
actuators

Article

Analysis and Modeling of Attractive Force Using an
Electropermanent Magnet and Electromagnetic in a
Novel Wobble Gripper

Sang Yong Park, Dongyoung Lee, Buchun Song and Yoon Su Baek *

Department of Mechanical Engineering, Yonsei University, Seoul 03722, Korea; parksy@yonsei.ac.kr (S.Y.P.);
frh1024@naver.com (D.L.); theme7749@gmail.com (B.S.)
* Correspondence: ysbaek@yonsei.ac.kr; Tel.: +82-2-2123-2827

Received: 28 September 2020; Accepted: 11 November 2020; Published: 14 November 2020 ����������
�������

Abstract: An electropermanent magnet (EM) can be fixed or rotated without applying the additional
power of a wobble motor. This consists of a neodymium magnet and semi-hard magnet. A model
to design a wobble motor for a wobble gripper without finite element analyses and to predict the
attraction force according to the permanent magnet and current is necessary. In this paper, a force
model is derived using distribution parameter and magnetic circuit analyses, including flux loss and
fringing effects. It is not easy to design a complete magnetic circuit model considering the loss effects,
but it can be constructed using a relatively straightforward method that simplifies the paths of leaked
fluxes into arcs and straight lines. The model was verified by comparing the results of finite element
analyses with measurements of two prototypes using internal and external fixed cases. The model
properly predicts the attractive force between the rotor and stator and can be used in the initial design
of a gripper that holds or rotates with the electropermanent magnet.

Keywords: electropermanent magnet; wobble motor; wobble gripper; magnetic circuit; flux leakage;
force model; fringing effect

1. Introduction

As the development of industrial technology is changing to unmanned and automatic systems
to improve productivity and competitiveness, the importance of motors, as a component part of
the system, is gradually increasing. Among the various types of motors used in industrial facilities,
small motors are actively being researched and developed to apply a gripper operated by motors in
fields such as electronic parts assembly, medicine, human care, micro-moving structures, and military
applications [1–5]. Therefore, the demand for highly efficient and small motors, an essential part in the
automation industry, is expected to increase. Also, it has become possible to manufacture precision
small motors with high performance owing to the development in the material field, including
a permanent magnet material and the advancement of precision processing and manufacturing
technology. These motors are manufactured in various ways. For example, new actuator shapes have
been developed using physical and chemical phenomena, such as electrostatic force, electromagnetic
force, shape-memory alloy (SMA), smart polymers, and so on. Since some of these materials are
difficult to control, there are limitations to using them. Therefore, we selected an electromagnetic motor,
which is easy to manufacture and control and can easily calculate force. The typical gripper driving by
electromagnetic force is composed of a motor and a reduction gear device for driving. The performance
and size of the gripper is determined by an existing motor and reduction gear device. If the motor
driving the gripper is too small, the desired torque will not be achieved due to the decreased motor
size and subsequently weakened driving force due to the scaling effect. Thus, a reduction gear device
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is added to the small motor to generate the desired torque. The added reduction gear device increases
the overall size of the small gripper, making it difficult to operate. In addition, the added reduction
gear device may cause friction, mechanical backlash, or assembly errors, which may further cause
malfunctions when it is operated. To avoid these problems, we selected a wobble motor because it is
structurally simple and can generate a large torque due to the eccentric structure [6–10].

The purpose of this study is to analyze the characteristics and optimal design of the wobble motor
for a novel wobble gripper with the electropermanent magnet (EM). An existing wobble motor has the
disadvantage that it cannot be fixed if the power is not supplied continuously. However, the EM can
solve this problem. It is composed of neodymium (NdFeB) and semi-hard (Alnico5) magnets, and it
can be used to fix or drive the wobble motor.

