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Abstract— Magnetic field is a favorable power source for
actuation and control of micro-/nanorobots. To overcome the
fast decay of magnetic field for large-workspace microrobotic
actuation, mobile field source-based systems have been pro-
posed. In this work, we report a new mobile-coil system, i.e.,
QuadMag. It consists of four electromagnetic coils, whose mo-
tion is actuated by a parallel mechanism. Compared to previous
systems with three mobile coils, e.g., DeltaMag, the additional
coil in the QuadMag increases the degree-of-freedom (DoF) for
magnetic control. However, to control QuadMag, new control
methods should be developed for the over-constrained parallel
mechanism and for the field/force of the four coils. We derive
the Jacobian matrix for the differential motion of the parallel
mechanism and then formulate the field, force and simultaneous
field and force control methods for magnetic actuation. Com-
parative experiments validate the enhanced actuation efficiency
when controlling torque-driven helical microrobots. Moreover,
the magnetic actuation dexterity is also enhanced by the
additional coil. We conduct simulated navigation experiments
and prove the actuation capability of QuadMag for 3D force-
driven microrobot navigation with controlled robot orientation.

I. INTRODUCTION

The microrobotics field has been developing very fast
in recent years [1]–[4]. Regarding the power sources for
wireless microrobot actuation, magnetic field is the most
favorable one due to its high controllability and biocompati-
bility. Also, its penetration ability to biological tissues makes
magnetic microrobots good candidates for biomedicine. Re-
cently, studies on magnetic microrobots have paved the way
to real applications [5]–[12]. From the robotics perspective,
motion control of magnetic microrobots is the foundation of
such applications [13], and related techniques have provided
solutions to individual [14], multiple [15], [16], and swarm
[17]–[20] microrobot control. These techniques endow mag-
netic microrobots with the efficient and automated navigation
capability for targeted delivery/therapy.
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The untethered control manner of magnetic microrobots
require an external magnetic actuation system to generate
controllable magnetic fields [21]. Such systems can be
classified into two categories: permanent magnet-based and
electromagnetic coil-based. As the field of a magnet is
constant, the pose of the magnet should be changed by
robot arms [22] or motors [23] to generate dynamic magnetic
fields. The limited bandwidth of the mechanical motion may
put constraints on the allowable field frequency. This type
of system has recently witnessed the advances in active in-
body catheter manipulation [24]. In comparison, the field
of coil-based systems can be easily controlled by regulating
the coil currents. Various system configurations composed
of arrays of stationary coils have been designed that are ca-
pable of high-frequency microrobotic actuation, for example
the Helmholtz system [25], the OctoMag system [26], and
many others [27], [28]. To strengthen the produced magnetic
fields, coils are usually wrapped on iron cores, resulting in
more complex system structures (e.g., the cooling module)
and larger system volumes than those of the permanent
magnet-based systems. Thus, to provide human-body-scale
workspace, the fast decay of magnetic field would result in
bulky coil-based systems, such as the CardioMag system [29]
and the Aeon Phocus system [30]. In addition, the large coil
would exhibit high inductance and power consumption.

Mobile coil-based systems, first introduced in [31], pro-
vide an alternative design for large-workspace microrobotic
actuation. Coils are manipulated by robotic mechanisms to
reach desired poses, and coil currents are simultaneously
controlled to generate desired magnetic fields [32]. However,
development of such systems containing multiple coils is
challenging. Firstly, the large sizes/weights of coils require
sophisticated mechanism design to actuate the coils’ motion.
Secondly, owing to the nonlinear and non-intuitive field
distribution of an electromagnetic coil, position and pose
variations of multiple coils lead to challenges in real-time
computation of the resulting composite field as well as the
inverse computation problem of coil poses and currents. Re-
cently, the DeltaMag [33] and RoboMag [34] are proposed,
in which the motion of three coils are actuated by the parallel
mechanism and robotic arms, respectively. However, how to
extend the system design and control to more than three coils
is untackled, which is necessary to increase the field control
DoF so as to enhance the system capabilities in terms of
magnetic actuation efficiency and dexterity.

In this paper, we propose the QuadMag system that
consists of four mobile coils whose motion is actuated by
an over-constrained parallel mechanism. As shown in Fig.
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Fig. 1. The mechanical part of QuadMag. (b) A photo of the QuadMag
mechanism. (b) The mechanical design of each branch of QuadMag.

