the X-axis (α) and the
Y-axis (β) are shown in Figures 8 and 9, respectively.

As seen in Figures 8 and 9, the magnetic flux density distributions of the motor under
load conditions were uniform. There was no problem with magnetic saturation at the
motor. In addition, the average magnetic flux density in the stator was determined to be
about 1.1 T. When the motor was in a position of ±45◦ and rotated around the X-axis (α)
and the Y-axis (β), it can be seen that the magnetic flux density increased as the rotor and
stator approached each other. The simulation results of the magnetic field in the air gap
with the motor loaded are shown in Figure 10.
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As shown in Figure 10, when the motor was at loaded conditions, the maximum and
the average magnetic flux densities in the air gap obtained were 0.403 T and 0.283 T in the
X-axis from α = 0◦ to α = ±45◦, respectively. When the motor was at loaded conditions,
the maximum and the average magnetic flux densities in the air gap obtained were 0.36 T
and 0.195 T in the Y-axis from β = 0◦ to β = ±45◦, respectively.

3.3. Force and Torque of the Spherical Permanent Magnet Motor

The force and the torque of the motor can be determined using Ansys Maxwell 3D
FEM software. In the electromechanical system, the force and the torque are generated by
magnetic co-energy. The magnetic co-energy is expressed as [36]:

Wm =
∫

Vol

(∫ H

0
(B ∗ dH)

)
dVol (10)
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where Wm is the magnetic co-energy; H is the magnetic field; B is the magnetic flux density.
Using the magnetic co-energy, the torque and the force are expressed as [36]:

T =

∣∣∣∣dW(θ, i)
dθ

∣∣∣∣
i
=

∂

∂θ

[∫
V

(∫ H

0
B ∗ dH

)
dV
]

(11)

F =

∣∣∣∣dW(s, i)
ds

∣∣∣∣
i
=

∂

∂s

[∫
V

(∫ H

0
B ∗ dH

)
dV
]

(12)

where T is the torque; F is the force; i is the current; θ is the rotating angle; s is the direction
of the displacement.

In this way, the simulation results of the torque and the force of the motor from 0◦ to
45◦, rotating around the X-axis (α) and the Y-axis (β), with the motor loaded condition, are
shown in Figures 11 and 12, respectively.
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As illustrated in Figures 11 and 12, when the results of the simulation were examined,
the average torque and force values obtained were 0.038 N·m and 1.92 N in the movement
of the motor around the X-axis, respectively. As can be seen in Figure 12, the average
torque and force values of the motor rotating around the Y-axis obtained were 0.027 N·m
and 1.36 N, respectively.

4. Prototyping of the Spherical Permanent Magnet Motor
4.1. Stator of the Spherical Permanent Magnet Motor

The stator of the 2-DOF permanent magnet motor consisted of 18 coils and
3 separate blocks. Each of the coils consisted of 90 turns. N020 electrical steel was used for
manufacturing the stator. The stator of the motor is shown in Figure 13.
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Figure 13. Stator and coils of the motor.

4.2. Rotor of the Spherical Permanent Magnet Motor

The rotor had radially oriented surface magnets consisting of two N poles and two
S poles. Steel 1010 was used for manufacturing the rotor, and SmCo was chosen as the
permanent magnet material for the rotor. The rotor of the proposed motor is shown in
Figure 14.
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4.3. Mechanical Parts of the Spherical Permanent Magnet Motor

The mechanical parts of the motor consisted of covers, moving parts, fixed parts, a
housing, and separator rings. There were 4 separator rings that prevented the stator blocks
from touching each other. The moving parts were fixed to the rotor and provided the
movement of the rotor in the X- and Y-axes. The material used for manufacturing the
covers, moving parts, fixed parts, housing, and separator rings was chosen to be stainless
steel. All mechanical parts and the motor are shown in Figure 15.
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5. Testing of the Spherical Permanent Magnet Motor
5.1. Experimental Setup

Experimental studies on the magnetic flux density, force, and torque of the motor were
conducted to verify, and the experimental results were compared with the simulations
results. The magnetic field in the air gap of the motor was measured with a gaussme-
ter at no-load and load operating conditions. The forces were measured using a load
cell [6,15,38–40]. The measuring capacity of the load cell was 50 N. The load cell which had
an error sensitivity of 1% in force measurements was calibrated before the test. A weight
was placed in the load cell, and the calibration factor was determined. Before testing, the
initial values in the load cell were determined, and then all tests were performed. The force
values were measured using the load cell and transferred to a computer with an HX711
signal amplifier module. The torque values were also determined using the measured
forces with the force arm, which was positioned 0.02 m from the top to the center of the
rotor [6,15,38]. The experimental setup for measuring the magnetic flux density and that
for measuring the force and the torque of the motor are shown in Figures 16 and 17.
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Figure 17. Experimental setup for the measurements of forces and torques.

