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Abstract— Small-scale robots hold significant promise in the
field of minimally invasive surgery (MIS). In this paper, we
present a miniature magnetic gripper and develop a data-
driven kinematic model. The gripper comprises four fingers,
wherein each finger has a maximum size not exceeding 3mm,
4mm and 5.5mm in three dimensions. By integrating permanent
magnets and elastic ropes as internal actuation elements into the
fingers, the gripper is equipped with the capability to open-close
under an external magnetic field, facilitating the manipulation
of small objects in confined spaces. Modeling and analysis of
the magnetic gripper are undertaken, wherein the relationship
between the open angle and the external magnetic field is
established. The average error between the experimentally
observed open angles and the model-predicted values is 2.31°.
Subsequent experiments demonstrated the necessity of the
magnetic gripper model for precise manipulation, verified its
excellent sensitivity to magnetic fields, and demonstrated its
potential for future applications in MIS.

I. INTRODUCTION

Miniaturized robotic grippers have garnered significant
attention due to their compact size and exceptional maneu-
verability in confined spaces [1], [2]. These merits have
attracted widespread research interest across diverse fields,
including micro-manipulation, micro-assembly, drug delivery
and MIS. Multiple methods have been employed to actuate
the miniature robots including light-driven, thermal-driven,
ultrasonic-driven, chemical-driven, and magnetic-driven [3],
[4]. Among these approaches, magnetic actuation emerging
as an indirect yet reliable control method with substantial po-
tential for remote manipulation. The versatility of magnetic
fields facilitates precise manipulation, due to the flexible use
of force and torque, as well as the ability to penetrate non-
metallic substrates. Moreover, the low-intensity magnetic
fields employed in remote micro-robot control exerts a neg-
ligible impact on biological organisms, aligning seamlessly
with the stringent requisites of biological systems.

Reducing the size of robotic grippers to the millimeter
scale or even smaller while retaining their original function-
ality is a significant challenge. This not only demands precise
fabrication of functional components with tight tolerances
but also introduces complexities in actuation parts. Addition-
ally, assembling these components into a functional device
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becomes exceptionally difficult. The emerging microfabrica-
tion technologies like photopolymerization technology, laser
cutting, and thin film deposition have provided a promising
solution due to their unparalleled precision [5], [6].
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Fig. 1.  The miniature magnetic gripper mounted on the UR robotic
arm’s end-effector. This gripper consists of four fingers and a fixture, with
each finger having a maximum length of 5.5mm. A permanent magnet is
embedded in each finger and the fingers are connected to the fixture by
both nylon and elastic cords. The permanent magnet is used as an internal
magnetic actuation unit, the nylon cord acts as a fixation and the elastic
cord is responsible for providing the clamping force.

Many researchers have adopted the strategy of integrated
processing to directly fabricate miniature grippers. In [7],
[8], a micro-gripper capable of intricate pick-and-place tasks
within a gradient magnetic field was meticulously fabri-
cated through a multifaceted process, which encompassed
techniques such as coating, spin-coating, photolithography,
and crosslinking on a silicon wafer. Similarly, a biomimetic
jellyfish-inspired soft micro-robot with eight tentacles was
created through the casting and laser cutting of magnetic
composite materials [9]. In [10], a magnetically elastic
rectangular-sheet-shaped soft robot was fabricated using
silicone elastomer mixed with magnetic neodymium-iron-
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boron microparticles, enabling various motions and gripping
actions after magnetization. All of these methods involve
conferring controllability by programming magnetization af-
ter fabricating the entire structure [11], [12].

To enhance magnetization flexibility, some studies have
employed an in-situ magnetization approach, integrating the
magnetization process into the printing process itself. For
instance, in [13], [14] a method utilizing controlled reorienta-
tion of magnetic particles and selective exposure to ultravio-
let light was reported, enabling the encoding of magnetic par-
ticles into planar materials with arbitrary three-dimensional
orientations. However, fabricating miniature multi-fingered
manipulators with complex 3D geometries is well beyond
the capability of mainstream microfabrication technologies.
The necessity to incorporate magnetizable components in
the printed materials further restricts the complexity of the
printable structures. Consequently, most studies have been
limited to producing structures within a 2D plane. While
it is possible to transform 2D structures into 3D robotic
grippers through careful structural design and ingenious
origami methods, significant limitations exist in terms of
freedom and functionality [15]-[19].

