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Abstract—Magnetically actuated miniature robots are limited in
their mechanical outputting capability, because the magnetic forces
decrease significantly with decreasing robot size and increasing
actuating distance. Hence, the output force of these robots can
hardly meet the demand for specific biomedical applications (e.g.,
tissue penetration). This article proposes a tetherless magnetic
impact needle robot (MINRob) based on a triple-magnet system
with reversible and repeatable magnetic collisions to overcome this
constraint on output force. The working procedure of the proposed
system is divided into several states, and a mathematical model is
developed to predict and optimize the force output. These force
values in magnetic impact and penetration are obtained from a
customized setup, indicating a ten-fold increase compared with
existing miniature robots that only utilize magnetic attractive force.
Eventually, the proposed MINRob is integrated with a teleoper-
ation system, enabling remote and precise control of the robot’s
position and orientation. The triple-magnet system offers promis-
ing locomotion patterns and penetration capacity via the notably
increased force output, showing great potential in robot-assisted
tissue penetration in minimally invasive healthcare.

Index Terms—Magnetic collision, magnetic force, magnetic
miniature robots, tissue penetration, triple-magnet system.
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I. INTRODUCTION

MAGNETIC small-scale robots exhibit significant poten-
tials to be employed in demanding scenarios in biomed-

ical applications [1], [2], [3] with various functionalities [4],
[5], [6], [7]. These robots can achieve noninvasive access and
remote navigation in hard-to-reach regions buried deep inside
human bodies (e.g., gastrointestinal tract [8], [9], [10] and blood
vessel [11], [12], [13]). To attain these functionalities, magnetic
field actuators induce magnetic force and torque to the robot
body, which functions as an end-effector to conduct desired
tasks. However, demanding real-world biomedical functional-
ities (e.g., long-lasting anchoring and tissue penetration) can
hardly be accomplished, attributed to insufficient force and
torque output [14]. The values of output forces and torques
decrease significantly with decreasing robot size and increasing
actuating distance.

Previous studies have demonstrated various tailored robot
structures to enhance the mechanical output [15], [16]. However,
these designs fail to essentially increase the magnetic interaction
force. Considering the restrictions of present peripherals, pure
magnetic pulling force and torque exerted on small-scale robots
rarely fulfill the requirements of targeted mechanical operations
in real-world biomedical applications (e.g., tissue penetration
and removal) [14]. Researchers generate potentially larger force
and torque output via extra energy to resolve these challenges.
For example, elastic potential energy prestored through de-
formable elastomers has been adopted with unique elastic prop-
erties [17] and spring structures [18]. Nevertheless, an additional
energy source is often required to trigger the energy release. In
the meantime, such predeformed structures are one-offs and not
applicable for continuous outputs and operations sustained over
a long time.

On the other hand, kinetic energy resulting from pulse-
induced momentum offers an alternative solution to generate
instantaneous and enormous magnetic force. This approach
has been applied to a millirobot composed of a free-to-move
spherical magnet inside a hollow tubular shell [19], where the
magnetic pulse generated by a pair of electromagnetic coils
actuates the spherical magnet to accelerate along the tube. The
momentary impact amplifies the force when the high-speed
sphere hits the rigid plate on the anterior side. The direction of the
magnetic pulse is switched with a frequency up to several hertz
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Fig. 1. Proposed small-scale robotic system. (a) A schematic showing the teleoperated robot with its triple-magnet system to be potentially deployed inside a
human body for minimally invasive diagnostic or therapeutic applications. The magnetic robot, composed of two spherical magnets (PM1 and PM2), is capable of
navigating and anchoring inside the human body, for which the external actuating magnet (PM0) and ultrasound probe are attached to the robotic arms to provide
programmable control and real-time imaging, respectively. (b) A photograph of the MINRob. The robot is composed of PM1, PM2, an external shell, and a clinical
needle.

to accomplish reversible forward and backward locomotion of
the sphere. In addition, magnetic impact systems with two [20],
[21] and three degree-of-freedoms (DOFs) [22] have been de-
veloped to extend the locomotion of the robots, enabling them to
navigate in unstructured environments, such as interior cavities,
ducts, and vessels of the human body. Although such collisions
between magnetic parts and nonmagnetic parts are reversible,
the pulse-based impact demands a significantly high frequency
with substantial energy density. Meanwhile, a spacious gap
is required to fully accelerate the robot before impact, which
is incompatible with the inherently limited onboard space of
small-scale robots.

The magnetic field-induced collision between multiple mag-
netic parts is demonstrated to increase energy intensity in limited
space. It is commonly observed in nuclear physics at the micro-
level [23]. Examples include the chiral magnetic effect for the
heavy-ion collision [24]. Nonetheless, there are few applications
of collision between multiple magnetized components at the
macrolevel. A Gauss gun triggered by a magnetic resonance
imaging (MRI) scanner can induce collisions between spherical
permanent magnets and steel spheres [25]. Apart from the global
force externally applied by the magnetic field, the additional
local attractive force increases significantly as one magnetized
component approaches another. Such momentum-induced in-
elastic collisions propagate along the approaching direction to
the robot body. However, the firing of the Gauss gun is disposable
and irreversible due to the immense attractive force of magnetic
coupling, failing to meet the requirements for continuous and
repeated operations in biomedical applications [26].

Meanwhile, the aforementioned designs are confined by the
field generators in surgical environments, such as electromag-
netic coil systems and clinical MRI scanners. These electro-
magnetic coil systems also require preprogrammed signals and

bulky cooling modules to accomplish sophisticated and high-
frequency switching. Furthermore, commercial sintered perma-
nent magnets (e.g., NdFeB) are extremely brittle materials with
high operational risk, and thus magnetic collision can damage
materials and cause physical injury during operations.

To overcome the aforementioned limitations, this article pro-
poses a magnetic impact needle robot (MINRob) capable of
reversible magnetic collision actuated by a rotating cubic per-
manent magnet via a teleoperation robotic system, as illustrated
in Fig. 1(a). Inside the proposed MINRob, the active spherical
magnet is free to rotate and translate, while the passive spherical
magnet is free to rotate. Combined with the actuating cubic mag-
net outside the millirobot, we present a triple-magnet system,
which is able to achieve repeatable collision at various speeds,
leading to a notably larger force output from the proposed mil-
lirobot compared with preceding studies. We reversibly achieve
the macroscale magnetic collision for the first time and integrate
the robotic system with a computer-aided teleoperation plat-
form. We also develop a mathematical framework to model the
triple-magnet system’s magnetic force and torque interactions,
understand the prerequisites of unlocking the magnetic chaining
state, and optimize the system’s mechanical performance. We
experimentally measure the angle variations of each magnetic
component via a high-speed camera. The obtained real-time
angle data, together with results from the finite element anal-
ysis (FEA), validate the accuracy and reliability of our model.
Finally, we present the locomotion of MINRob based on the
triple-magnet system while demonstrating its penetration per-
formance with a multilayer film in a tube and a soft matrix in an
unconstrained 3-D environment.

Considering the real-world biomedical applications, the pro-
posed triple-magnet system enables remote control on the ac-
cess in the deep layer of muscle of the patient, which still
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poses a great challenge for conventional surgery. Our MINRob
is able to provide a large outputting force for a long-lasting
operation. Integrating with specific functional units, it is poten-
tially capable of tissue penetration, implant therapy, and drug
delivery.

The rest of this article is organized as follows. The struc-
tural design of the proposed robot and its working principle
are briefly introduced in Section II. In Section III, we present
the mathematical model of the triple-magnet system in various
states. Section IV conducts numerical simulations to optimize
the impact force while the variables of the triple-magnet system
are determined. In Section V, critical parameters involved in
the proposed model are characterized through experiments. In
Section VI, we provide demonstrations to evaluate the perfor-
mance of the triple-magnet system. We further discuss more
factors affecting the robot’s performance, force comparison,
and potential applications in Section VII. Finally, Section VIII
concludes this article.