5.2. Experimental Results of the Magnetic Flux Density in the Air Gap of the Motor at No-Load
Conditions

Based on the results of the experimental studies and the simulation in the air gap,
the magnetic flux density in the air gap of the motor at no-load conditions is shown in
Figure 18.
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Figure 18. Measured and simulation results of the magnetic flux density in the air gap of the motor
at no-load conditions.

As can be seen from Figure 18, when the motor was at no-load conditions, the mea-
sured maximum magnetic flux density distribution in the air gap was obtained to be 0.29 T
based on the experimental studies. When the simulation and experimental results were
examined, the average magnetic flux densities were obtained to be 0.237 T and 0.229 T in
the air gap of the motor, respectively. When these results were compared, it was seen that
the simulation results were as 97% accurate as the experimental results.

5.3. Experimental Results for Magnetic Flux Density in the Air Gap of the Motor at
Load Conditions

According to the results of the experimental studies and the simulations of the mag-
netic flux density in the air gap of the motor from 0◦ to ±45◦ rotating around the X-axis (α)
and the Y-axis (β) at load conditions are shown in Figure 19.

As seen in Figure 19, the experimental results of the maximum and average magnetic
flux densities in the air gap of the motor at load conditions were determined to be 0.4 T and
0.256 T, respectively, in the X-axis from α = 0◦ to α = ±45◦. In addition, the experimental
results for the maximum and average magnetic flux densities were obtained to be 0.33 T
and 0.158 T, respectively, at load conditions in the Y-axis from β = 0◦ to β = ±45◦. When
we compared the experimental results with the simulation results, it seemed that the
simulation result of the average magnetic flux density in the air gap was as 90% accurate
for the X-axis and as 81% accurate for the Y-axis as the experimental results.
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Figure 19. Measured and simulation results of the magnetic flux density in the air gap of the motor rotating around the
X-axis from α = 0◦ to α = ±45◦ (a) and rotating around the Y-axis from β = 0◦ to β = ±45◦ (b).

5.4. Experimental Results for the Force and the Torque of the Motor

Based on the results of the measurements and simulations, the force and the torque of
the motor from 0◦ to ±45◦ rotating around the X-axis (α) and the Y-axis (β) are shown in
Figures 20 and 21, respectively.

Actuators 2021, 10, 305  14  of  19 
 

 

According to the results of the experimental studies and the simulations of the mag‐

netic flux density in the air gap of the motor from 0° to ±45° rotating around the X‐axis (α) 

and the Y‐axis (β) at load conditions are shown in Figure 19. 

       

(a)  (b) 

Figure 19. Measured and simulation results of the magnetic flux density in the air gap of the motor rotating around the X‐

axis from α = 0° to α = ±45° (a) and rotating around the Y‐axis from β = 0° to β = ±45° (b). 

As seen in Figure 19, the experimental results of the maximum and average magnetic 

flux densities in the air gap of the motor at load conditions were determined to be 0.4 T 

and 0.256 T, respectively, in the X‐axis from α = 0° to α = ±45°. In addition, the experi‐

mental results for the maximum and average magnetic flux densities were obtained to be 

0.33 T and 0.158 T, respectively, at load conditions in the Y‐axis from β = 0° to β = ±45°. 

When we compared the experimental results with the simulation results, it seemed that 

the simulation result of the average magnetic flux density in the air gap was as 90% accu‐

rate for the X‐axis and as 81% accurate for the Y‐axis as the experimental results. 

5.4. Experimental Results for the Force and the Torque of the Motor 

Based on the results of the measurements and simulations, the force and the torque 

of the motor from 0° to ±45° rotating around the X‐axis (α) and the Y‐axis (β) are shown 

in Figures 20 and 21, respectively. 

   

(a)  (b) 

Figure 20. Measured and simulation results for force values of motor rotating around X‐axis from α = 0° to α = ±45° (a) 

and rotating around the Y‐axis from β = 0° to β = ±45° (b). 

   

(a)  (b) 

Figure 21. Measured and simulation results for the torque values of the motor rotating around the X‐axis from α = 0° to α 

= ±45° (a) rotating around the Y‐axis from β = 0° to β = ±45° (b). 