In light of these considerations, we adopted a component
assembly approach. Previous work have demonstrated the
feasibility of this method by assembling 3D printed parts
and small permanent magnets to create a magnetic gripper
with a scissor structure [20], [21]. However, the structure
of the planar two-fingered gripper limits its capabilities. In
this paper, we introduce a miniature four-fingered magnetic
gripper as shown in Fig. 1. The main contributions are as
follows:

1) A novel approach was developed to design, manufac-
ture, and assemble the miniature magnetic gripper.

2) A magnetic gripper kinematic model was established
by combining physical model and data-driven approach,
demonstrating the relationship between the open angle and
the external magnetic field.

The reminder of this paper is organized as follows: The
fabrication, modeling and analysis of the proposed magnetic
gripper are shown in Section II. The experimental results are
presented in Section III to demonstrate the effectiveness of
this gripper, with a discussion on the limits of the current
design, followed by a conclusion in Section IV.

II. MODELING AND ANALYSIS

This section describes in detail the design concept and
fabricating process of the proposed miniature magnetic grip-
per. In order to achieve precise control of the gripper, we
modeled and analyzed the function of the gripper under
external magnetic field.

A. Design and Fabricating Progress

This study aims to miniaturize macroscopic mechani-
cal grippers and design a millimeter-scale gripper device.
Traditional macroscopic mechanical gripers are typically
assembled by hydraulic actuators, joints, and mechanical
structures. However, scaling down and assembling these

components at the microscale presents significant challenges.
Therefore, we propose an innovative design approach that
utilizes a combination of magnetic and elastic materials
instead of hydraulic actuators to control the open-close of
the miniaturized gripper, enabling microscale assembly. As
illustrated in Fig. 2, the miniature gripper is structured
by four fingers and one fixture. Each finger is threaded
through the bottom of the fixture with a 0.5mm nylon cord,
allowing it to rotate exclusively around the nylon cord.
Additionally, each finger is connected to the fixture via a
0.5mm Thermoplastic Polyurethane (TPU) elastic cord with
a predetermined pre-stretch, ensuring that the four fingers
exert a clamping force in the absence of external forces.
To provide magnetic propulsion to the gripper, a miniature
cylindrical NdFeB(N35) permanent magnet with a diameter
and thickness of 2mm, magnetized along the thickness direc-
tion, is embedded on each finger. The four fingers and fixture
were 3D-printed with photosensitive resin using the projec-
tion micro stereolithography (nanoArch S140, Boston Micro
Fabrication, China), ensuring ultra-high precision (10pm)
to achive precise assembly. The maximum lengths of the
finger in the X, y, and z directions are approximately 5.5mm,
4mm and 3mm, respectively. Each finger is designed with
specific features: the upper part has a 0.6mm diameter hole
for attachment to the fixture through nylon cord, the middle
part features a 0.8mm diameter hole to secure the TPU elastic
cord, and the lower section includes a dedicated space to
accommodate a small magnet. The fixture is a rectangular
prism measuring 4mm in length, 4mm in width, and 10mm
in height. Its bottom section is equipped with 8 clamping
plates, each with a 1mm thickness, to securely hold the
four fingers in place using nylon cord. A 0.6mm diameter
hole is positioned at the center of each clamping plate. The
top part of the fixture can be utilized to connect with other
components, such as a robotic finger, and its size is adjustable
to meet specific usage requirements. In the aforementioned
assembly process, the connection between the nylon cord
and the fingers, as well as the fixture, employs clearance fit.
The magnets are securely fixed within the reserved spaces

fixture 4
mm
;

nylon cord

elastic cord

5.5mm

finger NdFeB
(a) (b)

Fig. 2. The design concept and 3D model of the proposed magnetic gripper.
(a) The gripper has four fingers and a gripper fixture. Each finger is threaded
through the gripper fixture with a nylon cord and a TPU elastic cord. In
addition, a NdFeB permanent magnet is embedded in each finger as a drive
unit. (b) Profile of the magnetic gripper.
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on the fingers using interference fit. The TPU elastic cord is
affixed to both the fingers and the fixture at its ends using
ethyl cyanoacrylate.