II. ACTUATION PRINCIPLE

Here, we denote the actuating cubic permanent magnet out-
side the robot, the active spherical magnet inside the robot,
and the passive spherical magnet inside the robot as permanent
magnet 0 (PM0), permanent magnet 1 (PM1), and permanent
magnet 2 (PM2), respectively, see Fig. 1(a). To characterize the
proposed triple-magnet system, we introduce the MINRob as the
container to achieve the desired locomotion of PM1 and PM2.
As shown in Fig. 1(b), MINRob is composed of two spherical
magnets (PM1 and PM2), an external shell, and a clinical needle.
The external shell is fabricated by polylactic acid (PLA) via
3-D printing (Raise3D Pro3 Plus), and the extra clinical needle
(stainless steel, 25 G, Kindly Medical Inc.) is attached to the tip.
The needle is able to utilize the induced large impact force for
potential medical applications (e.g., tissue penetration), while
minimizing the undesired swinging motion of the robot. The
external shell is divided into two halves that can be glued together
to position two spherical magnets inside. In this case, PM1 is free
to rotate and translate within the inner chamber, while PM2 is
only free to rotate. The external geometric structure of MINRob
comprises a cone and a cylinder part, where a gap is fabricated
on the sides to observe the position of PM1.

The structure of the MINRob constrains the locomotion of
PM1 and PM2, and thus PM1 can only translate along the axial
direction. If specific mechanical constraints are provided to the
robot body, PM1 is able to achieve a periodic “bouncing-off”
motion under the actuation of the rotating PM0 in an orientation
illustrated in Fig. 1(a). Although PM0 continuously exerts attrac-
tive forces on both PM1 and PM2, an even larger repulsive force
from PM2 to PM1 is achievable as they rotate synchronously
with PM0. Therefore, this force keeps PM1 away from PM2 in
the manner of a bouncing-off motion along the inner chamber
of the MINRob. As PM0 continues to rotate, the attractive
force dominates again, and thus PM1 hits back at a high speed,
generating a corresponding large force in the axial direction.
This circulation of impact is triggered repeatedly as the PM0
rotates.

The fundamental geometric variables involved in the triple-
magnet system are mathematically modeled in Section III and
optimized in Section IV. Eventually, the parameters are deter-
mined and listed in Table II.

III. MATHEMATICAL MODELING

The mathematical model developed for the system in various
states is applied for the X-Y plane, as shown in Fig. 2. The
corresponding magnetic moments of PM0, PM1, and PM2 are
denoted as m0 ∈ R3×1, m1 ∈ R3×1, and m2 ∈ R3×1. PM0 is
the actuating magnetic component whose orientation, position,
rotating frequency, and rotating direction are actively controlled.
PM1 is free to rotate and translate within the inner chamber,
while sphere PM2 can only rotate. The orientations of PM1 and
PM2 are determined by PM0, of which the magnetic moment
aligns with PM1 and PM2 at the initial aligning state and rotates
to induce the magnetic chaining, bouncing-off, and hitting-back
state (Fig. 2). An ideal orientation of the impact along the X-
axis is discussed in this model. In real-world applications, the
entire robot’s body composed of PM1 and PM2 tends to rotate
synchronously with PM0 if no supports are found to balance
the torque in the Z-axis. To avoid the circumstance, a structural
support is added to the robot body, as presented in the enlarged
view in Fig. 2(a). The structural support can be achieved by
preanchoring a small part of the needle or placing the robot in a
hollow tube. Therefore, the orientation of the robot is controlled,
although a small swing on the body is observed. This undesired
swinging motion can be mitigated by decreasing the diameter
of the hollow tube, increasing the insertion depth of the needle
tip, or increasing the actuating distance of PM0. Due to the
adjustable swing amplitude, we ignore the swinging motion of
the robot’s body and assume that MINRob is always vertical to
the substrate in our model, as presented in Fig. 2(a)–(e).

In an ideal configuration, PM1 and PM2 rotate synchronously
with the rotating PM0. As the rotation angle exceeds a threshold,
the local magnetic attractive force between PM1 and PM2
converts into repulsive force, as presented in Fig. 2(c), which
induces a “bouncing-off” motion of the free-to-translate sphere
PM1. A significantly large impact force is induced when PM1
hits back.

Previous research has studied the interaction forces between
two magnetic agents in a uniform external magnetic field [27],
[28], [29]. Similarly, our model utilizes the magnetic dipole
model to analyze the force and torque interactions of two
magnetic agents (i.e., PM1 and PM2), but the discussion is
under a nonuniform magnetic field with a gradient generated by
PM0. To ensure the reliability of our calculation compared with
real-world applications, the distances between each magnet are
always larger than 3.5 radii of its minimum bounding sphere,
which efficiently constrains the error of the dipole model to
below 2% [30].

As shown in Fig. 3(a), a clockwise rotation of PM0 leads to
counterclockwise rotations of both PM1 and PM2. Thus, we de-
note the rotating angle of PM0, PM1, and PM2 as θ0 ∈ (−2π, 0],
θ1 ∈ [0, 2π),and θ2 ∈ [0, 2π). For i ∈ {0, 1, 2}, we have

mi = [mi cos θi,mi sin θi, 0]
T (1)
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Fig. 2. Schematic illustrating the magnetic interactions and actuating process of the triple-magnet system with relevant variables defined in the developed
mathematical model. The orientation and position of individual magnetic components are shown in various states, ranging from (a) to (e). A MINRob is illustrated
to continually hit and insert into a tissue substrate under the actuation of an external rotating permanent magnet.

where mi is the numerical value of the corresponding magnetic
dipole moment, and the distance vector between the magnetic
dipole moment center of PM0 and PM2, PM1 and PM2 are
denoted as r02 ∈ R3×1 and r12 ∈ R3×1, respectively. The mag-
netic flux density Bi at a point Pj ∈ R3×1 (for j ∈ {0, 1, 2})
generated by mi at point Pi ∈ R3×1 is calculated as [31]

Bi (Pj) =
μ0

4πr3ij
(3r̂ij r̂

T
ij − I3)mi (2)

where μ0 = 4π × 10−7 H/m is the vacuum permeability, rij is
the distance vector from mi dipole center Pi to point Pj , r̂ij is
the unit vector in this direction, rij is the distance length, and
I3 is the 3× 3 identity matrix. The magnetic force Fij ∈ R3×1

and torque τ ij ∈ R3×1 of mj at point Pj generated by mi are
calculated as

Fij(Pj) =
3μ0

4πr4ij
((r̂Tijmi)mj + (r̂Tijmj)mi

+ (mT
i mj − 5(r̂Tijmi)(r̂

T
ijmj))r̂ij) (3)

τ ij (Pj) = mj ×Bi (Pj) . (4)

A. Aligning State

In the initial aligning state, the magnetic moment directions of
PM0, PM1, and PM2 are aligned along the X-axis, as illustrated
in Fig. 2(a). In this specific state, θ1 and θ2 can be calculated
from (5) due to the torque equilibrium on PM1 and PM2 as PM0
rotates for a degree θ0.{

τ z
21 (P1) = −τ z

01 (P1)

τ z
12 (P2) = −τ z

02 (P2) .
(5)

We consider different sizes of commercial permanent magnets
for PM0, PM1, and PM2, and vary the actuating distance ratios
αr = r02/r12. The angle difference between θ1 and θ2 is shown
in Fig. 3(b), which grows nonmonotonically with θ0. Our model
indicates that the angle difference is small, which can be reduced
to∼ 1.5◦ by controllingm1,m2, andαr. Meanwhile, the actual
angle difference can be further reduced by friction, which is
validated by experimental data in Section V. Thus, we assume
θ1 = θ2 as θ0 varies, denoted as θ to represent the rotation of
PM1 and PM2. As θ0 of rotating PM0 varies from 0 to −2π,
θ increasing from 0 to 2π, and an angle θ = θb ∈ [0, π/2) is
expected when PM1 begins to bounce off, which are valid for
both aligning state and magnetic chaining state as θ < θb.
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Fig. 3. Angular transformations, positions, and orientations of the magnetic components in different states. (a) A schematic describing the basic parameters
involved in the mathematical model of the triple-magnet system. (b) A simulation of the angle differences |θ1 − θ2| varying with θ0. The simulating cubic magnet
PM0 has a sidelength of two inches and a magnetic moment of 140.317 Am2. The simulated data of magnetic components are collected from commercial NdFeB
magnets (K&J Inc.). (c) The magnetic forces exerted by PM0 and PM2 on PM1 vary with θ. (d) A critical bouncing-off state when PM1 bounces off for a maximum
distance�rmax. (e) An ideal orientation when PM1 hits back, where all the magnetic dipole moments are aligned along the X-axis.