1(a), the system structure makes the four coils integrated into
the parallel branches. By this design, the coil volumes do
not interfere with the workspace of the parallel mechanism.
In addition, every coil in the system has non-overlapping
motion with the other ones, ensuring the intrinsic safe
mechanical motion. Unlike DeltaMag, the parallel mech-
anism in QuadMag becomes over-constrained, i.e., eight
points constraints on the coil-end plate. As a result, the
inverse kinematics-based position control used in DeltaMag
[33] would lose effectiveness. In addition to the difference
in mechanical motion control, the extra coil increases the
DoF of magnetic control. We have applied DeltaMag for
controlling catheter [35] and microrobots [36], for which, to
generate a 3D field, the coil currents have unique solutions.
Since QuadMag contains four coils, it has redundancy for
the 3D field generation that can be utilized for other control
purposes, e.g., optimization of the coil currents. Furthermore,
the increase of the magnetic control DoF makes it possible to
perform the simultaneous magnetic field and force control,
which is beyond the capability of the DeltaMag system.

II. SYSTEM OVERVIEW OF QUADMAG

The QuadMag system mainly consists of four components:
the mechanical part, the mechanical motion control module,

the coil current control module, and the host computer for
high-level task computation.

Mechanical part: Fig. 1(b) illustrates the mechanical de-
sign of one coil branch of QuadMag. Each coil is integrated
into the parallel mechanism by two spherical joints. To
tolerate fabrication error, the Linkage II and a spring is
adopted to connect the coil and the sliding block. The sliding
block moving on a vertically fixed linear track is driven by
a synchronous belt. The other ends of the four branches are
attached to the ’coil-end plate’. By this design, each coil
moves with the parallelogram mechanism, and pose/position
of the coil can be deduced via mathematical formulation.
This parallel mechanism can drive the coil-end plate to a
cylindrical workspace of Φ200 × 300 mm3. Regarding the
state feedback, cameras can be installed on the coil-end
plate, and such eye-in-hand configuration enables the large-
workspace and high-resolution microrobot tracking.

Mechanical motion control module: A stepper motor drives
the synchronous belt for the motion of the sliding block.
To realize correct mechanical motion, the four motors are
simultaneously controlled by an Arduino Mega 2560 with
a control frequency of 100 Hz. Desired positions of the
coil-end plate are planned by the host computer and then
sent to the Arduino via serial communication (50 Hz).
Mechanical motion control method formulated in the next
section is implemented in the Arduino. After it receives the
next position of the coil-end plate, the Arduino executes the
control method and makes the four motors output correct
actions. At the same time, the Arduino also transmits the
current positions of the four sliding blocks to the host
computer which is required in the magnetic field control.

Coil current control module: Each of the four coils is
driven by a servo-amplifier (Model: ESCON 70/10, Maxon
Inc.), and the maximum output current is 10 A. Coils are
equipped with 1J22 soft iron cores to strengthen the field. It
is measured that the maximum field is 23 mT at the axial
distance of 30 mm. The host computer sends desired coil
currents to servo-amplifiers via a multifunctional I/O card
(Model: 826, Sensoray Inc.), and then the servo-amplifiers
output the required currents in the four coils.

Host computer: Computation of the high-level tasks are
accomplished by the host computer, which mainly include:
(1) image processing to obtain the current position of the
working microrobot; (2) planning of the motion of the coil-
end plate and transmitting it to the Arduino; (3) calculation
of the desired magnetic field/force according to the control
task; (4) calculation of the required coil currents of the four
coils and transmitting them to the servo-amplifiers.

III. MECHANICAL MOTION CONTROL

A. Mechanism constraints of QuadMag

The geometric representation of the k-th (k ∈ {1, 2, 3, 4})
branch of QuadMag is depicted as Fig. 2, in which vectors
(e.g., n̂G

P) are denoted by lower-case bold font, and the
superscript and subscript are their coordinate frame and
identifier, respectively. The ’hat’ symbol marks unit vectors.
Space points are marked by upper-case standard font, for
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Fig. 2. Geometric representation of k-th branch of the QuadMag. Important
points and vectors for kinematics modelling and field computation are
marked in the figure. bG

k (p
G
W) ∈ R3 denotes the field vector of the k-

th coil at point W.

example, points P and W denote the positions of the coil-
end plate center and the working point where the magnetic
microrobotic device locates, respectively. Variables and con-
stants are marked by lower-case and upper-case italic fonts,
respectively.