B. Gripper Model and Inner Torque Analysis

The actuation of magnetic gripper relies on forces and
torques acting on the embedded magnetic components under
external magnetic fields. When a magnetic dipole with a
magnetic moment m € R? is located at a position in free
space under an external magnetic field B € R?, the force
and torque can be expressed as follows [22]:

F=(m-V)B
{ T=mxB M

where (m-V) is the directional derivative in the direction
of m multiplied by its magnitude. F € R? and T € R?® are
torque and force exerted by the magnetic field.

The magnetic moment m of a permanent magnet can be

calculated as:
1
m:///Mdv:—B,V 2)
v Ho

where M € R? is the magnetization that measures the
average magnetic moment density in the magnetic media,
Uo =471 x 10""H/m is the permeability of vacuum and V
is the volume of the magnet. For NdFeB, ||B,|| = 1200mT
is the residual flux density. Due to the small size of the
magnet, the magnetic dipole model can be used to calculate
the magnetic field of the magnets [20]. According to the
magnetic dipole model, the magnetic field of a magnet is
related to its magnetic moment m and the distance ||r||,
where r € R3 is a vector from the center of the magnetic
dipole to the location where the magnetic field is measured.
' is used to express the unit vector of the location vector
(r =||r||#). The magnetic field Byiyo. € R* of the magnetic
dipole can be expressed as:

Ho <3r<m“‘> ) m) )

IR AN LR

Byipote (1)

The magnetic gripper is a symmetrical structure. In this
paper, we consider a situation where the magnetic field exerts
symmetric forces on each finger, ensuring that all fingers
share the same open angle. Consequently, our analysis will
focus solely on the forces and torques acting on fingerl.
As shown in Fig. 3(a), a local coordinate system has been
established with its origin located at the base (center of
bottom) of the gripper fixture. The Z-axis coincides with the
axis of the fixture. The unit vectors for the four magnetic
moments are denoted as mj, My, mj3 and My, respectively.
o, B and O are defined to represent the open status of the
gripper. 0 is the open angle,  is determined by the design of
the gripper with a value of 24°, while 8 = 6 — «, represents
the angle between m; and the Y-axis. a = 3mm is the value
of the distance from the origin to the finger junction, r;
denotes the vector of the magnetic dipole of fingerl to its
connection point with a value of b = 3.75mm. In addition, the

ry N}

/’ finger3
X
j m;

(a) (b)

Fig. 3. The local coordinate system for the magnetic gripper. (a) Magnetic
field force analysis between the four fingers; (b) Analysis of the force
exerted by the elastic cord on fingerl.

position vector from the magnetic dipole of finger2 to that
of fingerl we denote by r;;. The naming rules between the
remaining locations follow the above approach. Therefore,
the following can be obtained:

my=[0 —cosf sinf ]T

m,=[ 0 cosp sinf ]T

3 =[ cosp 0 sinf ]T

ty=[ —cosp 0 sinf ]T @
r=[0 —2(a+bsing) 0]

r31=[ —(a+bsin) —(a+bsinh) 0 ]T
ry=[ a+bsin® —(a+bsin®) 0 ]T

ri=[0 bsin® bcosh ]T

The torque T, T3y and T4, exerted by the magnetic
dipole of other fingers to fingerl can be expressed as:

T21(9) =m; X B2
T31(60) =m; x B3 S
T41 (9) =mj X B4

The torque Tf,,, Tr,, and Tr,, generated by forces Fai,
F3; and Fy4; can be calculated as follows:

TF21 (9) =r; X \Y% (m1 -Bz)
TF31 (9) =r; X V(m1 ~B3) (6)
TF41 (9) =r) X V(m1 -B4)