B. Magnetic Chaining State

The magnetic forces and torques follow ∝ r−4ij and ∝ r−3ij

based on (2), (3), and (4), respectively. Thus, the local magnetic
interaction between PM1 and PM2 is supposed to be strong due
to the relatively small r12. It can accomplish an even stronger
global magnetic interaction by controlling m0 and r02 with
PM0. In this case, PM1 and PM2 are attractive to each other
attributed to the local interaction. They rotate synchronously
due to the global interaction generated by PM0, referred to as
magnetic chaining, which is presented in Fig. 2(b).

The torque between PM0 and PM2 mainly determines the
angle θ, given the one between PM0 and PM1 is much weaker.
The global torque τz02 must overcome the internal torque τz12
between PM2 and PM1 to ensure synchronized rotation. Based
on (4), the internal torque is

τz12 = −3μ0m1m2

8πr312
sin 2θ. (6)

To investigate the minimum magnetic torque required to lift PM1
and PM2 from the magnetic chaining state, we consider a critical
condition, where the magnetic torque τz02(θ0, θ) is the function
of both θ0 and θ. It is observed from the experiments in Section V

that θ0 ∼ −π
2 where a maximum torque τz02max is

τz02max = −μ0m0m2

4πr302
cos θ. (7)

Thus, to ensure the rotation of PM1 and PM2 in the chain-
ing state, it is required that |τz02max| ≥ |τz12|. To simplify the
inequality, an estimation is made to remove θ. Thus, we have
the sufficient and unnecessary conditions

αr ≤
(

m0

3m1

) 1
3

. (8)

Based on (3), the force exerted by PM2 to PM1 in the X-axis is
calculated as

F x
21 =

3μ0m1m2

4πr412

(
2cos2θ − sin2θ

)
. (9)

Under a rotating magnetic field exerted by PM0, PM1, and PM2
can rotate simultaneously for the same degree θ. As θ increases
up to a critical angle θm = 54.74◦, F x

21 changes from attractive
force to repulsive force as shown in Fig. 3(c), which drives the
system into the prebouncing state.
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C. Prebouncing State

Due to the global magnetic interaction between PM1 and
PM0, the additional attractive force F x

01 exerted by PM0 to
PM1 prevents PM1 from bouncing off immediately. As PM1
and PM2 rotate to θm = 54.74◦, PM1 is yet to be bounced off,
as illustrated in Fig. 2(c). The force F x

01(θ0, θ) is maximized
with θ0 = −π

2 , and thus F x
01max is calculated by (10)

F x
01max = − 3μ0m0m1

4π (r12 + r02)
4 sin θ. (10)

We plot the forcesF x
01max andF x

21 with respect to the chaining
angle θ in Fig. 3(c), and the total force F x

21 + F x
01max applied to

PM1 is calculated. The internal force between PM1 and PM2
changes from attractive to repulsive as θ increases, while the
global force between PM1 and PM0 remains to be attractive and
increases with θ. When PM1 is ready to bounce off, it is required
that the total force is repulsive. Thus, by solvingF x

21 + F x
01max =

0, the lower limit of the distance ratio αr is obtained

αr ≥
(
m0

m2

) 1
4

− 1. (11)

We note that (11) is the necessary and insufficient conditions
of |F x

21| ≥ |F x
01max|, and is also obtained by removing the func-

tion of θ ∈ [54.74◦, π/2).

D. Bouncing-off State

PM1 bounces off along the X direction as the actuating
distance ratios αr fall between the ranges determined by (8)
and (11). The corresponding maximum bouncing-off distance
of PM1 is denoted as �rmax. An ideal state with maximum
bouncing-off distance is shown in Fig. 3(d), where all magnetic
moments of the triple-magnet system align with theY -axis. Such
a configuration is further verified by experiments in Section V.
Based on the ideal configuration at pointP1,�rmax is calculated
via the force balance F x

01max(P1) = −F x
21(P1)

�rmax = −
r02

(
m2

m0

) 1
4

(
m2

m0

) 1
4 − 1

− r12. (12)

E. Hitting-Back State

As PM0 continues to rotate clockwise, PM1 hits back to the
initial position P2 after achieving the maximum bouncing-off
distance�rmax. An ideal alignment of the triple-magnet system
with maximum impact velocity is illustrated in Fig. 3(e), where
all the magnetic moments align along the X-axis. During the
hitting-back process, the velocity of PM1 at point P1 is vP1

=
0, and the velocity vP2

at point P2 is calculated based on the
conservation of energy

UP1
− UP2

=
1

2
m̄v2P2

(13)

where m̄ is the mass of PM1, UPj
is the magnetic potential

energy of PM1 at point Pj , which is calculated by

UPj
= −m1 ·

∑
i

Bi (Pj) . (14)

As PM1 hits the end at the right-hand side, the impact force
F (t) is calculated based on the momentum theorem

pc = −m̄vP2
=

∫ tc

0

F (t)dt (15)

where pc is the momentum for compression and tc is the impact
time. Considering a very small tc as measured in Section V,
we assume the impact force F (t) is independent of time and is
denoted as F . The force acts on the inner wall and transfers to
the robot structure, partially lost as the impact is not perfectly
elastic. The loss of kinetic energy is calculated as [32]

ΔE =
1

2
m̄v2P2

(1− e2∗) (16)

where e∗ is the kinematic coefficient of restitution. Considering
the collision without viscoelastic dissipation, e∗ is calculated as

e∗ =
pf − pc

pc
(17)

where pf is the terminal impulse for restitution in the robot
body illustrated in Fig. 6(b). The restitution coefficient e∗ can
be measured through a free drop experiment involving a targeted
magnetic sphere and impact substrate. Based on the components
determined in Section IV, the same NdFeB spherical magnet
PM1 as used in the proposed robot is released to the substrate
with the same material (PLA) as the 3-D printed external shell.
By calculating the ratio of bounce-off height and free drop
height, e∗ is measured as 0.35± 0.04. Combining (13) to (17),
we obtain the impact forceF of the triple-magnet system applied
to the environment.

More technical details concerning the needle modeling and
the insertion dynamics are discussed in our previous work [33],
including needle size optimization, buckling analysis, substrate
compression, and contact shear force. The penetration perfor-
mance is affected by both the needle’s geometry (e.g., needle
tip, diameter, length) and the substrate’s mechanical properties
(e.g., Young’s modulus). In this work, a stainless-steel clinical
needle (25 G, Kindly Medical Inc.) is used as a functional and
interchangeable tip of the robot. The needle’s modulus is about
200 GPa, six orders higher than most soft tissues in the human
body. Therefore, the stiffness difference is less significant in
puncture performance, and we focus on the dynamics of the
triple-magnet system.

IV. OPTIMIZATION OF MILLIROBOT

A. Optimization of Parameters

In this section, we aim to maximize impact force F for the
triple-magnet system. According to the mathematical model
in Section III, we tune the impact force F with parameters
(m0,m1,m2, r12, r02), as illustrated in Fig. 4(a).

We consider a uniform magnetization M of commercially
available NdFeB magnets, where PM1 and PM2 are N42-graded
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Fig. 4. Parameters optimization for the triple-magnet system. (a) Definitions of the relevant parameters of the triple-magnet system in real-world applications.
A specific available operation distance ra is marked out. (b) 2-D distribution maps illustrating the impact force with varying diameters of PM1 and PM2. Four
groups of PM0 with different sidelength values are evaluated. Invalid areas are marked, while impact forces exceeding 16.0 N are highlighted with red color.
r12 = 8.4 mm, distance ratio αr is the mean value of the upper and lower limits calculated from (8) and (11). (c) Achievable actuating distance ranges and impact
forces of different PM0. The actual operation gaps ra of various PM0 are compared. The diameters of both PM1 and PM2 are 3/16 in, r12 = 8.4 mm.