In order to analyze the characteristics of the wobble motor and the EM, it is necessary to predict
the magnetic flux density and force generated by the electromagnet and the EM at the air gap. The most
common method is to use commercial finite element software. However, since a number of iterative
analyses are needed in the initial design step, this method is time-consuming and not systematic.
Another method that is widely used in the initial design step is magnetic circuit analysis. With this
method, it is necessary to know the magnetic flux density and magnetic force generated in the air
gap between the rotor and the stator. Therefore, a magnetic circuit using the magnetic flux path of
magnetic resistance is used. The method of calculating the magnetic flux density can be determined by
calculation similar to the method of calculating the current in the electric circuit. However, such an
analysis has limitations and can lead to erroneous results. This is because the leakage flux and fringing
effects generated around the air gap are not considered, and it is difficult to accurately calculate these
by including them in the magnetic circuit. Therefore, in this paper, we propose a simple method
that can model the leakage flux and fringing effects of electromagnets as well as calculate the force
generated by a rotating wobble motor using the distribution parameter method. The magnetic flux
path consists of arcs and straight lines, and a rotating wobble was modeled with Cartesian coordinates
in the distribution parameter method. The theoretical results, FEM analysis results, and experiments of
prototypes of the wobble motor were confirmed. The schematic of a proposed novel gripper, the basic
driving principle, basic structure and method to control the wobble motor and drive the proposed
gripper, and the basic principle and structure of the EM are also presented in a straightforward manner.

2. Driving Principle and Theoretical Analysis

2.1. Driving Principle of a Wobble Motor

First, the basic driving principle of a wobble motor, which consists of cylindrical stator A and
columnar rotor B, is presented in Figure 1A. AC, BC, AR, and BR are shown in the central point of stator
A, the central point of rotor B, the radius of stator A, and the radius of rotor B, respectively. The main
feature of the wobble motor is the rolling of rotor B along stator A’s inner surface. If the current is
supplied in a clockwise, continuous manner, the attractive force will be generated from the supplied
current. The generated force from the stator pulls the rotor, and, as a result, the rotor can roll along
the inner surface of the stator via the pulling force. The rolling motion of rotor B is in the opposite
direction to the driving direction of stator A [11–18].

Figure 1A,B shows the operating principle of the wobble motor in the wobble gripper, which is
composed of the stator and rotor. The inner rotor rotates as shown Figure 1A, but the inner stator is
fixed, and the external rotor rotates as shown Figure 1B [19–21].

When power is continuously supplied to the two coils inside the stator, they generate magnetic
flux, thus producing attractive forces between the stator and rotor. The exterior rotor begins to rotate
on the order of the supplied current. A complete cycle is shown, consisting of six electric phases.

Second, the EM consists of two magnetic materials, a magnetically hard neodymium (NdFeB)
type and another semi-hard type (Alnico5). These are wrapped with a coil as shown Figure 2a. The EM
was operated using MagNet of electromagnetic analysis software from Infolytica. If the magnetization
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directions of NdFeB and Alnico5 magnets are oppositely combined, the magnetic flux only circulates
inside iron.
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Figure 1. Driving principle: (A) Basic driving principle of a wobble motor; (B) Basic driving principle
of wobble motor for a proposed gripper.

After Alinico5 was subjected to a current pulse of the opposite polarity, the magnetization directions
of NdFeB and Alnico were the same, and EM generated an external magnetic flux as shown in Figure 2a.
The remnant flux density of Alnico 5 is approximately 1.2 T, and the normal coercivity is approximately
50 kA/m. The remnant flux density of NdFeB is approximately 1.2~1.3 T, and the normal coercivity is
approximately 1000 kA/m [22]. Figure 2b shows the driving principle of the wobble motor that can rotate
and fix using an internal EM. As current is applied to the coil wound around the EM, the magnetization
direction of the Alnico magnet is changed, as shown in Figure 2b, the B pole magnetic flux flows from the
A pole, and the C and D poles only flow inside the pole. After that, the wobble motor with the internal
EM conducts two functions, namely ration and fixation, by applying the current, as in the basic principle
of a wobble motor.
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2.2. Theoretical Analysis of the Electropermanent Magnet