The four coil branches are uniformly distributed around
n̂G
P (the normal vector of the coil-end plate). To make sure

the coil branches can be well attached on the coil-end
plate without physical interference among them, the distance
between point P and point Mk should be large enough. This
design makes each coil branch provide two point constraints
on the coil-end plate. That is, three branches (i.e., six point
constraints) is sufficient to fully constrain the coil-end plate
motion, as shown in the DeltaMag system. Although this
fact, it would be necessary to adopt more coils to increase the
DOFs of the magnetic control [37]. The QuadMag extends
the magnetic control DoF to four, and combining its motion
control DoFs, it has the capability of simultaneous field and
force magnetic control. However, on the other side, the coil-
end plate is over-constrained by eight points of the four
branches that leads to the difficulty of the mechanical motion
control.

B. Differential Control Method

To make the over-constrained parallel mechanism work
correctly, the eight point constraints should be satisfied at
any time instants. For this objective, the inverse kinematics-
based method for DeltaMag is infeasible, and we propose
the differential motion-based method. That is, velocities of
all the four actuators are precisely controlled in real time.

Referring Fig. 2, the coordinate of Mk at the global
coordinate frame {G : OG − x̂G ŷG ẑG} can be obtained by

pG
Mk

=

 xMk

yMk

zMk

 =

 xP + LMP cosαk

yP + LMP sinαk

zP

 (1)

where LMP is a constant length between point P and point
Mk. pG

P = [xP yP zP]
T ∈ R3 represents the coordinate of the

coil-end plate center and αk is defined as

αk = 90◦ × (k − 1), k = 1, 2, 3, 4 (2)

The coordinate of Ak is calculated by

pG
Ak

=

 xAk

yAk

zAk

 =

 Lh cosαk

Lh sinαk

Lv − qk

 (3)

where Lh and Lv are the constant horizontal and vertical
distances between OG and Ak respectively. qk is the position
of the k-th sliding block starting from point Sk. Due to the
parallelogram structure, ||pG

Ak
− pG

Mk
|| is a constant, that is

||pG
Ak

− pG
Mk

|| − LAM = 0 (4)

where LAM is a constant length between point Ak and Mk.
Substitute Eq. (1) and (3) into (4), then we have

(xP − xk)
2 + (yP − yk)

2 + (zP − zk)
2 = L2

AM (5)

in which 
xk = Lh cosαk − LMP cosαk

yk = Lh sinαk − LMP sinαk

zk = Lv − qk

(6)

Differentiating Eq. (5) with respect to time leads to

(xP − xk)ẋP + (xP − yk)ẏP + (zP − xk)żP =
q̇k

zk − zP
(7)

Rearrange Eq. (7), then we have

q̇ = JmṗG
P (8)

where q = [q1 q2 q3 q4]
T. Thus, Jm is the Jacobian matrix

that relates the velocity of the coil-end plate to the velocities
of the sliding blocks, which has the following expression:

Jm =


xP−x1

z1−zP

yP−y1

z1−zP
−1

xP−x2

z2−zP

yP−y2

z2−zP
−1

xP−x3

z3−zP

yP−y3

z3−zP
−1

xP−x4

z4−zP

yP−y4

z4−zP
−1

 (9)

Using Eq. (8), the mechanical motion of QuadMag can be
controlled in a differential manner to fulfill the mechanical
constraints. pG

P and q at time instant N∆t can be obtained
by pG

P (N∆t) =
∑N

n=0

{
ṗG

P (n∆t) ·∆t
}

q(N∆t) =
∑N

n=0

{
Jm(n∆t)ṗG

P (n∆t) ·∆t
} (10)

where ∆t denotes the control interval of the Arduino.

IV. MAGNETIC FIELD AND FORCE CONTROL

When actuating microrobots in large space, poses of the
four coils should be adjusted in pace with the microrobot.
Therefore, magnetic control inputs should be recalculated
which is not straight-forward due to the non-intuitive field
distribution around the coils. This section will present how
to control the field and force of QuadMag as well as their
simultaneous control.
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A. Magnetic Field Control
To compute the composite field of the four coils, we first

transform pG
W, i.e., the position of the microrobot, to the

coils’ local frames {Ck : OCk − x̂Ck ŷCk ẑCk , k = 1, 2, 3, 4}.
In the global frame, for the k-th coil, the origin OCk of its
local frame coincides with point Ck as shown in Fig. 2. The
coordinate of Ck is computed by

pG
Ck

=

 xCk

yCk

zCk

 = pG
Ak

+
LAC

LAM

(
pG
Mk

− pG
Ak

)
(11)

where LAC is the constant length between Ak and Ck. Let
pG
ACk

denotes the vector from point Ak to point Ck, i.e.,
pG
ACk

= pG
Ck

−pG
Ak

, then, due to the cylindrical shape of the
coil, vectors pG

ACk
, pG

CWk
and the field vector bG

k (p
G
W) are

coplanar, the following function holds∣∣ pG
ACk

pG
CWk

bG
k (p

G
W)