(K&J Inc.) spherical magnets, and PM0 is an N52-graded (X-
Mag Inc.) cubic magnet. The magnetic moments are calculated
as follows:

mi = MiVi (18)

where Mi is the magnetization, varying with the magnetic
grades, and Vi is the volume of the magnetic components. Based
on the model presented in Section III, the impact forces with
varying diameters of PM1 and PM2 are presented in Fig. 4(b).
Both diameters of PM1 and PM2, ranging from 2.0 mm to
6.5 mm, are simulated under the actuation of PM0 with diameters
of 3/4 in, 1 in, 3/2 inches, and 2 inches. It is demonstrated that
larger diameters in PM1 and PM2 generate a larger impact force,
and the effect of the diameter change in PM1 is more significant
than that in PM2. In addition, a triangular “Invalid area” with
zero impact force is identified, where the PM2 cannot escape
from the magnetic chaining state as PM0 rotates. Interestingly,
increasing the magnetic moment in PM0 with a larger volume
only slightly increases the impact force, and reduces the invalid
area of zero impact force. The cubic magnets PM0 produce
a similar magnetic gradient at their corresponding available
distance range regardless of their volume, resulting in a similar
impact force output.

Based on the results from Fig. 4(b), we choose a diameter
of 4.76 mm (3/16 in) for both PM1 and PM2 to minimize the
angle difference. Meanwhile, we determine a r12 = 8.4 mm to
restrain the size of MINRob and the value of r02. It is attributed
to the fact that an overly large r12 leads to an increase in the
general size of the robot and a decrease in the outputting impact
force, while an extremely small r02 is required to unlock the
strong magnetic chaining state between PM1 and PM2 under
an overly small r12. Therefore, we choose an intermediate
quantity r12 = 8.4 mm, for which an ideal performance of
MINRob is also observed in the experiment. In addition, this
value is also larger than 3.5 radii of the minimum bounding
sphere of both PM1 and PM2, limiting the error from the dipole
model.

Although the size of PM0 does not dramatically raise the
impact force according to Fig. 4(b), it significantly affects the
performance in the manner of an available range of the actuating
distance. The distance ratios αr are calculated through (8) and
(11). The corresponding actuating distance r02 follows:

((
m0

m2

) 1
4

− 1

)
r12 ≤ r02 ≤

(
m0

3m1

) 1
3

r12. (19)
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TABLE I
ACTUATING DISTANCE r02 FOR PM0 WITH DIFFERENT SIDELENGTH

TABLE II
SPECIFICATIONS OF THE TRIPLE-MAGNET SYSTEM

The distance ranges of four groups of PM0 are listed in
Table I, and the corresponding impact force values are plotted
to the left of Fig. 4(c). The transition between chaining state and
prebouncing state determines the range of the actuating distance
r02. The impact force increases with the increase of m0, and
decreases rapidly with the increase of r02.

In biomedical applications, the available operation ranges
need to be larger than the thickness of the wall of specific
skin and organs in human bodies. Considering the volume of
PM0, we define the available operation gap ra, which is the
gap between MINRob and actuating magnets, marked in the
Fig. 4(a). Thus, the available operation distance between the
robot and the surface of the actuating magnet is plotted on
the right-hand side of Fig. 4(c). In our experiments, we choose
an N52-graded magnetic cube with a sidelength of 2 in to ensure
the proposed system is applicable for potential in vivo wireless
actuation in the future. The corresponding maximum available
distance ra is 58.79 mm, sufficient for operations in abdominal
organs [34].

B. Design Choice of the Magnetic Millirobot

Based on the results of optimization, the fundamental param-
eters of MINRob and the triple-magnet system are determined
and listed in Table II. The values of the magnetic moment are
measured by a Gaussmeter (MAGSYS HGM09 s) and calculated
in MATLAB via (2). MINRob has a total length of 17.5 mm and

a diameter of 5.6 mm. Both spherical magnets PM1 and PM2
are sealed inside the external shell made of PLA as introduced
in Section II. Both the inner spherical and cylindrical chambers
have a slightly larger diameter (5.1 mm) than the diameter of
PM2 and PM1, resulting in free rotation. Meanwhile, the cylin-
drical chamber with a length of 8 mm allows PM1 to translate
reciprocally. We fix a r12 = 8.4 mm and aαr = 9:1 to control the
total length of MINRob and ensure safety in experiments. Under
such distance values, the N52-graded PM0 (X-Mag Inc.) is able
to generate a magnetic field with a magnetic flux density of∼ 60
mT at the location of MINRob (αr = 9:1, r02 = 75.6 mm). The
N42-graded NdFeB spherical magnet with a diameter of 3/16 in
(K&J Inc.) is chosen for both PM1 and PM2. The clinical needle
attached to the robot’s tip has a total length of 7.0 mm, and
∼5.6 mm is exposed outside the robot’s body.

V. CHARACTERIZATION OF TRIPLE-MAGNET SYSTEM

In this section, we verify the applicability of the proposed
triple-magnet system, including the five states illustrated in
Fig. 2, values of specific critical angles analyzed in Section III,
and the available range of actuating distances measured by
(19). In addition, more factors (i.e., impact time, the rotation
frequency of PM0, and the real-time hitting-back angle of PM0),
which have yet to be discussed in our model, are experimentally
evaluated.

A. Angle Variations of Triple-Magnet System

First, the various states during a completed impact process and
the corresponding critical angles of each magnetic component
are investigated. To this end, a customized experimental setup
with details introduced in Fig. 6(a) in Section V-B, is em-
ployed using a high-speed optical camera (MotionBLITZ mini2,
Mikrotron GmbH) to obtain real-time imaging illustrating the
position and orientation of each magnetic component in the
triple-magnet system. PM1 and PM2 are encapsulated in a 3-D
printed frame, while PM0 is rotating on the right side. A metal
spray paint is applied to the south pole of PM1 and PM2 with
black dyeing, and thus the direction of the magnetic moment
is visualized during the rotation. The images are obtained at a
frame rate of 1000 fps and rotation frequencies of PM0 range
from 0.25 to 3.0 Hz.

Representative curves for the angle variations of PM1 and
PM2 in a complete rotation period at 0.5 Hz are presented in
Fig. 5. The angle data are presented as the mean measured value
with a sample size of 5. The real-time rotation angles of PM1 and
PM2 are denoted as θ1 and θ2, respectively. During the magnetic
chaining and prebouncing state, the curves for both θ1 and θ2
are the same. The peak angle difference is |θ1 − θ2| = 2.31◦,
verifying the assumptions of θ1 = θ2 in the mathematical model
in Section III. As PM1 starts to bounce off and further hit back,
the angle difference increases as the local interactions between
PM1 and PM2 weaken. In the bouncing-off and hitting-back
state, the impact process is measured with the energy in (14)
and (15), where a large angle difference is observed. Eventually,
θ1 and θ2 approach each other and increase simultaneously to π
in an aligning manner, as illustrated in Fig. 5.
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Fig. 5. Representative curves illustrating angle variations of PM1 and PM2. The data are obtained by the high-speed camera in a complete rotation period at a
rotation frequency of 0.5 Hz. The mean angle values are presented in the figure with a sample size of 5, while specific angles are marked out. Snapshots of the specific
transitional states are listed together with corresponding FEA results illustrating the magnetic flux density distribution. I: Transitional states between magnetic
chaining state and prebouncing state; II: Transitional states between prebouncing state and bouncing-off state; III: Transitional states between bouncing-off state
and hitting-back state; IV: The ending moment of the hitting-back state.

The proposed five states (i.e., aligning state, magnetic chain-
ing state, prebouncing state, bouncing-off state, and hitting-back
state) are observed in experiments. They are illustrated in the
figure with different background colors. Specific critical angles
of transitions between states are marked out, for which the
real-time images illustrating the position and orientation of PM1
and PM2 are presented in the figure. For a rotation frequency of
0.5 Hz, the duration of 21 ms, 10 ms, and 65 ms are recorded
for the prebouncing state, bouncing-off state, and hitting-back
state, respectively.