Figure 3a shows a schematic of an EM device for holding the proposed gripper. Table 1 shows the
specifications of the electromagnet elements in use, and Alnico and NdFeB magnets were replaced with
cylindrical magnets instead of square magnets. In order to simplify calculations of the magnetic flux
density, fringing flux was assumed as the leakage flux, and the path of the leakage flux was composed
of a combination of arcs and straight line as shown Figure 3b [23]. As shown in Figure 3b, the fringing
magnetic fluxes are modeled by considering it as kind of leakage magnetic flux. It is also assumed that
magnetic fluxes detouring on the right outside of the air gap are connected in a straight line with the
quadrant and the length of the air gap [24].
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Figure 3. Electropermanent magnet device for holding the proposed gripper: (a) Schematic of the
electropermanent magnet; (b) Flux leakage of the electropermanent magnet.

Table 1. Parameters of the electropermanent device.

Parameter Symbol Value Unit

Pole thickness t 2 mm
Magnet diameter d 2 mm

Pole length h 5 mm
Pole width w 1.57 mm

Magnet length Lm 2 mm
Air gap g 0.1 mm

Number of turns N 70 mm
Applied current i 4 A

Diameter of the coil dc 0.16 mm
Permeability of the free space µ0 4π × 10−7 H/m

Relative permeability of the magnet. µr 1.05 H/m
Cross-sectional area of the air gap Ag mm2

Cross-sectional area of the magnet Am mm2

On the left of Figure 4a, it is assumed that the leakage magnetic flux paths have the same quadrants,
indicated by a solid line and dotted line, and a path is connected in a straight line along the length
of the air gap. In order to calculate the magnetic flux of the gap, a permeance that is inverse to the
magnetoresistance can be used. If each magnetic flux path has magnetoresistance, they can all be
expressed as being connected in parallel. There are two assumptions here, namely that magnetic
resistance in the iron core is ignored and there is no leakage magnetic flux and fringing effect. Therefore,
the magnetic circuit can be represented as shown in Figure 4b. <m = Lm/µ0µrAm is resistance of
the magnet. Φr is magnetic flux source. Φm is magnetic flux passing through the air gap. When
permeability for each leakage magnetic flux path is defined as Pgo, Pgi, Pmo, Pmi and Pg, the reciprocal
parameters can be expressed as magnetoresistance<go, <gi, <mo, <mi and<g.

The permeance Pdy on the outside is shown in Figure 4a.
The permeance in the path is as follows:

Pdy =
1
<dy

=
µ0tdy
g + πy

(1)

When the fringing effect is 10 times greater than the air gap, it is considered to be very small.
Therefore, in this case, it was assumed that it was 10 times the air gap. Pgo is assumed to be h/2, Pgi of
the path between the two cores is assumed to be (h − r)/2, and Pmo, Pmi are the paths bypassing the air
with and without going through the core, respectively. <t is the total magnetoresistance. The total
Magnetic resistance, ignoring the magnetic resistance at the iron core, is as follows. The reciprocal of
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the permeance is the magnetic resistance for the magnetic flux path. Thus, all magnetic resistance in
the circuit can be calculated.

<t =
1

Pleak
=

1
Pmo + Pmi + 0.5(Pgi + Pgo + Pg)

(2)Actuators 2020, 9, x FOR PEER REVIEW  5 of 14 
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To calculate the magnetic field generated in the air gap of the device fixed the gripper, we used a
magnetic circuit and Gauss’ law [13], which can be expressed as follows:

πd2(Ba + Br + µ0Hm)/8 = (µ0wt/2g + Pleak)(Ni−HmLm)

Hm =
(µ0wt/2g+Pleak)Ni−πd2(Br+Ba)/8
πd2µ0/8+(µ0wt/2g+Pleak)Lm

(3)

where Hm is the axial magnetic field intensity in the magnet. Ba and Br are the Alnico5 and NdFeB
magnets with axial magnetic flux density. Bg and Pleak are the magnetic flux density in the air gap and
the leakage permeance, respectively.

