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ABSTRACT This paper presents a novel tool-changing mechanism that leverages a coaxial magnetic
gear (CMG) with non-contact torque control capability. The non-contact power transmission feature
of the magnetic gear provides not only sensorless torque control for rotational motion but also easy
attachment/detachment without requiring additional actuation. Moreover, the isolation of the powertrain
makes it resilient to external impacts. To facilitate tool replacement, we have introduced a docking
station equipped with gas springs and an additional degree of freedom. This enables robust tool plate
interchangeability without concerns about disturbances during the attachment process. We also established
an integrated control structure by building upon our prior research, and the prototype of the proposed
mechanism was validated through experimentation using a 6-degree of freedom (DoF) robotic manipulator.

INDEX TERMS Mechanism design, factory automation, actuation and joint mechanisms.

I. INTRODUCTION
As the robot industry continues to advance significantly,
the adoption of manipulators for manufacturing automation
is becoming increasingly popular. This is primarily driven
by their benefits in terms of repeatability, reliability, and
the ease of achieving mass personalization [1]. Furthermore,
manipulators are not solely confined to factory automation;
they find utility across a diverse range of environments when
integrated with mobile robots. Even quadruped robots [2], [3]
equipped with a 6-DoF manipulator and gripper are capable
of performing mobile manipulation tasks, such as opening
doors, turning valves, and manipulating various objects.

However, the manufacturing or manipulation process often
involves multiple intricate tasks that cannot be adequately
handled by a robot equipped with a single end-effector,
leading to additional human interventions or universal end-
effector designs. Several research groups and companies
have been working to tackle this issue through unique
approaches [4], [5], [6], [7], such as the dual tool-flange
mechanism [4], adaptive grippers that use granular jam-
ming [6], dielectric elastomer [5], and fin-lay mechanisms

The associate editor coordinating the review of this manuscript and
approving it for publication was Hongli Dong.

[7]; However, the universal end-effector designs could
limit specific task-oriented manipulations such as bolting,
assembling, and milling.

Other approaches have been addressing this challenge by
implementing automated tool-changing mechanisms, which
involve switching the mounted tools to adapt to different
tasks. The automatic tool changers enable a robotic manip-
ulator to seamlessly employ various tools or end-effectors,
eliminating the necessity for human intervention during the
tool transition procedure. Table 1 shows a comparison of
commercially available tool changers’ coupling and actuation
methods. The automatic tool changers (SWS 005, Schunk [8]
and QC, ATI [9]) employ a pneumatic source to actuate the
coupling mechanism consisting of a taper and multiple balls.
The electric quick changer (EQC5, Gimatic [10]) employs
the coupling mechanism consisting of multiple balls driven
by an electric motor to lock and unlock the end-effector.
Nordbo Robotics [11] employs an electro-permanent magnet
(EPM)mechanism that utilizes high voltage to magnetize and
demagnetize permanent magnets, enabling the assembling
and disassembling of the tools. TripleA robotics [12] employs
a passive mechanism to change the tools using specially
designed docking stations. Still, the most automated tool
chaining mechanisms necessitate extra actuation for locking
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FIGURE 1. Proposed magnetic gear-based tool-changing module.

TABLE 1. Commercially available tool changer.

and unlocking the tool end-effectors. In this work, we have
introduced themagnetic gear in the tool-changingmechanism
to tackle the issues simply.

The magnetic gear is a remote power transmission
using the magnetic force of permanent magnets (PMs).
It was first proposed in 1980-1990 [13], [14] as the
counterpart of mechanical gear. This unique non-contact
transmission feature provides various advantages, such as
high-backdrivability, transparency, and impact resistance.
The magnetic coupling between input and output shows a
spring-like characteristic, which enables sensorless torque
control similar to the series elastic actuator [15]. Despite
these attractive features, it had very limited application due
to its low torque capability since only a small portion of PMs
were engaged in magnetic coupling. After Atallah introduced
the concept of coaxial magnetic gears (CMGs) [16], [17],
which significantly enhance the torque density, introducing
the use of the coaxial structure and a pole-piece ring (i.e.,
modulation ring) thatmakes all PMs engaging in themagnetic
coupling, numerous research groups have conducted in-depth
investigations into their practical applications, includingwind
turbine generator [18], electric vehicle [19], [20], marine
applications [21], [22], robotic applications [15], [23], [24].