Correspondingly, an FEA is demonstrated in COMSOL Mul-
tiphysics 5.5 for magnetic flux density distribution of the
triple-magnet system in a complete rotation period, as pre-
sented in Supplementary Video I. A specific configuration
[θ0, θ1, θ2] = [−67.89◦, 31.87◦, 32.71◦] is illustrated for mag-
netic chaining state. The region of interest (ROI) between
PM1 and PM2 presents a strong connection with a high mag-
netic flux density. The magnetic chaining state is reached in a

configuration of [θm_0, θm_1, θm_2]=[−84.90◦, 56.05◦, 53.74◦],
where the magnetic flux density of the ROI decreases as
|θ0| increases. As a critical configuration [θb_0, θb_1, θb_2] =
[−87.07◦, 67.69◦, 64.76◦] is accomplished during the prebounc-
ing state, a low magnetic flux density of the ROI results in
the magnetic repulsive force between PM1 and PM2, lead-
ing to the bouncing-off in PM1. A maximum bouncing-off
distance �rmax is observed during the bouncing-off state in
a configuration [θ0, θ1, θ2] = [−88.52◦, 87.14◦, 83.12◦]. Even-
tually, PM1 hits back in a configuration [θ∗0, θh_1, θh_2] =
[−98.16◦, 132.85◦, 114.39◦].

B. Setup and Distance Evaluation

Here, we aim to measure the force generated by the proposed
triple-magnet system and collect real-time images simultane-
ously. In our experimental setups, it is infeasible to directly place
the force sensor between the actuating magnet and the robot. The
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Fig. 6. Experimental setup and results of the evaluation of the impact process. (a) Images of the experimental setup. The impact plate is 3-D printed via carbon
fiber reinforced ABS and is placed inside a groove with WD-40 lubricant to reduce friction. (b) A representative measured impact force profile. A one-time impact
curve is composed of the compression region and restitution region. The compression region is marked in red color and is considered the impact region, while the
differences of X and Y coordinates are time t and impact force F , respectively. (c) Impact force with varying actuating distances. The force values and available
actuating distance ranges are presented and compared with the simulated data. The red cross stands for the actuating distance, where the triple-magnet system is
not able to operate, i.e., PM1 cannot bounce off. Error bar represents±1.5 standard deviations (SD), sample size (N) = 10. (d) Left: Impact time tc varies with the
rotation frequency of the motor. Distance ratio αr = 9 : 1. Right: Impact time tc varies with distance ratio αr . Rotation frequency = 0.5 Hz. Error bar represents
±1.5 SD, sample size (N) = 20.

force sensor will collide with the rotating magnet, and the strong
time-varying magnetic field induces an undesired perturbation in
measurements. To avoid the aforementioned issues, we design
a customized experimental setup to measure the impact force
indirectly, as shown in Fig. 6(a). A piezoelectric force sensor
(DYTRAN 1051V1, 10 LbF) with a nonmagnetic impact cap
and a data acquisition module (DEWSOFT IOLITEi-1×ACC,
50 kHz) is placed sufficiently far from the rotating magnet. The
impact force from the robot is transmitted to the sensor via a 3-D
printed rigid impact plate composed of carbon fiber reinforced
acrylonitrile butadiene styrene (ABS), which is lightweight with
ideal impact property [35], [36]. Two spherical magnets, PM1
and PM2 are enclosed in a structure similar to MINRob. They
are positioned in a plastic frame, allowing the structure to hit the
impact plate to mimic the impact process of MINRob. The im-
pact experiments have the same parameters as the triple-magnet
system, as defined in Table II.

A representative impact force curve is illustrated in Fig. 6(b).
To measure the impact force at different actuating distances, we
further apply external support to fix the PM1 at the distal end
first, holding a bouncing-off state before releasing PM1 as PM0
rotates to the ideal configuration, as described in Fig. 3(e). The
results are presented in Fig. 6(c), where the impact force output
decreases as the actuating distance increases. Meanwhile, the
available actuating distance r02 ∈ [56, 88] (mm) is experimen-
tally demonstrated, where PM1 bounces off with the rotation of
PM0. The impact forces in experiments are comparable to the
model predictions in Fig. 4(c), and an actuating distance r02 ∈
[53.87, 84.19] (mm) predicted by Table I also matches well with
experiments.

C. Investigation of Rotation Frequency

The rotation frequencies of the actuating magnet (PM0) also
affect the impact process. We investigate its effect by measuring
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Fig. 7. Experimental data of characterization of the impact process. (a) Impact force F with varying rotation frequency of the actuating permanent magnet PM0.
(b) Hitting-back angle θ∗0 with varying rotation frequency of the actuating permanent magnet PM0. A similar trend is observed matching with data from (a). (c)
Impact force F with varying hitting-back angle PM0 of the actuating permanent magnet PM0, the experimental data are compared with the simulated data. Error
bar represents ±1.5 SD, sample size (N) = 20.

the evolution of impact force over time in experiments. As
presented in Fig. 6(b), the collision between the active spherical
magnet PM1 and the robot body is divided into the compression
and restitution phases. In the compression phase, the kinetic en-
ergy of PM1 is transformed into the elastic energy of the contact
surface and dissipation energy. Afterward, the elastic energy is
released during the restitution phase. Herein, the impact time tc
is defined as the duration of the compression phase, while impact
forceF is the peak force value [32]. Experiments showed that the
impact time tc is not significantly affected by rotation frequency
(Fig. 6(d)). In addition, an approximately constant impact time
tc = 200μs is observed in the triple-magnet system for different
distance ratios αr. It is noted that an impact time tc = 400 μs
has been reported in impact between a magnetic part and a glass
mica ceramic contact surface [22].

Although different rotation frequencies result in a constant
impact time tc = 200 μs, they still affect the impact force. As
illustrated in Fig. 7(a), F increases with increasing rotation
frequency from 0.25 Hz to 3.0 Hz. PM1 is static for a certain
period at the proximal end after each impact. Thus the dynamic
effect (e.g., kinetic energy accumulation after each impact) from
the continuously rotating magnetic field is negligible.

During the impact experiment, PM1 has already hit back
before PM0 rotates to an ideal configuration where θ0 = −π
as illustrated in Fig. 3(e). Since both the bouncing-off and
hitting-back time of PM1 are much shorter than the period of
the rotation of the actuating magnet. Thus, we have

|θ∗0| < π (20)

where θ∗0 is the rotating angle of PM0 at the instant PM1 hits
back. We further evaluate the hitting-back angle θ∗0 at different
rotation frequencies of the motor, as shown in Fig. 7(b). The
angle data are obtained via a high-speed optical camera, and the
detailed information is introduced in the following subsection.
As the rotation frequency rises from 0.25 to 3.0 Hz, |θ∗0| increases
from 96.54◦ to 105.86◦. Our results implied that a higher rotation
frequency allows the PM0 to rotate for a larger |θ∗0|, getting closer

to the ideal configuration of |θ∗0| = π in Fig. 3(e), and thus the
increment of impact force output is observed.

In summary, it is experimentally suggested that the rotation
frequency of the actuating magnets affects the impact forces of
the triple-magnet system. Instead of changing the impact time tc,
it changes the hitting-back angle θ∗0, and the subsequent impact
process. Although the impact force increases with the rotation
frequency, it is suggested that by manipulating such a large
permanent magnet with a robotic arm, the rotation frequency
should not exceed 0.5 Hz [11], [12]. Thus, we choose 0.5 Hz
as the standard rotation frequency for the actuating magnets to
balance force and safety. Further tuning the angle θ∗0 during the
hitting-back process to achieve better performance is beyond the
scope of the current study.

In addition, we estimate the hitting-back angle θ∗0 based
on our mathematical model. For an ideal state presented in
Fig. 3(e), both attractive forces F x

01max and F x
21max exerted on

PM1 contribute to the acceleration during the hitting-back pro-
cess. The components in the X-axis of these attractive forces
are maximized because all magnetic dipole moments of PM0,
PM1, and PM2 align with each other along the X-axis. If PM1
hits back as described in (20), the attractive force from PM0 has
a Y component, resulting in an undesired swing, and the rest of
the attractive force in the X-axis is calculated as

F x
01 = F01max cos θ

∗
0. (21)

Hence, as θ∗0→−π, F x
01 is maximized. This alignment for PM0

in the X component contributes to a larger magnetic potential
energy of PM1 as described in (13) due to the potential energy
induced simultaneously by PM0 and PM2

UPj
= −m1 ·

∑
i=0,2

Bi (Pj) = −m1 · (B0 (Pj) +B2 (Pj))

(22)
where B0(Pj) and B2(Pj) is the magnetic flux density at point
Pj generated by PM0 and PM2, respectively. When θ∗0 = −π,
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Fig. 8. Schematic illustrating the teleoperation robotic system controlled by the keyboard and mouse. (a) The 3-D printed workbench and MINRob. The workbench
is composed of a rectangular 2-D plane and a hollow tube. (b) The connection among PM0, motor, and the robotic arm.

|m1 ·B2(P2)| is maximized, and thus a maximum impact force
F is achieved by (13), (14), and (15).