∣∣ = 0 (12)

where pG
CWk

is defined by the same way as pG
ACk

, and
|•| stands for the determinant operation. To simplify the
computation, the local frame {Ck} is uniquely determined by
three conditions: (1) its ẑCk direction aligns with the axial
direction of the coil; (2) its x̂Ck ẑCk plane coincides with the
plane expanded by the three vectors in Eq. (12); (3) its x̂Ck

direction is chosen such that xCk

W is always greater than or
equal to 0. Based on the three conditions, in the local frame
of the k-th coil, the coordinates of W read

zCk

W =

(
pG
ACk

)T
•pG

CWk

||pG
ACk

||

yCk

W = 0

xCk

W =
√
||pG

CWk
||2 − (zCk

W )2

(13)

Now, the coordinates of W are transformed to the local
frames of every coil. Assume the k-th coil with soft iron core
is operated at its linear range, its magnetic flux density–bCk

k

(unit: mT) at pCk

W depends linearly on the coil current–ik,
which can be calculated by

bCk

k (pCk

W) = ik · bCk

k (pCk

W) = ik · MCk

k (pCk

W) (14)

where MCk

k (•) stands for the unit field map of the k-th coil
[33]. The overbar symbol marks unit field parameters that
are induced by 1 A coil current.

After coordinate rotation transformation, the magnetic
fields of the four coils in the global frame are obtained by

bG
k (p

G
W) = GRCk

(pCk

W ,pG
P) • bCk

k (pCk

W) (15)

where GRCk
(pCk

W ,pG
P) ∈ R3×3 is the corresponding rotation

matrix with transformation from {Ck} to {G}. According to
the superposition property of magnetic fields, the total field
at pG

W can be calculated by

bG(pG
W) = [bG

1 (p
G
W) bG

2 (p
G
W) · · · bG

4 (p
G
W)] • i = B • i (16)

where i = [i1 i2 i3 i4]
T is the vector of coil currents.

If a desired field is given, the exact required coil currents
can be obtained by

i = B† • bG(pG
W) (17)

where B† represents the pseudo-inverse of B.

B. Magnetic Force Control

The magnetic force exerted on the microrobot depends on
the gradient matrices of the four coils. Due to the cylindrical
shape of the coil and the definition of the local frames, the
unit gradient matrix of the k-th coil at pCk

W is simplified as

GCk

k (pCk

W) =


∂Mx(pCk

W )

∂xCk
0

∂Mx(pCk
W )

∂zCk

0
∂My(pCk

W )

∂yCk
0

∂Mx(pCk
W )

∂zCk
0

∂Mz(pCk
W )

∂zCk

 (18)

where ∂Mz(pCk
W )

∂zCk
= −

(
∂My(pCk

W )

∂yCk
+

∂Mx(pCk
W )

∂xCk

)
. Mx(pCk

W)

represents the x component of the unit field map at pCk

W .
To compute the composite magnetic force at the global

frame, we need to first calculate the magnetic forces of the
four coils at the coils’ local frames considering that the
gradient matrix is non-rotational. This step is expressed by

fCk

k (pCk

W) = GCk

k (pCk

W) • mCk

= GCk

k (pCk

W) • CkRG(pG
W,pG

P) • mG (19)

where mG is the magnetic moment vector of the microrobot
and CkRG(pG

W,pG
P) = GR−1

Ck
(pCk

W ,pG
P). Then, the unit mag-

netic forces are transformed to the global coordinate frame:

fGk (p
G
W) = GRCk

(pCk

W ,pG
P) • fCk

k (pCk

W ,mG) (20)

According to the superposition principle, the total magnetic
force at the microrobot location pG

W can be calculated by

fG(pG
W) = [fG1 (p

G
W,mG) · · · fG4 (p

G
W,mG)] • i = F • i (21)

If the orientation of the microrobot is constrained by the
working environment, i.e., mG does not change with the
magnetic field, the required coil currents can be obtained
by

i = F† • fG(pG
W) (22)

C. Simultaneous Field and Force Control

At some scenarios, the microrobot moves in free fluid and
its orientation is required to be controlled, e.g., the endoscope
[22]. For such applications, the magnetic field and force
should be simultaneously controlled [26]. The additional
magnetic control DoF and the mechanical motion DoFs make
it possible to realize this objective.