In this paper, we propose a novel coaxial magnetic gear-
based tool-changing mechanism for a manipulator, and
its feasibility is evaluated with bolting task as shown in
Fig. 1. Thanks to the unique non-contact power transmission
feature of the magnetic coupling, the proposed mechanism
effectively interchanges the tools for specific tasks, solely
relying on the magnetic force without additional actuation
and intervention. In addition, the sensorless torque control
capability of the magnetic gear enables the torque control of
the tool without a torque sensor, which allows themanipulator
to conduct various force/torque-based tasks.

The contributions of this work are as follows:
• This work is the first proposal of a tool-changing
mechanism using a CMG.

• A simplified coupling mechanism of tool-changing
mechanisms based on a CMG

• A sensorless torque control of a tool-changer
• A design and experimental validation of a CMG-based
tool-changer

This paper is organized as follows with supplementary
videos (Videos S1-S2), Section II describes the novel
mechanical design of the coaxial magnetic gear-based tool-
changing module and docking station for replacement.
Based on our previous research regarding sensorless torque
control strategy using characteristics of magnetic coupling
[15], integrated control architecture was formulated in
Section. III. Section IV represents the validation of the pro-
posed tool-changing mechanism through experiments. The
discussion and conclusion are followed in Section V and VI.

II. MECHANISM DESIGN
This section describes the concept and mechanical design of
the proposed CMG-based tool-changing mechanism, mainly
focusing on how the tool-changing module can be detached
and attached.

A. COAXIAL MAGNETIC GEARS
The CMG consists of three main components: an inner rotor,
an outer rotor, and a pole-piece ring, also known as the
modulation ring (see Fig. 2(a)). Each of these rotors and the
ring is constructed with a specific number of pole-pairs and
ferromagnetic pieces. This particular arrangement generates
magnetic coupling between each component with a specific
transmission ratio. This transmission ratio, G, is determined
by the following [23]:

N = pi + po (1)

G =


wo/wN = N/po when inner rotor fixed
wi/wN = N/pi when outer rotor fixed
wi/wo = −po/pi when pole-piece ring fixed

(2)

where pi, po, and N are the number of pole-pairs of the inner
and outer rotor and ferromagnetic pieces of the modulation
ring, respectively. w represents the angular velocity of
corresponding parts (i.e., wi: inner rotor, wo: outer rotor; wN :
pole-piece ring).

In this work, we set the inner rotor as the input and
the pole-piece ring as the output in order to maximize the
transmission ratio (i.e., G = N/pi) and the corresponding
output torque. Each number of pole-pair and ferromagnetic
pieces was selected based on the ripple factor to minimize
the effects of ripple torque [25]. Additionally, we have
used rectangle-shaped PMs, rather than customized arc-shape
PMs, to reduce the cost of PMs. For the configuration of the
magnets constituting the CMG, we introduced the Halbach
array, one of the magnetic field concentration methods,
to enhance torque density within the system, as shown in
Fig. 2(b) [26]. Fig. 2(c)-(d) show the magnetic flux line
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TABLE 2. Parameters of the tool-changing module.

FIGURE 2. Schematics of CMGs (a) conventional CMGs, (b) Halbach array
CMGs with rectangle-shape PMs. (c)-(d) Magnetic flux line comparison of
the conventional array and Halbach array of the inner rotor with
rectangle-shape PMs.

generated by the inner rotor magnet array with the same
number of pole-pair but a different configuration using finite
element method magnetics (FEMM) simulation [27]: the
conventional arrangement in Fig. 2(c) and Halbach array
configuration in Fig. 2(d). These illustrations demonstrate
that the Halbach array effectively concentrates the magnetic
flux radially in an outward direction, consequently increasing
the torque capability of the magnetic gear. Interestingly,
all the components (i.e., the rotors and ring in Fig. 2(b))
of the manufactured coaxial magnetic gear are mechanically
isolated without any contact. Thus, each component can be
easily disassembled from the others, but when assembled
together, they can transmit torque due to the remote
power transmission capabilities of the magnets. Additionally,
because the magnetic gear teeth, formed through magnetic
field harmonics, can deform under external loads unlike
mechanical gears, they offer a virtual spring-like feature.
Further details on this characteristic will be discussed in
Section III. This unique property has been harnessed in
the development of an automatic tool-changing mechanism
in this study. The detailed parameters are summarized in
Table 2.