The influence of various θ∗0 to the impact force F is exper-
imentally investigated through the setup in Fig. 6(a). In the
initial configuration, the active spherical magnet PM1 is fixed
by the external support to its bouncing-off state. When the
actuating permanent magnet PM0 rotates to a specific angle θ∗0,
the external support is removed, and the impact force values
are recorded. The experimental data is presented in Fig. 7(c)
and compared with the simulated data measured by (21). Here,
−θ∗0 ∈ [90◦, 110◦] is evaluated, which is the achievable range
of the present peripheral via tuning the rotation frequency. It is
experimentally proved that a larger hitting-back angle |θ∗0| of the
triple-magnet system generates a larger impact force.

VI. LOCOMOTION AND FUNCTIONALITY

A. Teleoperated Locomotion Demonstrations

We introduce a triple-magnet teleoperation robotic system to
create a remotely controllable and programmable magnetic field,
as illustrated in Fig. 8. We manipulate the actuating permanent
magnet PM0 and collect optical images simultaneously. The
system comprises the MINRob, the actuating permanent magnet

PM0, a brushless dc motor, a seven-DOFs robotic arm, an optical
camera, and a personal computer (PC).

A customized workbench composed of a rectangular 2-D
plane and a hollow tube with a multilayer film attached to its
end is fabricated, as shown in Fig. 8(a). The locomotion and
penetration performance of MINRob is demonstrated in the 2-D
plane and the tube, respectively.

A commercially available cubic permanent magnet (N52-
graded NdFeB, X-Mag Inc.) with a sidelength of 2 inches is
chosen as the actuating magnet PM0. Its rotation is controlled
via a brushless dc motor by tuning its rotation frequency and
orientation. The brushless dc motor has a maximum no-load
rotation speed of 307 r/min and a rated torque of around 4.63 Nm.
PM0 is concentrically connected with the rotation axis of the
motor via a 3-D printed mold. Together with the motor, the
actuating magnet is attached to the tip of a seven-DOFs robotic
arm (ROKAE xMate ER7 Pro) using an aluminum frame and a
3-D printed base. By adjusting the parameters of each joint, the
orientation and position of PM0 can be accurately controlled.
Due to a limit of the maximum rotation angle of each joint in
the robotic arm, the rotation of the actuating magnet is mainly
controlled by the brushless dc motor. The state, direction, and
rotation frequency can be programmed in an Arduino circuit
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Fig. 9. Experimental demonstrations of the locomotion and puncturing capabilities of the proposed small-scale robot. (a) The planar locomotions of the MINRob
integrated with the teleoperation robotic system. By clicking via the mouse, the MINRob is able to reach the targeted position, while a controllable rotation is
accomplished by pressing the keyboard. The real-time trajectories of both MINRob and PM0 are illustrated with their velocities presented by various colors, sharing
the same color scale. A position judgment and collaboration process is demonstrated. (b) The penetration performance of the MINRob to puncture a multilayer
film. The film is completely punctured under the impact induced by the triple-magnet system within 30 s. (c) A control group for the penetration performance. The
pure magnetic attractive force fails to puncture the film for more than 30 min. (d) A 3-D rolling motion of the MINRob. A forth and back rolling is achieved under
the rotation of the actuating permanent magnet in the lateral direction.

plate and controlled by a PC. Here, the actuating permanent
magnet PM0 and the motor are shown in Fig. 8(b), and the
orientation of the PM0 is fixed. By controlling the translation
of PM0 via the robotic arm (approximately 12 cm beneath the
workbench), the MINRob will navigate on the planar surface.

Furthermore, an optical camera and Open Source Computer
Vision library are employed to record the outline of the MINRob
and obtain its position and orientation. By connecting to the PC,
a customized C++ program controls the position and orientation
of the MINRob remotely. The user can use the mouse to provide
a targeted position P c

t ∈ R2×1 in the frame of the camera
Oc(xc, yc) by clicking the right button in the operation inter-
face, where the real-time images are provided by the camera.
Afterward, P c

t is transferred into position Pw
t ∈ R2×1 in the

frame of the workbench Ow(xw, yw) by translating the digital
pixel from the user interface to the real-world dimension of the
workbench. Finally, position Pw

t is transferred into P r
t ∈ R2×1

in the frame of the robotic arm Or(xr, yr) based on the relative
position between the workbench and the end tip of the robotic
arm. The robotic arm locates the PM0 to the targeted point P r

t ,
and the MINRob is navigated to the targeted position Pw

t in the
workbench.

A position judgment and collaboration procedure is intro-
duced to evaluate the translation’s precision. The coordinates
of both robot and the targeted point are displayed during the
translation. If the mismatch of the targeted position and terminal

robot position is smaller than one body length of the MINRob,
the moving is considered a successful process and displays the
text: “Move finish!”. Otherwise, a collaboration procedure is
implemented, where PM0 moves vertically away from the work-
bench and returns to the initial position to restart the movement.

To adjust the orientation of the MINRob, the robotic arm
rotates the PM0 to exert a magnetic torque, forcing the MINRob
to align with its magnetic moment through rotation. By pressing
the “←” (“→”) button on the keyboard, PM0 rotates counter-
clockwise (clockwise) along the Z-axis, resulting in the same
rotation of the MINRob, and enables the orientation control of
MINRob.

The demonstration of planar locomotion is presented in
Fig. 9(a) and Supplementary Video II. The command interface
shows the real-time coordinate of the robot’s position while
displaying the coordinate of the targeted position after each click
via mouse. The MINRob successfully moves to the targeted posi-
tions in the rectangular plane with a distance mismatch less than
one body length. The trajectory of MINRob is presented with
each targeted point and timing being marked out. Afterward,
the MINRob is rotated to be aligned with the axial direction of
the hollow tube by pressing the “←” and “→” buttons on the
keyboard. Ultimately, the MINRob is driven into the hollow tube
after a total time of 69 s. As shown in Supplementary Video II,
the translational motion of MINRob is not completely smooth
in the response of the translation of PM0. It is attributed to the
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Fig. 10. Experimental setup and results of the penetration evaluation. (a) An experimental setup mimicking the impact process. A digital force gauge is attached
to a spiral test rack, which provides a controllable displacement to the MINRob. The multilayer film is fixed on a jig, and thus the puncture force and the pull-out
force are measured during a complete insertion and extraction process, respectively. (b) The representative curves of both puncture and pull-out forces vary with
the insertion depth. The peak force values represent the mean value ± 1.5 SD, with the sample size being 24. (c) A comparison of the force value between the
proposed triple-magnet system and specific application scenarios. Its outputting force values are adjustable to meet the requirements of various tissue penetrations,
for which the specific force values are listed in Table III.

TABLE III
SPECIFICATIONS OF THE PARAMETERS IN FIG. 10(C)

friction caused by the gradient pulling. The geometric shape of
the MINRob prevents an ideal rolling motion in any direction.
To illustrate this intricate dynamic motion, the real-time trajec-
tory of MINROb is demonstrated in lines with various colors
denoting the velocity at each position by processing the video
frame. MINRob tends to leap during its translation, thus, blue
regions represent the pause positions during each clicking. In
comparison, we present the trajectory tracking of PM0 with its
velocity variation. Although MINRob didn’t follow PM0’s path
perfectly, it is experimentally suggested that all standstill points
for MINRob and PM0 matched well.