In quasi-static magnetic manipulation, it is reasonable to
assume that the magnetic moment of the robot aligns with
the magnetic field, i.e.

b̂
G
(pG

W) = m̂G (23)

Thus, we can achieve the required robot orientation by

i′ = B† • m̂G (24)

Then, we find the null space of B, i.e., i′′ ∈ R3, by solving

B • i′′ = 0 (25)
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Fig. 3. Control of the mechanical motion of QuadMag in the workspace
(diameter: 200 mm), which validates the control method and the constructed
system. The control process is included in the Supporting video.

The magnetic force vectors corresponding to î
′

and î
′′

are{
f′ = F • î

′

f′′ = F • î
′′ (26)

By controlling the relative position between the coils and
the microrobot, i.e, pG

PW, we ensure f′ and f′′ are linearly
independent and utilize the two force DoFs to actuate the 3D
motion of microrobots. Firstly, considering the gravity force,
we ensure the magnetic force in the zG direction equals the
desired one, i.e., fd.z, by

f′.z · I1 + f′′.z · I2 = fd.z (27)

where I1 and I2 are coefficients to be solved. The second
condition to fulfill is that the direction of the magnetic force
in the xy plane equals the desired one:{

f′.y·I1+f′′.y·I2
f′.x·I1+f′′.x·I2

= fd.y
fd.x

, if fd.x ̸= 0

f′.x · I1 + f′′.x · I2 = 0, if fd.x = 0
(28)

Now, combining Eqs. (27) and (28), we can obtain I1 and
I2, and the final coil current vector i is

i = î
′
· I1 + î

′′
· I2 (29)

and the resulting magnetic force is f = F • i. In order to make
sure Eqs. (27)(28) have feasible i and also to optimize i, we
adjust the xy component of pG

PW, i.e., pG
PW.xy to minimize

the following cost function:

Cost = W1 · ||̂f.xy − f̂d.xy|| −W2 · ||f.xy||+ ||i|| (30)

Where W1 and W2 are constant weights, and the three terms
are to minimize the force direction error in the xy plane,
maximize the resulting magnetic force in the xy plane, and
minimize the coil currents, respectively. By this optimization
process, the coil positions and coil currents could be obtained
to generate the desired robot orientation and motion.

V. VALIDATION RESULTS

A. Control of the Over-Constrained Parallel Mechanism

We first conduct experiments to validate if the mechanical
motion of the constructed QuadMag can be well controlled

-60 -40 -20 20 40 600
p

W
.x (mm)

0

10

20

30

40

50

iT
i

Highest-power coil (QuadMag)
Sum of all coils (QuadMag)

Highest-power coil (QuadMag without the 4th coil) 
Sum of all coils  (QuadMag without the 4th coil)

(a)

(b)

50 mm
O𝒢𝒢

𝐳𝐳�𝒢𝒢

𝐲𝐲�𝒢𝒢 𝐱𝐱�𝒢𝒢Helical 
robot

Fig. 4. Actuation of a magnetic helical robot (Φ5 × 10 mm) swimming
through a lumen filled with water. (a) The experiment process that the robot
moves from [-70 -70 0]T to [70 70 0]T. The inset shows the feedback image
from the camera. (b) The power consumed by the QuadMag and QuadMag
without the 4th coil during actuation experiments.

by our control method. We implement the method presented
in Section III on the Arduino with a control frequency of 100
Hz, i.e., ∆t = 0.01 s. During the validation, after initializing
the position of the coil-end plate (pG

P) to [0 0 30]T, we
sequentially input five positions to let the coil-end plate
to reach, which are [100 0 60]T, [0 -100 60]T, [-100 0 30]T,
[100 0 30]T, and [0 0 30]T. The desired motion speed is
set as 5 mm/s. As shown in Fig. 3 and the Supporting
video, the over-constrained parallel mechanism reaches all
the commanded positions without instability, proving the
correctness of the proposed differential control method and
validating the applicability of the constructed system.