Figure 20. Measured and simulation results for force values of motor rotating around X-axis from α = 0◦ to α = ±45◦ (a)
and rotating around the Y-axis from β = 0◦ to β = ±45◦ (b).
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Figure 20. Measured and simulation results for force values of motor rotating around X‐axis from α = 0° to α = ±45° (a) 
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Figure 21. Measured and simulation results for the torque values of the motor rotating around the X‐axis from α = 0° to α 

= ±45° (a) rotating around the Y‐axis from β = 0° to β = ±45° (b). 
Figure 21. Measured and simulation results for the torque values of the motor rotating around the X-axis from α = 0◦ to
α = ±45◦ (a) rotating around the Y-axis from β = 0◦ to β = ±45◦ (b).

As illustrated in Figure 20, the average force results of the simulation and experiments
for the motor rotating around the X-axis from 0◦ to ±45◦ obtained were 1.92 N and as 1.6 N,
respectively. The average force results of the simulation and the experiments obtained were
1.36 N and 1.17 N, respectively, when the motor rotated around the Y-axis. The average
torque results of the simulation and the experiments for the motor rotating around the
X-axis from 0◦ to ±45◦ were also determined to be 0.038 N·m and 0.032 N·m, respectively,
as seen in Figure 21. The average torque results of the simulation and the experiments were
determined to be 0.027 N·m and 0.0236 N·m, respectively, when the motor rotated around
the Y-axis.

6. Discussion

In this study, a surface permanent magnet 2-DOF spherical motor has been designed,
manufactured and tested. First, the magnetic flux, force, and torque parameters of the
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motor have been simulated using the Ansys Maxwell tool. Then, the experimental studies
have been carried out to validate the accuracy of the 3D FEM simulation results.

According to the experimental and simulation results, the magnetic flux densities
under no-load and load operating conditions of the motor were in good agreement with
each other. It is seen from the simulation results that the flux density was uniformly
distributed in the air gap of the motor. The magnetic flux density parameters were also
measured using a gaussmeter under both no-load and load conditions of the motor. It has
been observed from the experimental studies that there was no magnetic saturation on the
motor. It has been seen that the simulated average magnetic flux density was 3% higher
than the experimental one at no-load operation conditions. Then, the maximum magnetic
flux density values were also obtained in the X-axis and the Y-axis from 0◦ to ±45◦ at
load conditions. When the motor rotated around the X-axis, the maximum magnetic flux
density was 0.4 T. When the motor rotated around the Y-axis, the maximum magnetic flux
density was 0.33 T. The experimental results were 1% and 8% lower than the simulation
results for the X- and Y-axes, respectively.

In addition, the force and the torque of the motor have been obtained by experimental
studies and compared with the simulation results. As a result, the average force values
of the simulation and experimental studies for the motor rotating around the X-axis
obtained were 1.92 N and 1.6 N, respectively. The average torque values of the simulation
and experimental studies for the motor rotating around the X-axis were 0.038 N·m and
0.032 N·m, respectively. The results of the average force and torque of the motor rotating
around the X-axis from 0◦ to ±45◦ have been examined, and the experimental results
obtained were approximately 17% lower than the simulation results. The average force
values of the simulation and experimental studies for the motor rotating around the Y-axis
obtained were 1.36 N and 1.17 N, respectively. The average torque values of the simulation
and experimental studies were 0.027 N·m and 0.0236 N·m, respectively in the movement
of the motor rotating around the Y-axis. In addition, when the force and torque results for
this case were examined, it was seen that the experimental results were approximately 14%
lower than the simulation results.

The difference between the simulated and experimental force and torque values
is due to the mechanical forces and friction at the connection points that provided the
motion of the motor. However, it is predicted that the values of the force and torque can
be significantly increased if the friction and mechanical loads are reduced around the
mechanical connection points.

Considering previous studies [23–25,27–32] which are similar according to the work-
ing principle and structure of the motor with this study, it has been seen that the tilt angle
motion capacities of the spherical bearings, bearing covers, and joint bearings limited the
tilt motion angles between ±11◦ and ±37◦ of the MDOF motion motors and actuators.
In addition, the average torque values of MDOF motion motors and actuators were ob-
tained for tilt movements in the range of 7.98–19.40 mN·m in these studies [24,25]. The
average force parameter has also been considered for the same studies and obtained for tilt
movements in the range of 0.5–1.08 N [27–31].

It has been observed that the tilt angle was limited in MDOF motion spherical motors
actuators using spherical bearings, bearing covers, and joint bearings for the mechanical
structure. Thus, the limitation of the tilt angle also affects the force and torque values.