In summary, the planar locomotions of the MINRob, includ-
ing the translation and rotation performance, are demonstrated
with a teleoperation robotic system. Such a system accomplishes
the remotely programmable and precise manipulation of the
proposed MINRob, indicating a potential application to be in-
tegrated with the advanced robot-assisted operation system. In
addition, a 3-D rolling locomotion is achieved by rotating PM0
in the lateral plane, as illustrated in Fig. 9(d). Rolling motion
without net displacement, forth rolling, and back rolling are
presented in Supplementary Video III.

B. Penetration Demonstrations

The performance of the triple-magnet system to generate
a larger force is evaluated by the penetration experiment. To

provide structural support, a hollow tube is connected to the
workbench with an inner diameter of 6 mm, slightly larger
than the MINRob. A multilayer laboratory film (Parafilm M),
which is composed of a blend of waxes and polyolefins, is
attached at the distal end. A single layer of the film has a
thickness of 127 μm, we use five layers in total to mimic the
multilayer structure of the muscle. In addition, the laboratory
film demonstrates a promising stretchability of over 200% of
its original length at breaking, which is comparable to some
muscle tissues [41]. After the MINRob is navigated into the
hollow tube, the actuating permanent magnet PM0 further pulls
the MINRob to the distal end. Afterward, PM0 is located to
a targeted position by the robotic arm and starts to rotate at
a safe frequency of 0.5 Hz, as presented in Supplementary
Video IV.

As shown in Fig. 9(b), the triple-magnet system actuates the
repeatable impact due to the rotation of PM0, which generates
a continuous force output. The clinical needle attached to the
MINRob tip can puncture five layers of film within 30 s. The
bouncing-off and hitting-back procedures of the PM1 are ob-
served, while an obvious puncture is observed from the needle
tip after each impact, verifying the applicability of the proposed
triple-magnet system in the real device. The corresponding
control group is shown in Fig. 9(c), where PM0 is placed in
the same position while the magnetic dipole moment is aligned
with the axial direction of the MINRob to induce a pure magnetic
attractive force. It is observed that MINRob is not able to
puncture the multilayer film in such a configuration for more
than 30 min, indicating the pure magnetic attractive force is
insufficient to penetrate the film at the same condition.

C. Characterizations of Puncture

To quantitatively evaluate the penetration performance, a
digital force gauge (HANDPI, 10 N, 0.01%) is employed to
measure the puncture force and the pull-out force of the MIN-
Rob, as shown in Fig. 10(a). The robot body is encapsulated by
a 3-D printed casing connected to the force gauge, while the
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Fig. 11. Insertion of MINRob in a 3-D unconstrained environment. (a) PM0 is positioned in the vicinity of the wall of the PDMS mold. A small part of the needle
tip is able to anchor on the inner wall when MINRob is released. (b) PM0 is actuated by the motor and rotated at 1.0 Hz on the right side of the PDMS mold. Thus,
a continuous insertion of the needle is achieved by the impact induced by the triple-magnet system. (c) PM0 is moved to the left side of the PDMS mold after
insertion. (d) MINRob is pulled out and retrieved under the rotation of PM0 on the other side. (e) A screenshot of a bouncing-off motion.

force gauge is fixed on a spiral test rack which can provide a
precise and controllable displacement in the vertical direction.
By providing a similar approaching speed for the MINRob as
measured from the experiment, the force curve is measured for
both the penetration and pull-out process. Representative curves
for puncture and pull-out forces with increasing penetration
depth are illustrated in Fig. 10(b). A peak puncture force of
–560.63±17.72 mN is measured, while a peak pull-out force is
453.56±14.21 mN. It is noted that the pure magnetic attractive
force in Fig. 9(c) is measured to be 171.13 mN based on (3). The
corresponding impact force for the triple-magnet system with a
0.5 Hz rotation frequency is measured to be 1.81 N, indicating
a ten-fold increase. Thus, the triple-magnet system is able to
provide a significantly larger outputting force compared with a
pure magnetic pulling force. It is capable of being applied for
tissue penetration while providing substantial anchoring.

The proposed MINRob is able to provide continuous out-
putting forces ranging from 1.17 to 2.92 N under various rotation
frequencies (from 0.25 to 3.0 Hz). These values are illustrated
in Fig. 10(c) while comparing to specific force thresholds in
biomedical applications, and the corresponding force parameters
are listed in Table III. Compared to the conventional magnetic
miniature robots driven by attractive magnetic force (171.13
mN) with the same characteristic length, our triple-magnet
system provides a force output with a tenfold increase. For
a rotation frequency of 0.5 Hz, an impact force of 1.81 N is
accomplished, which is sufficient for penetrating the mouse
brain, human cornea, piglet skin, and porcine tissue.

D. Insertion in a 3-D Unconstrained Environment

To extend the application scope of our proposed system, we
present the on-demand insertion of MINRob in a 3-D uncon-
strained environment. First, we customize a bowl-like 3-D struc-
ture composed of soft elastomer. Polydimethylsiloxane (PDMS)
is chosen with a mass ratio of 20:1 (silicone base to the curing
agent) while its shear modulus is measured as ∼150 kPa via
a uniaxial tensile test. This value is comparable to the one of
skeletal muscle tissues [42]. The mixture of silicon base and

curing agent is poured into a customized 3-D printed mold, and
cured for 48 h at room temperature after vacuuming. The PDMS
mold with a semiellipsoid shell shape is molded from a bladder
phantom. The lengths of semiaxes of the inner semiellipsoid are
a = 31 mm, b = 42 mm, and c = 40 mm, while the average
thickness of the shell is around 12.8 mm.

Previous demonstration in Fig. 9(b) is constrained in a 1-D
impact. To accomplish a 3-D insertion, preanchoring is required
as structural support to stabilize the orientation of MINRob
and avoid the synchronous rotation with PM0. As illustrated
in Fig. 11(a), the anchoring is achieved by manually releasing
MINRob in the vicinity of the PM0, which is positioned close
to the targeted insertion point on the PDMS mold. During the
experiment, the PDMS mold is filled with water to mimic the
potential application scenarios involving fluidic filling (e.g.,
body fluids and blood). PM0 enables a fast approach for MIN-
Rob along the direction of its magnetic moment and results in
inserting a small part of the needle tip.

Afterward, PM0 is moved away from the PDMS mold to
ensure an available gap based on (19) to actuate the triple-magnet
system for impact with a rotation frequency of 1.0 Hz. In the
beginning, the needle tip’s limited insertion depth results in
continuous swinging on the robot body. The swing amplitude
reduces dramatically with the increasing insertion depth. Even-
tually, the needle is inserted deeper at an operating time period
of ∼291 s, as shown in Fig. 11(b).

In real-world applications, removing our robot after conduct-
ing specific tasks is critical. Thus, we move PM0 to the other
side of the PDMS mold after insertion, as presented in Fig. 11(c).
Afterward, PM0 is rotated similarly to exert both magnetic
force and torque to pull MINRob out. In Fig. 11(d), the needle
continues to slide out until the robot is completely unanchored
within ∼15 s.

In such a case, both on-demand insertion and retrieval of
MINRob in an unconstrained 3-D environment are achieved, as
recorded in Supplementary Video V. We plotted the real-time
insertion depth for the preanchoring, insertion, and retrieval
processes in Fig. 12. The clinical needle is dyed black, and a red
line marks out the contact horizontal plane between the needle
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Fig. 12. Real-time insertion depth of the needle tip during both insertion
and retrieval procedures. The insertion depth refers to the distance between
the needle tip and the surface of the PMDS mold. Left: Insertion depth with
varying operation time during the insertion process. Right: Insertion depth with
varying operation time during the retrieval process.

and the PDMS mold. The needle has a total length of 7.0 mm,
and ∼5.6 mm is exposed outside the robot’s body. Finally, the
needle with a depth of 2.06 mm is inserted after preanchoring,
while an insertion depth of 3.82 mm is eventually accomplished
via the triple-magnet system. In Fig. 11(e), a screenshot from
the video is captured to illustrate a successful bouncing-off
motion, validating the feasibility of the triple-magnet system
in an unconstrained 3-D environment.

VII. DISCUSSION

In the previous sections, the reliability of the proposed triple-
magnet system is verified by mathematical modeling and experi-
mental demonstrations. Based on this, the MINRob is designed.
Under an externally rotating permanent magnet, the MINRob
is able to achieve reversible and continuous collision along any
direction in 3-D space, supported by the structural to MINRob.