Ampere’s law is used to calculate the density of the air gap as follows:

Bg = µ0(Ni−HmLm)/2g (4)

Finally, the attractive force can be obtained by the Maxwell stress tensor, which can be written as:

F = µ0tw
(

Ni−HmLm

2g

)2

(5)

2.3. Theoretical Analysis of the Wobble Motor

In order to obtain the magnetic flux density generated in the air gap of the wobble motor, the model
was approximated as shown in Figure 5 to avoid difficulties in analysis and to facilitate use of a
linear coordinate system. The air gap is assumed to be very small with no fringing. Maxwell’s
equation, magnetic vector potential A defined as B =∇×A, and ohm’s law can be expressed as the
distribution equation of the electromagnetic system. Their solutions have been well studied in other
researchs [25–28]. Parameters w, p, g, h, µ0, and µr are the pole width, pole pitch, air gap, thickness of
the material, the permeability of air gap, and the permeability of the material, respectively. The pole
pitch is 2π/Npole, where Npole is the number of poles.
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In order to establish analytical solutions, variations in the r-direction are ignored, and ∇ ·A = 0
can also be assumed. The governing equation for the electromagnetic field is expressed as follows:

∇
2A = µσ

{
∂A
∂t
− v× (∇×A)

}
(6)

where v is the speed of the moving medium (m/s), and σ is electrical conductivity ((Ω ·m)−1).

B =
∞∑

n=1,3,5···

Bme j(ωt−βx)
_
j (7)

where β and ω are the wave number and angular velocity, respectively.
When current is suitably excited in the coil, the core creates waves traveling in the y-direction in

the air gap.
The governing equation can be expressed as each layer.

∇
2AII = µ0σ

[
∂AII
∂t − v× (∇×AII)

]
∇

2AIII = 0
(8)

In the air gap, the electrical conductivity is zero. In order to establish analytical solutions for the
field distributions, the following assumptions are made: (1) the permeability of the yoke is infinite; (2)
Variations in the r-direction are ignored, and the vector potential is directional and can be a function
of x and y; (3) All layers extend to infinity in the ±x -direction because the magnetic wheel is a
rotary machine.

The solution for each layer can be written as

AII =
(
CIIeλ1 y + DIIeλ2 y

)
e j(ωt−βx)

AIII = (CIIIeβy + DIIIe−βy) e j(ω t−βx)
(9)

The flux density in the air gap is calculated using the following equation:

BII,x =
(
λ1CIIeλ1 y + λ2DIIeλ2 y

)
e j(ωt−βx)

BII,y = jβ
(
CIIeλ1 y + DIIeλ2 y

)
e j(ωt−βx)

(10)

whereλ1,2 =
(
γ±

√
γ2 + 4α2

)
/2 , α2 = β2 + jµ0σsvsβ , γ = µ0σvx , s is the slip, and vs is the synchronous

speed, which is equal to vx when s = 1.
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The boundary conditions are as follows:

BII |y= 0 , BII,y = Bme j(ωt−βx) , BII |y=h , BII,y = BIII,y and
BII,x

µr
=

BIII,x

µ
, BIII |y=∞, AIII = 0 (11)

The magnetic flux density of the conductor can be obtained as

BII,x = Bm
jβ

 λ1eλ1 y(
1−

eh(λ1−λ2)(βµr+λ1µ0)
βµ+λ2µ0

) + λ2eλ2y(
1−

eh(λ2−λ1)(βµr+λ2µ0)
βµ+λ1µ0

)
e j(ωt−βx)

BII,y = Bm

 eλ1 y(
1−

eh(λ1−λ2)(βµr+λ1µ0)
βµ+λ2µ0

) + eλ2y(
1−

eh(λ2−λ1)(βµr+λ2µ0)
βµ+λ1µ0

)
e j(ωt−βx)