B. Enhanced Actuation Efficiency

To quantitatively validate the actuation efficiency of Quad-
Mag, we perform experiments to actuate a helical robot
swimming through a lumen. For comparison, we repeat the
experiment using three coils, i.e., QuadMag without the 4th

coil. As shown in Fig. 4(a) and the Supporting video, driven
by the generated rotating fields, the magnetic helical robot
(Φ5 × 10 mm) swims from [-70 -70 0]T to [70 70 0]T. The
magnetic fields are computed by the method described in
Section IV. A with frequency and strength of 4 Hz and 3 mT,
respectively. pG

PW is set as [0 0 -35]T. Experiments validate
the correctness of the field generation method, and Fig.
4(b) plots the consumed power (iTi) during the experiments.
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Results show that, the total power of all the coils of QuadMag
is always less than that when using three coils, and the
total power for this task is reduced by 37.7%, reflecting the
enhanced actuation efficiency. When using four coils, the
electric current of the highest-power coil is also dramatically
reduced that lowers the requirement on the servo-amplifier.

C. Simulated 3D Force-Driven Navigation With Controlled
Robot Orientation

We validate the simultaneous field and force control capa-
bility of QuadMag by actuating a force-driven microrobot to
follow a 3D path with controlled robot orientation. The robot
moves in free fluid, and its net gravity force and magnetic
moment are set as Fg = 0.522 mN and ||mG || = 0.0102
A·m2, respectively. As shown in Fig. 5, the desired 3D
circular path has a radius of 60 mm and is composed of
50 waypoints. The microrobot starts from pG

s = [0 0 -50]T,
whose desired magnetic force is calculated by

fd = Wc · (pG
dj − pG

W) + [0 0 Fg]
T (31)

where pG
dj is the j-th desired waypoint, which is updated to

pG
dj+1 when the robot reaches pG

dj within a distance threshold
δ = 2 mm. The control gain Wc is set as 0.00005, and
then the obtained desired force is used to compute the
coil currents and the resulting force f via the method in
Section IV. C where W1 and W2 are set as 1000 and 1,
respectively. Assuming a low-Reynolds-number condition,
the robot position at the next control interval is

pG
W+ = pG

W + tc ·
f − [0 0 Fg]

T

6πµR
(32)

where tc = 0.2 s, µ = 81.5 mPa·s, and R = 5 mm are the
control interval, fluid viscosity, and equivalent robot radius,
respectively. Repeating the above calculation process, the
robot navigation trajectory can be obtained.

1) Task #1: robot orientation perpendicular to path:
We assume the robot orientation refers to the magnetic
moment direction. Regarding this task, the robot orientation
is required to point to the center of a 3D circular path
(diameter: 120 mm) as shown in Fig. 5(a). Results in the
Supporting video show that the orientation of the robot
fulfill the requirement, and the robot successfully navigates
along the 3D path trajectory with a maximum error < 5
mm, validating the capability of the QuadMag system for
simultaneous field and force control.

2) Task #2: robot orientation parallel to path: For this
task, the robot orientation is required to be parallel to the
path, and the navigation results are illustrated in Fig. 5(b)
and the Supporting video, which also validate the enhanced
actuation dexterity for different orientation requirements.
Fig. 5(c) plots the variations of the pG

PW.xy, which is se-
lected from 20 candidates (30 × [cos(18j) sin(18j)]T j =
0, 1, · · · , 19) determined by the cost function in Eq. (30).
It is noted that the coil-end plate may have sudden long-
distance changes during the tasks, which could be avoided
in the future by considering this factor in the cost function.
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Fig. 5. Simulated 3D force-driven navigation results with controlled robot
orientation. (a) The robot orientation is required to perpendicular to the
navigation path. (b) The robot orientation is required to parallel to the
navigation path. (c) Variations of pG

PW.xy during the two tasks.

VI. CONCLUSION

In this paper, we have presented QuadMag–a magnetic
actuation system with four mobile coils. To control the
mechanical motion of the over-constrained parallel mech-
anism, we proposed a differential method and validated its
feasibility via experiments. We also proposed the magnetic
field, force, and simultaneous field and force control methods
for QuadMag with validations via experiments and simu-
lated navigation. Comparative results proved the enhanced
efficiency of QuadMag when actuating a magnetic helical
robot compared with DeltaMag. The actuation capability for
3D magnetic force-based navigation with different required
robot orientation is also demonstrated.

In the future, experiments will be conducted to reproduce
the simultaneous field and force control method after modi-
fication of the cost function and necessary control methods.
Extra experiment scenarios would also be designed to show
the manipulation capabilities of QuadMag.
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