B. TOOL-CHANGING MODULE
Fig. 3 shows the schematic of the proposed magnetic
gear-based tool-changing mechanism, and it comprises two

FIGURE 3. Schematics of the tool-changing module. (a) tool-changing
module, (b) cross-section view, and (c) exploded view.

parts: the main plate and the tool plate. Since the unique
feature of the magnetic coupling allows the non-contact
power transmission, the two plates can be assembled and
disassembled without any complex mechanical component
but only utilize remote magnetic force for tool changing.
To implement the proposed tool-changing mechanism, the
following design has been introduced.

The main plate, which is intended to be attached to
the end tip of the robotic manipulator, consists of three
primary components (see Fig. 3(c)): the base plate, the
inner rotor of the magnetic gear, and the geared-DC motor
(JGB37-3530GB, Aslong). The inner rotor, consisting of
multiple magnet pairs, is mounted on the base plate via
a bearing, enabling free rotational motion relative to the
base plate. In this configuration, a rotational motion of the
inner rotor is connected to the geared-DC motor through two
pulleys (pulley #1 and #2 in Fig. 3(c)) and a timing belt.
Consequently, the geared-DCmotor can control the rotational
angle of the inner rotor.
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FIGURE 4. Overall assembly, tool operation, and disassembly procedures of proposed system.

The tool plate comprises the pole-pieces holder, outer rotor,
encoder (AMT-103V, CUI), and tool. Multiple ferromagnetic
pole-pieces are integrated into the pole-pieces holder to serve
the function of the pole-piece ring, as shown in Fig. 2.
The outer rotor incorporates several magnet pairs and is
linked to the pole-pieces holder via a bearing, enabling free
rotational movement relative to each other. The tool holder,
which houses a tool, is connected to the pole-pieces holder,
coupling their rotational motion, which is measured by the
encoder. The electric power and signal from the encoder are
transmitted to a controller through a pogo connector, which
allows for the connection of the signal lines (see Fig. 3(b)),
enabling the system to monitor the rotational angle of the tool
and the pole-pieces holder.

Finally, the proposed design allows the two plates to be
docked and merged into a unified form, configuring the
coaxial magnetic gear structure, as illustrated in Fig. 2(b),
thereby enabling torque transmission. The detailed assembly
procedure is depicted in Fig. 4. To ensure that there is
no relative rotational movement between the two plates for
effective power transmission through magnetic coupling,
we have introduced a dog-clutch mechanism on each side
of the plates. When the two plates are brought together
and engaged, the dog-clutches lock their relative rotational
motion and correct any misalignment, guaranteeing an
optimal assembled configuration.

The geared DC motor serves as an input source, and its
rotational motion of the motor is ultimately transmitted to the
tool throughmagnetic coupling. It is important to note that the
motor was exclusively employed as an illustrative example
for providing rotary motion to the magnetic gear, and as such,
it can be substituted with any other type of actuator, such
as a pneumatic rotary actuator or a joint of the manipulator,
depending on specific applications. Furthermore, it is worth

FIGURE 5. Schematics of the docking station (a) and its free body
diagram (b).

noting that the motor control is not involved or engaged in
the tool-changing process, and there is no need for auxiliary
actuation to facilitate the tool-changing.

In this work, the hex screwdriver bit was placed into the
tool holder and was utilized to fasten a bolt, severing as a
feasibility test.

C. DOCKING STATION
To address the concern of incomplete engagement if the tool
plate remains stationary during the docking process, with
potential risks to both the tool and the hardware, we have
introduced an automated and robust docking procedure. This
is achieved through the use of a docking station, depicted in
Fig. 5(a). The docking station consists of a module holder,
linear guide, and gas spring, providing a degree of freedom
along the z-axis with added stiffness. In addition, the docking
station allows for the tool plate to be smoothly slid and
securely placed into the module holder along the guide
groove, as illustrated in Fig. 4(E). The linear guide and the
gas spring work in tandem to restrict the movement of the
module holder along the z-axis.