(12)

Finally, the electrodynamic force can be determined using Maxwell’s stress tensor, which can be
written as

Fx =

∮
A

(
Bx · By

)
µ0

dA , Fy =

∮
A

(∣∣∣By
∣∣∣2 − |Bx|

2
)

2µ0
dA (13)

3. Modeling and Structure

3.1. Design and Control of the Proposed External Fixed Gripper

An existing of a wobble motor is limited in that it cannot be fixed if the power is not supplied
continuously. Therefore, we propose a method to solve this difficulty using the external EM. It is
shown in Figure 6a, the proposed external gripper consists of an internal wobble motor that drives it
and a fixed part with an EM to keep the proposed gripper’s movement constant. Figure 6b shows
the shape of the core with three poles and four poles and the magnetic flux density distribution by
FEM simulation. In this FEM analysis, the attractive force is obtained by exciting two coils when the
rotor is momentarily in contact at the end of the stator. The schematic of an EM to fix the proposed
gripper is represented in Figure 6c, and each part has an Alnico magnet, an NdFeB magnet, and an
iron pole with a coil wound around it. FEM simulation was performed to estimate the flux density
distribution of the EM composed of NdFeB and Alnico5, each with 2 mm diameter and 2 mm length.
In the initial conditions, when no current is present, the magnetization directions of NdFeB and Alnico5
are opposite. The magnetic flux line of the two magnets flows only towards the inside. This means
that the rotation motion of the proposed gripper is unaffected by the EM. However, if Alnico is excited
by the current to the opposite polarity, the magnetization direction of Alnico reversed. Therefore,
the magnetization directions of NdFeB and Alnico are the same, which generates the external magnetic
flux and attracts the proposed gripper. The results confirmed that the direction of the magnetic flux of
the EM changed. Even if no current flowed through the coil, it could still remain fixed. The shape of
the proposed gripper is shown Figure 6d, and T, L, t, tg, te, and Rg are 2.5, 1.5, 0.5, 0.5, and 5.5 mm,
respectively. The driving method of the proposed gripper and the coil excitation sequence to rotate the
proposed gripper with four poles are represented in Figure 7a. The rotational speed of the proposed
gripper is controlled by the frequency of the signal controller.

The U, V, W, and Z at phase 4 matches with coil1, coil2, coil3, and coil4 wrapped around the core
arm. The coil is excited as follows: (coil1 and coil2), (coil2 and coil 3), (coil 3 and coil 4), and (coil4 and
coil 1). The three poles are driven in the same way as four poles, except for the Z signal. We fabricated
the motor, the proposed gripper, and a prototype of the EM, and the core shape of the motor was
fabricated with three poles and four poles using a computer numerical control (CNC) machine.
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As shown Figure 7b. The signal controller board was TMS320F28335, and the driver was directly
manufactured to be used for both three-pole and four-pole cores. In order to change the magnetization
direction of the EM, NI cRio-9022 from NATIONAL INSTRUMENTS and a typical-high performance
motor driver were used.

Theory and Experimental Validation Results

For the fixing wobble motor using the external EM, Figure 8a summarizes results of FEM,
the experiment, and modelling with and without leakage flux of the external EM while changing
the air gap. When the air gap is 0.1 mm, the FEM result and the result of neglecting leakage flux
shows an error as percentage of 130%, and the result of including leakage flux shows an error 38%.
The experimental results show errors 31% and 80%, respectively when comparing the FEM result and
the result of including leakage flux. When the internal wobble motor is applied 0.3 A at the 0.1 mm
in air gap, the results show errors of 25%, 22%, and 8.5% in the three, four poles, and new material.
Figure 8b shows the flux density distribution in the x and y directions in the air gap. The variables
from the three poles in Table 2 are used.
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Table 2. Parameters of the wobble motor.