Although a comprehensive study of MINRob is demonstrated,
more factors influencing the robot’s locomotion have yet to
be discussed. Among them, friction is a critical parameter.
We experimentally investigate the impact forces under various
friction by utilizing the same setup as introduced in Fig. 6(a). It
is suggested that the decrease of friction is not able to increase
the impact force significantly. Similar results are obtained from
estimating the friction values. There are two types of friction
during the demonstration of MINRob in the manner of trans-
lation, rotation, and insertion. A contact happens between the
robot and a solid boundary, which is referred to as external
friction. In addition, we discuss the internal friction that happens
between the inner magnetic sphere PM1 and the internal wall of
the PLA shell. By measuring the coefficients of both external and
internal friction, and the weight of each component in MINRob,
the internal sliding friction and external sliding friction are
estimated to be 2.88× 10−4 N and 9.00× 10−4 N, respectively.
These values are several orders of magnitude smaller compared
to the magnetic force (∼ 10−1 N) and impact force (∼ 100 N).
Therefore, when the MINRob is actuated in a manner of in-
sertion via the rotating PM0, both internal and external friction

can hardly affect the performance and the force output of the
proposed triple-magnet system.

It is noted that we also demonstrated the locomotion of the
MINRob in a manner of translation and rotation, for which PM0
is placed beneath the robot integrated with the teleoperation
system, as shown in Figs. 8 and 9(a). In this case, the component
of a similar magnetic attractive force (∼ 10−1 N) in the Z-axis
generated from PM0 to MINRob also contributes to the friction.
As PM0 moves away from MINRob, the component of the
magnetic attractive force in the Z-axis decreases, resulting in
a drop of static friction on the external surface. When the
component of the magnetic attractive force inXY -plane is larger
than the decreasing static friction, MINRob suddenly leaps from
its original position to the current position of PM0. Therefore,
the translation locomotion of MINRob presented in Fig. 9(a) is
not as smooth as expected.

In addition to friction, there are other possible factors that
affect the performance of our triple-magnet system. First, we in-
vestigate the contribution of gravity in the manner of energy. As
the triple-magnet system changes between the state illustrated in
Fig. 3(d) and (e), the center of mass shifts reciprocally and results
in a variation in gravitational potential energy. This variation
of the potential energy in the axial direction of MINRob is
measured as∼ 10−5 J, which is much smaller compared with the
magnetic potential energy (∼ 10−2 J). Although the effect from
the shifting center of mass is negligible for the impact process
considering the potential energy, gravity itself influences the
puncture performance of MINRob. It is experimentally observed
that the insertion is challenging when the gravity is opposite to
the direction of impact. In the meantime, the influence of the
filling fluid inside the PDMS mold remains to be studied. In
the real-world biomedical scenario, the body fluids or the blood
result in a different locomotion pattern compared to the water
we used due to various viscosity and Reynolds numbers.

To apply our system to real-world biomedical applications,
several technical issues need to be considered. To deliver the
MINRob through narrow spaces and reach the deep-buried
targeted lesion, the robot’s size should be limited. The current
design demonstrates a robot structure with a total length of
∼23 mm and a diameter of 5.6 mm, which is compatible with
the scale of clinical capsules (e.g., 000 capsule). In addition,
the biocompatibility of currently utilized materials is to be
investigated. PLA shell of the MINRob is highly biocompat-
ible with tissues, while a biodegradable needle [18], [47] can
replace the current needle and enhance the reliability for long-
term anchoring. The previous section demonstrated penetration
control in an unconstrained 3-D environment under sufficient
visual information. Considering a limited visualization in a real
clinical scenario, position feedback is required (e.g., optical
images obtained from ultrasound imaging). Furthermore, an
appropriate actuating distance is demanded as described in (19).
By estimating the approximate value of the wall thickness of
the targeted organ or the distance from the inner wall to the
skin surface, the position and orientation of the magnet can
be precisely controlled to effectively trigger the triple-magnet
system.

Finally, we present a comparison of this work with the current
miniature magnetic robots in Table IV. We compared our work
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TABLE IV
COMPARISON OF THE OUTPUTTING FORCE OF MINIATURE MAGNETIC ROBOTS WITH VARIOUS WORKING PRINCIPLES

with previous research reporting magnetic robots with similar
characteristic lengths, geometric shapes, or working principles.
It is suggested that additional energy obtained from either pre-
processing structures or momentum-based impact is beneficial
for a larger force output, although a few designs are triggered by
bulky and sophisticated field generators (e.g., radio frequency
heaters and electromagnets). Previous small-scale robots cannot
simultaneously accomplish a sufficient force output and continu-
ous operation while maintaining a small size. The triple-magnet
system introduced here achieves a significantly large force out-
put accompanied by a repeatable operation. In addition, its force
output is adjustable by controlling the rotation frequency of
PM0, for which we can constrain the force output of MINRob
to protect the tissue from being penetrated in specific surgical
situations.

In vivo tissue penetration demonstrates great significance
in medical applications. The drug delivery efficiency of ad-
ministration routes is limited by various biological barriers
(e.g., gastrointestinal mucus barriers and bladder penetrating
barriers [48]). Treatments of specific diseases require breaking
through these barriers and accessing the deep muscle layer (e.g.,
muscle-invasive bladder cancer [49]). However, in vivo tissue
penetration via a wireless robot poses a great challenge to current
robot design due to the scaling law. The proposed MINRob and
triple-magnet system demonstrate great potential to access deep
tissue and conduct operations (e.g., tissue biopsy and drug de-
livery), inspiring the development of small-scale robots that are
more applicable to tissue penetration. Our robot has the potential
to treat muscle-invasive bladder cancer in a minimally invasive
manner. The small diameter allows MINRob to be delivered
through a clinical urinary catheter, while the retrieval process
is proceeded by rotating PM0 at another side of the bladder
penetration. MINRob is able to puncture the needle to the deep
bladder muscle and prevent perforation at the same time. By
integrating with specific functional units, our proposed system
demonstrates promising potential in various in vivo applica-
tions in minimally invasive healthcare. For example, customized
microsensors [50] and flexible electronics [51] inside the MIN-
Rob are able to conduct implant therapy for long-time monitor-
ing. Loading with specific drugs [18], [47], MINRob potentially

enables drug delivery on the targeted bladder muscle layer. In
addition, this triple-magnet system is potentially capable of a
highly precise ex vivo insertion (e.g., acupuncture [52]) under
the teleoperation system at an even longer distance [53].

VIII. CONCLUSION

In this article, we propose a novel triple-magnet system,
which enables a reversible and repeatable magnetic collision
between two spherical magnets. The proposed mechanism is
verified by mathematical modeling and experiments. To extend
the application of the triple-magnet system, a miniature device
MINRob, is introduced based on the magnetic impact to exert
large force via a needle, integrating with a teleoperation system.
Eventually, experimental demonstrations are presented to evalu-
ate the locomotion and penetration performance of the MINRob.
We compare the output force and the achievable force range
between our work and the current miniature magnetic robots,
indicating the potential applications of the triple-magnet system
in tissue penetration.

Although we have significantly raised the ceiling of magnetic
force by impact, even better performance is achievable. The
current system cannot achieve an ideal configuration during
the hitting-back state due to the restraints from the peripheral,
leading to the loss of impact force. Meanwhile, the insertion effi-
ciency of the needle is limited due to the inevitable swinging mo-
tion on the MINRob’s body under the rotating PM0. Therefore,
the potential developments and future optimizations are needed,
which include additional mechanisms to delay the hitting-back
process and outer encapsulations to reduce undesired swinging.
Spring and glues are available alternatives to raise the hitting-
back force threshold while reducing the impact energy loss.
An outer encapsulator [54] is able to prevent the needle from
penetrating into a nontarget area. In addition, adhesive films [55]
can be integrated into the encapsulator’s surface, which fixes
the robot at the targeted surface while leaving the needle out
to perform the penetration. With these potential developments,
the side-effect of the swinging can be reduced, and thus higher
insertion efficiency and reliability can be achieved.
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