Fig. 5(b) presents a simplified free-body diagram depicting
the tool plate on the docking station and the main plate
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on the manipulator during the tool docking process. In this
diagram, Fmag represents the magnetic force between the
main plate and the tool plate, while Ffric denotes the friction
arising from the contact of the dog-clutch shape when
there is misalignment. Fin signifies the input force (i.e.,
assembly downforce) originating from the manipulator, and
Fgas represents the force generated by the gas spring. Note
that Fgas is applied when z2 falls below zero.

Fassembly = Fmag + Fgas − Ffric (3)

Fgas =

{
0 z2 ≥ 0
kδlcos(θ) z2 < 0

(4)

δl = l −
√
l2y + (lz + z2)2 (5)

θ = atan(
ly

lz + z2
) (6)

Equation (3)-(6) represents the resultant force acting on
the tool plate during the docking process along the z-axis.
When viewed from an assembly standpoint, Fmag and Fgas
contribute positively to the assembly force, while Ffric
introduces a disruptive force that could potentially undermine
the precision of the assembly. Here, k , δl, and l symbolize
the stiffness, compressed distance, and equilibrium length
of the gas spring (see Fig. 5(b)). It is worth noting that we
have omitted the damping effect of the gas spring as the
process is assumed to be quasi-static. As Fgas generates a
positive assembly force that is linearly dependent on the
downward offset (i.e., −z), it serves as a buffer to counteract
the impact of Ffric. In the end, the inclusion of the gas
spring ensures a secure engagement between the main and
tool plates without causing damage to the hardware. The
stiffness of the gas spring was carefully chosen to visibly
demonstrate the gas spring effect of the docking station and
to effectively compensate for misalignment, as established
through experimental observations.

III. CONTROL ALGORITHM
A. TORQUE CONTROL OF TOOL-CHANGING MODULE
As stated in section II-A, the magnetic coupling has spring-
like characteristics, and this spring-like feature can be utilized
in sensorless torque control [15]. The torque of magnetic
coupling is derived as follows [28]:

τ = τg sin(θe) (7)

θe = piθm − Nθl (8)

where θm and θl represent the rotational angles on the inner
rotor (i.e., motor) and the pole-piece ring (i.e., load sides),
respectively, while τg denotes the amplitude of the sine
wave torque. θe is the electrical deflection angle of magnetic
coupling. Fig. 6(a) illustrates the output torque of magnetic
gear depending on the electrical deflection angle, θe, using
FEMM [27].

Since the magnetic coupling shows the sinusoidal wave
torque profile (see Fig. 6(a)), the stiffness of magnetic

FIGURE 6. Simulated result of torque of magnetic gear (a). Experimental
result of estimated stiffness of magnetic spring using PID controller:
(b) estimated stiffness, (c) electrical deflection angle, and (d) torque.

coupling could be approximately linearized within a confined
operating region. Therefore, (7) represented as follows:

τ = Kf θe (9)

This assumption enables the linearization of the magnetic
gear’s dynamics and the application of linear control
methodologies. More detailed information on the torque
control of the magnetic gear can be found in our previous
research [15].

To experimentally determine the stiffness of magnetic
coupling, a proportional-integral-derivative (PID) controller
was employed to control θe (see Fig. 6(c)) while a load
cell (BDCM-100, BONGSHIN) measured the corresponding
output torque (see Fig. 6(d)). Fig. 6(b) presents the experi-
mentally estimated stiffness of the magnetic coupling, with a
value ofKf at 1.7314 Nm/rad. This stiffness value determined
here is employed for the sensorless torque control of the
tool. Note that there was a discrepancy observed between
the simulated and experimental outcomes. This will be
thoroughly addressed in the discussion section. Furthermore,
the maximum torque capacity (i.e., maximum transmittable
torque) of the designed magnetic gear was measured to be
2.42 Nm. It is important to note that if the torque applied
to the magnetic coupling exceeds this maximum capacity,
a pole slip occurs, resulting in disengagement of the magnetic
coupling, as discussed in our previous work [15]. This feature
ensures hardware safety by preventing mechanical damage.
The detailed specification of the tool-changing module is
summarized in Table 2.

B. INTEGRATED CONTROL ALGORITHM WITH
MANIPULATOR
In this work, a bolt-tightening demonstration was conducted
to verify the feasibility of the proposed tool-changing
module. To effectively utilize the tool-changing module for
the task, it was imperative to have not just a robust torque
controller but also an additional z-direction controller for
the manipulator that can maintain a stable connection with
the screw plate since the bolt will descend as it rotates.
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FIGURE 7. Schematic outline of bolting task.