Parameter Four Poles Three Poles New Material

Outer diameter of the rotor (Ro) 10 mm 10 mm 10 mm
Inner diameter of the rotor (Ri) 9 mm 9 mm 9 mm
Outer dimeter of the stator (So) 8.9 mm 8.9 mm 8.9 mm
Inner dimeter of the stator (Si) 7.2 mm 7.2 mm 7.2 mm

Thickness of the core 1 mm 1 mm 1 mm
Width of the core (w) 1 mm 1 mm 1.4 mm

Air gap 0.1 mm 0.1mm 0.1 mm
Number of turns 40 turns 60 turns 60 turns
Number of poles 4 3 3

Driving frequency 4 Hz 4 Hz 4 Hz
Diameter of the coil 0.16 mm 0.16 mm 0.16 mm
Material of the core Pure iron Pure iron 50PN350

Theoretical stall torque 230 µNm 300 µNm 380 µNm
Max stall torque (0.3 A) 180 µNm 240 µNm 350 µNm

Table 2 shows the specifications and results of the wobble motor and the new material. When
0.3 A was applied to the poles, the theoretical stall torque, considering flux leakage were also shown.
The EM fabricated in Figure 7b. a, b, t, lm, and r are 5, 5, 2, 2, and 6.1 mm, respectively. Both magnets
are cylindrical and 2 mm in diameter.

The FEM and theoretical analyses confirmed that the performance of the proposed gripper
depends on the core shape. The most important factor when designing the core is the electromagnetic
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force. The wider the cross-section from which the flux comes and the shorter the length of the core,
the greater the generated electromagnetic force.

Therefore, considering the factors described above and the leakage magnetic flux, we further
conducted FEM simulations by changing the core shape [6].

As shown in Figure 9, the optimized core shape was fabricated. Both dimensions are the same as
the fabricated prototype with three poles. w is average value of the core width. To maximize the torque
and minimize the losses, the core material was changed to electrical steel. The selected core material
was 50PN350, characterized by Bsat = 1.62 T and core loss 3.50 watt per kilogram, from Pohang Iron
and Steel Company (POSCO). The shape of the core was made by EDM (electro discharge machining).
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3.2. Design and Control of the Proposed Internal Fixed Gripper

Figure 10a,b show the schematic of a wobble motor with an internal EM and a method of the control
signal to change the magnetization direction of the EM. The driving sequence is controlled by the directly
manufactured MCU. Table 2 also shows the parameters of the wobble motor driven by an internal EM.
To change the magnetization direction of the Alnico5 of the manufactured EM, a capacitor-type driver
was used instead of the motor driver used in the previous experiment. The driving voltage was 35 V.

As shown in Figure 10d, the A, B, C and D poles of wobble motor are connected the driver of
A’ B’ C’, and D’. Figure 10c shows how the wobble motor is driven. The magnetic flux flows from
the B pole to A pole and pulls the rotor. when current is applied to the A and C poles as shown in
Figure 10c, the magnetic flux of the A pole flows only inside because the magnetization directions of
the two magnets are opposite. The magnetic flux of the C pole flows outward, and the magnetic flux
flows from the B pole to the C pole. The A, B, C, and D poles can change the polarity of the output
according to the MCU signal, as shown Figure 10b, in the driver operation sequence. Thus, the rotor
rotates. As mentioned in the driving method, the wobble motor with the EM can be rotated or fixed by
changing the polarity of the Alnico5 magnet.

Figure 10b shows the entire experimental setup, the internal stator with the EM coupled, and the
assembled gripper. It is connected in the order of winding coils in the EM—A, B, C, and D—and can
change the polarity of the output according to the MCU signal, as shown Figure 8b in the driver
operation sequence. The MCU required to drive the proposed gripper was directly manufactured and
the drive voltage was 35 V. As mentioned in the driving principle, the gripper can be rotated or fixed
by changing the polarity of the magnet using a capacitor-type driver.
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the EM and assembled gripper.