In this study, the mechanical structure of the prototyped motor was designed to
improve the tilt angle, which is different from the mechanical structures of MDOF motion
motors that consist of spherical bearings, joint bearings, or bearing covers in the literature.

Furthermore, the tilt angle of the prototyped motor of ±45◦ has been improved by
21% compared to tilt angles between ±11◦ and ±37◦ of MDOF motion motors by using
spherical bearings, joint bearing, or bearing covers in their mechanical structures in the
literature. Thus, the average force values for the motor with a tilt angle of ±45◦ have
been obtained for movements in the X- and Y-axes to be 1.6 N and 1.17 N, respectively.
The average torque values have been also obtained for the X- and Y-axes to be 32 mN·m
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and 23.6 mN·m, respectively. By increasing the tilt angle to ±45◦, the average force and
torque values of the prototyped motor obtained have been 29% and 43% higher than the
MDOF motion motors that use spherical bearings, bearing covers, or joint bearings in their
mechanical structures, respectively.

Additionally, the size also has been considered in the design of the prototyped motor.
The outer diameter of the stator was 157 mm to ensure that the rotor easily moved in
the new mechanical structure and achieved a large tilt angle of ±45◦. The stator outer
diameter has been found between 28 mm and 300 mm according to previous studies on
MDOF motion motors and actuators [21,22,24,25,28,31] with the tilt motion angles between
±11◦ and ±37◦. Power consumption has been also considered in this study. The power
consumption of the proposed motor rotating around the X- and Y-axes with the tilt angle
of ±45◦ was 2.003 W. The power consumption of the motor studied here seems to be lower
within acceptable levels compared to those of other similar motor designs [24–26].

Although the size and the power consumption of the proposed motor are within the
size and power consumption range of the previous studies on MDOF motion motors in the
literature, a larger tilt angle and higher force and torque values have been achieved in this
study.

7. Conclusions

A large tilt angle, a high torque, and a strong force values with a mechanical design
are the most important features expected from MDOF motors. It has been observed that
the inability to obtain high tilt angles depends not only on the electrical design of the motor,
but also on the mechanical design of the motor that facilitates this movement. Therefore,
both the electrical design and the mechanical structures of the motor have been designed
by taking this case into account in this study.

A 2-DOF surface permanent magnet spherical motor that had a ±45◦ tilt angle around
the X-axis (α) and the Y-axis (β) has been designed, simulated and prototyped in this
study. The motor consisted of a 4-pole permanent magnet rotor and a 3-block stator with
18 coils. Ansys Maxwell software has been used for the 3D FEM simulation of the motor to
determine the magnetic flux density, force, and torque. The simulated and experimental
studies of the motor were compared for the motion around the X- and Y-axes from 0◦ to
±45◦. In addition, a new mechanical structure of the proposed motor has been designed
that surrounded the rotor with two moving parts to provide the movement of the rotor
in the X- and Y-axes at a large tilt angle of ±45◦ without using any mechanical part
elements such as bearing covers, spherical bearings, and joint bearings. Furthermore, the
higher average force and torque values of the proposed motor with a tilt motion angle of
±45◦ obtained were 1.4 N and 27.8 mN·m, respectively. The literature offers narrower tilt
angles typically between ±11◦ and ±37◦ compared to our wider range of ±45◦. The force
parameters were in a lower range of 0.5–1.08 N, and the torque values were in a lower
range of 7.98–19.40 mN·m, compared to our results for the movements of the motor.

The power consumption and the size of the motor have been also considered in this
study. The power consumption of the proposed motor rotating around the X- and Y-axes
with a tilt angle of ±45◦ was 2.003 W. The outer diameter of the stator was determined to
be 157 mm to ensure that the rotor rotated easily in the new mechanical structure with a
large tilt angle of ±45◦. It has been observed that the power consumption and the size of
the proposed motor were within the size and the power consumption range of the previous
studies in the literature, while a larger tilt angle and higher force and torques values have
been achieved in this study.

Consequently, the tilt angle, force and torque values of the prototype spherical perma-
nent magnet motor which has a new mechanical structure have been improved when we
compared them to the MDOF motion motors that use spherical bearings, bearing covers,
or joint bearings in their mechanical structures.

By using different materials and mechanical structures as a future work, the proposed
motor can be improved in terms of force, torque, and motion capability and find wider
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applications in robotics, aerospace, automotive, and biomedical fields. In addition, the
coils in the center block of the stator were actually designed suitable for 3-DOF motion
capability. Thus, 3-DOF motion can also be obtained by developing a modified mechanical
structure, so that it can be integrated into systems that require an even higher DOF.
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