Therefore, we have introduced an admittance controller for
themanipulator along the z-direction in the operational space.
Due to the absence of a torque/force sensor in each joint of the
manipulator (RB-850, Rainbow Robotics), an additional load
cell was temporarily implemented underneath the screw plate
for the z-directional force feedback (see Fig. 7). To enable
the robotic manipulator to mimic the behavior of having a
virtual mechanical impedance, the admittance control law is
calculated as follows [29]:

Mdz (z̈d − z̈0) + Cdz (żd − ż0) + Kdz (zd − z0) = Fext (10)

whereMdz ,Cdz , andKdz are the z-directional desired mechan-
ical impedance in the operational-space of the manipulator.
z0 is the z-directional equilibrium position of the admittance
controller, and zd is the z-directional desired reference of the
manipulator. Fext is external forces applied to the system.
Eq. (10) implies that the virtual dynamics between the
tool-changing module and screw plate are realized with
respect to the equilibrium point by regulating the reference
position of the manipulator. To secure contact between the
hex screw bit of the tool-changing module and the screw
plate, the equilibrium point, z0, should be positioned beneath
the contact point. We have updated the equilibrium point as
the rotation of the load side of the magnetic gear (i.e., rotation
of the hex screw bit) as follows:

z0 = −pθl − α + zinit (11)

α =

∫
δdt, (0 ≤ α ≤ αmax) (12)

where p is the pitch of the screw, zinit is the initial value
of the equilibrium, and α is the additional reference as a
function of time. The δ and αmax are the tuning parameters
that determine the rate change of the additional reference of
the equilibrium point and its limit value. This control law
gradually increases the equilibrium point until the interaction
force reaches the threshold value, which is determined by the
impedance value of the admittance controller. The integrated
controller is shown in Fig. 8.

IV. EXPERIMENTS
The proposed magnetic gear-based tool-changing module
was validated through two experiments: 1) tool replacement
and 2) fastening the bolt under constant torque. Fig. 9(a)-(b)
shows the experiment setup and its workflow. Fig. 9(a) A-D

FIGURE 8. The control scheme of the magnetic gear-based tool-changing
module.

depicts the tool replacing experiment and Fig. 9(b) E-H
shows the process of fastening the bolt (see supplementary
Videos S1-S2). The experiments involved the use of a motor
driver (EsconModule 24/2, Maxon) to control the geared-DC
motor, and a microprocessor (LAUNCHXL-F28379D, Texas
Instruments) was utilized to execute the torque controller
for the magnetic gear. The high-level controller ran on
Simulink Desktop Real-Time (Matlab R2022b, Mathworks),
and communication between the high-level controller and the
roboticmanipulator was established using a TCP/IP interface.

A. TOOL-CHANGING
Fig. 9(a) A-D illustrates the procedure for swapping the
tool plate using the magnetic coupling without the need for
additional actuation. The docking station is instrumental in
providing a reliable method for attaching and detaching the
tool plate. It achieves this through the gas spring and an
additional degree of freedom along the z-axis. As the tool
plate is assembled, it exerts a positive force by moving z2
(as seen in (3)) in the negative z-direction. This movement
compensates for the frictional force (Ffric), ensuring a secure
attachment. Fine-tuning the additional z2 movement was
necessary due to the nonlinearity of the magnetic coupling
force (Fmag) and the frictional force (Ffric). In the case of
detachment, the force of the gas spring becomes inactive once
it has reached its maximum allowable stroke, holding the tool
plate in a fixed position. The demonstration video shows the
assembly and disassembly procedure with the docking station
(see Video S1).