Theory and Experimental Validation Results

Table 3 shows the parameters of the proposed gripper with the internal EM. Tp is pulse length,
and the torque can be control by adjusting the pulse length. When the driving frequency is 25 Hz and
Tp is 400 µs, the theoretical stall torques considering the flux leakage and FEM stall torque are 1.5 and
1.3 Nmm respectively. The experimental result was 0.8 Nmm. The experimental result shows an error
of 87% and 62% in the theoretical result and the FEM result, respectively.
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Table 3. Parameters of the wobble motor.

Parameter Dimension Unit Parameter Dimension Unit

Outer diameter of the rotor (Ro) 11 mm Number of poles 4 mm
Inner diameter of the motor (Ri) 9 mm Air gap 0.1 mm

Diameter of the stator (Si) 8.9 mm Number of turns 30 turns
Thickness of the stator 2 mm

Material of the core Pure ironLength of two magnets 1 mm
Diameter of two magnets 2 mm

4. Conclusions

This paper presents a method that considers the leakage magnetic flux in increasing the accuracy
of a circuit model, including the electromagnet and electro permanent magnet used in the method of
driving and fixing the wobble motor for the proposed gripper. We also present a partial differential
equation for the electromagnetic field, expressed as a continuous function over time and space using the
distribution parameter method. In addition, the force generated by the wobble motor was calculated
by approximating the model, in order to avoid difficulties in analysis and facilitate use of a linear
coordinate system. As mentioned in the introduction, it is impossible to accurately present the leakage
flux, but by assuming that the path of the leakage magnetic flux consists of a straight line and an arc,
a reduction in error in the force generated, when the leakage magnetic flux was considered and not
considered, was confirmed by comparing the FEM results and the experimental results. For the wobble
motor with the external EM, comparing the result of including leakage flux and the FEM result, it is
shown that the error is reduced from 38% to 13%. However, an error becomes large when the leakage
flux is not considered. In the three poles of the internal wobble motor, the stall torque is increased from
230 µNm to 350 µNm through shape optimization using 50PN350 material. For the wobble motor with
the internal EM, comparing the experimental result, the FEM result, and theoretical result, it is shown
that there is a maximum error of about 87%. Theoretically, the torque is proportional to the square of
the current, number of turns, and the shape. However, the loss of friction, fabricated losses, flux leak,
and the hysteresis effect all affect the experimental measurements. The wobble motors have errors
in the process of combining two magnets and manufacturing the core shape and rotor. Therefore,
In the case of the EM coil wound and the core shape, the model needs significant improvement to
manufacturing process, and if the air gap change can be expressed through geometrical functions, more
accurate results can also be obtained. Also, this paper used 2D, but if the method is expanded to 3D
then more accurate results can be obtained. However, in 3D analysis, the leakage path at the edge of the
core is difficult to model, so the error will slightly increase. However, our study is useful in that, based
on the results considering the leakage magnetic flux and the distribution parameter method, it not only
contributes to the selection of initial design parameters necessary for FEM analysis in wobble motor
designs, but the analysis results alone are meaningful as a basis for designing the wobble gripper.
In this paper, we proposed an new and improved model with the EM of the existing wobble motor.
The wobble motor is fixed from the outside, and the wobble motor can be fixed and rotated from the
inside EM. Theoretical analysis of the EM and the wobble motor and the modeling of FEM provided a
method to understand the driving principle and the theoretical results of the simplifying assumptions
differing from experimental results, but they are compatible. If the theoretical model is elaborated by
expanding to 3D with the air gap parameters, it is possibly more suitable than the existing wobble
gripper design model. If it is possible to make a wobble motor with maximum holding force, it is more
commercially suitable than the existing developed wobble motor. The proposed small gripper can
be commercialized in various fields, such as assembly lines of industrial machinery, driving devices,
grippers on small robots, and especially in the medical field.
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