B. TIGHTENING THE BOLT
Fig. 9(b) E-H depicts the bolt-tightening process using
the magnetic gear-based tool changer. Once the high-level
controller received the signal indicating that the robotic
manipulator had reached the predetermined bolt position,
a torque command was generated for the torque controller.
Concurrently, the admittance controller was engaged until
the electric deflection angle, θe, of the magnetic gear
(i.e., estimated torque) reached the corresponding reference
electric deflection angle, θe_ref (i.e., target torque), with the
equilibrium point of the admittance controller continuously
updated to account for the load-side rotation. The experiment
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FIGURE 9. The experiment progress and results. (a) tool-changing sequence: (A-B) Detaching the tool plate; (C-D) Changing to another
tool plate with a different screwdriver bit. (b) bolt-tightening process (E) Approaching the bolt; (F-G) Tightening the bolt using z-axis
admittance controller to maintain continuous contact between the bolt and the bit (H) Completion of the task. (c)-(d) reference tracking
of the electrical deflection angle and torque, and corresponding (e) load angle, (f) force, and (g) reference and equilibrium point of
admittance controller.

result is shown in Fig. 9(c)-(g). As shown in Fig. 9(c)-(d),
the torque controller effectively reaches the desired reference
of the electrical deflection angle, which results in torque
due to magnetic coupling. Fig. 9(c) represents the reference
electrical deflection angle, θe_ref , and the electrical deflection
angle, θe, and Fig. 9(d) illustrates the corresponding torque
output. Note that the torque represented in Fig. 9(d) was
calculated from the relation between the electrical deflection
angle and the torque. Fig. 9(f)-(g) shows the forces from
the load cell (see Fig. 7) and the equilibrium position of
the admittance controller during bolting. The admittance
controller shows a gradually increasing equilibrium position,
meaning that the end of the tool maintains contact with
the screw plate. The demonstration video illustrates the
accomplishment of the bolting process using the suggested
CMG-based tool-changing module and integrated controller
(see Video S2).

V. DISCUSSION
We introduced a coaxial magnetic gear-based tool-changing
mechanism that employs magnetic coupling for both
tool replacement and torque control simultaneously. This
non-contact power transmission mechanism offers several
advantages, including high transparency, backdrivability, and
hardware safety. In terms of design, the magnetic gear in
the proposed system capitalizes on its inherent non-contact
transmission capability to enhance hardware safety. This
distinctive attribute of the magnetic gear plays a crucial role
in isolating the powertrain, thereby ensuring the hardware’s
safety and functioning as an effective torque limiter. Although
the implementation of an admittance controller, integrated
with a 6-DoF T/F sensor, could potentially address this
challenge, the physical isolation offered by the magnetic
gear ensures that the integrity of the system is maintained
independently of the performance of the controller.

However, there are several challenges that need to be
addressed. Since the tool plate is connected to the main
plate solely through magnetic force, the payload capacity of
the tool plate is limited by magnetic coupling, consequently
restricting its potential applications. Additionally, the output
torque displayed considerable variances between the simu-
lated and experimental findings (see Fig. 6(b)). This disparity
is attributable to multiple factors: Firstly, it originates from
the end-effects. Typically, 2D FEMM tends to overestimate
performance as it fails to account for magnetic leakage
and fringing, which are integral aspects of the end-effects.
Secondly, the discrepancy may also be due to frictional losses
arising from the hardware assembly and issues related to
tolerance.

During the experiments, the success of the bolt-tightening
task was determined by monitoring the electrical deflection
angle of the magnetic gear. This angle serves as an
indicator of the applied torque in a sensorless manner,
which has the potential to decrease costs and increase the
system’s robustness. However, for tasks that require greater
precision and accuracy, employing additional sensors could
be considered to detect specific events during the operation.

We believe that this mechanism is well-suited for
lightweight applications and scenarios where direct torque
feedback is essential for precision control and protection of
the system, such as tasks including assembling, impacting,
and collaborating with humans. It is worth noting that despite
the high transmission efficiency of magnetic gears, our proto-
type experiences some frictional losses due to the tolerances
in the 3D-printed components. These challenges can be
mitigated through hardware improvement in future work.

VI. CONCLUSION
In this paper, we proposed a coaxial magnetic gear-
based tool-changing mechanism and docking station for
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tool replacement. This system utilizes the CMGs for sen-
sorless torque control, has resilience to external impacts
due to non-contact power transmission, and offers tool
interchangeability. Through experimental validation, we have
demonstrated the feasibility and effectiveness of the proposed
CMG-based tool-changing mechanism. We presented a
control algorithm designed for bolting tasks, which combines
a torque controller and an admittance controller to maintain
a connection with the screw plate and the bolt. Despite
some limitations, such as payload capacity constraints and
frictional losses, this mechanism shows great promise for
lightweight applications and tasks that demand direct torque
feedback in rotational motion.
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