In addition to the magnetic field forces, each finger
experiences the forces exerted by the elastic cord. Due to
the slender profile of the elastic cord and the significantly
larger bending radius compared to its own radius, the elastic
cord can be approximated as an idealized thin line. The
mechanical model illustrating the relationship between the
elastic cord and fingerl is presented in Fig. 3(b). Because
the elastic cord is adhered to both ends, one on the finger
and the other on the fixture, fingerl primarily experiences
the tension at the points O, of adhesion and the resultant
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force at the bending point O3. F; is directed from point O»
to O3 and represents the tension in the elastic rope at point
0,. F; is the resultant force of the tension in the elastic rope
at point O3, making an angle ¥;/2 with respect to the line
0,03. 71 is the angle between 030, and 0304, 7» = 60° is
the angle between Q104 and the Y-axis ,y3 = 10° is the angle
between 0103 and point O to the magnetic moment and
Y=51° is the angle between 0,07 and O,0j3. For ease of
expression, we denote Q0,03 by L;3. The rest of the similar
expressions follow this rule. & is the elastic constants with a
value of 135 of the TPU elastic cord, ||0203|| = 2mm and
[|040s5|| = Tmm. L = 10mm represents the original length of
the elastic cord. ||0204]| = 2.5mm, ||0104|| = 2mm and
[|0304|| = 1.85mm. The total torque T, exerted on fingerl
from the elastic cord can be calculated as:

T(6) =T, (6) + Tr (0) -
=L;; xF(0)+La; xF,(0)

The torque on finger]l without external magnetic field can

be calculated by adding the above torques. Because these

torques are produced by the gripper itself, we call it ‘inner
torque’, represented by T, as:

Tin(0) = T21(6) +T31(0) + T41 (6)+
Tr,, (0) + Ty, (0) +Tr,, (0)+Tc(0)

Combined with (3), (4), (5), (6), (7) and (8), the value
of the inner torque T},(0) around the nylon cord can be
calculated as follow:

®)

, _ (142v2)|B,|]*V2sin B-cos B
Tn(0) = - 327 (a+bsin )3

_ 9b|B,||*v2sin6-cos’ B n 15b||B,.||>V2 sin 6-cos® B
167Uy (a+bsin 0)3 4o (a+bsin6)2 9)

+kAl - Lyy - siny
—kAl-\/2—2-cosy, -L3; -sin(0 — 73)
III. EXPERIMENT AND RESULTS

In this section, calculations and experiments are carried out
to verify the accuracy and control reliability of the magnetic

gripper.

A. Data-Driven External Magnetic Model

To harness the advantages of high efficiency, stability and
compactness, a NdFeB permanent magnet with a 50mm
diameter and 30mm thickness, magnetized along the thick-
ness direction, was employed as the control magnet. When
applying the magnetic field, it is necessary to keep the axis
of the control magnet coincident with that of the gripper
fixture. This ensures uniform torque on each finger, thereby
maintaining consistency in the magnetic gripper’s open-close
motion. While symmetrical structures offer computational
convenience, the larger size of the control magnet renders
the dipole model impractical. Moreover, precisely modeling
the magnetic field distribution around a permanent magnet is
inherently intricate and challenging, making the calculation
of magnetic forces between the control magnet and magnetic
grippers a complex task.

To solve the problem, we adopted a data-driven approach
to model the relationship between the control magnet and
the magnetic gripper. In this paper, we utilized the finite
element method within COMSOL ! to simulate the magnetic
torque experienced by the small magnet embedded in the
fingers. As illustrated in Fig. 4(a), a series of magnetic
torques encountered by the finger as it rotated around the
nylon cord were simulated. Fig. 4(b) represents the magnetic
flux density between the small magnet in the finger and the
control magnet at a certain time in the COMSOL simulation.
In the simulations, we calculated the relationship between the
open angle and the magnetic torques for a number of cases
where the height was increased from Smm to 40mm with
a pitch of 1mm, the open angle was increased from 0° to
90° with a pitch of 1°. In this paper, the height refers to
the vertical distance from the base of the magnetic gripper
to the surface of control magnet. In total, 35%x90=3150 sets
of data were obtained, where the ratio used for training and
validation is 8:2.

0.0020

——h=6mm " 002 0 002 A
——h=8mm L -
0.0016 ——h=10mm ) 005 .
— ——h=12mm
E h=14mm
Z.0.0012 o
P
g o N 06
00008 n
) [] §
0.0004 02
0 20 40 60 80 100 v 12x10°
Open Angle (°) -
(a) (b)
Fig. 4. Simulation results obtained by comsol. (a) The magnetic torque

experienced by the finger as it rotates around the axis of the nylon cord when
the open angle varies from 0° to 90°, while the base the gripper fixture is at
a certain heights from the surface of the control magnet. This figure present
the relationship curves between the open angles and the external magnetic
torques at six different heights. (b) The magnetic flux density between the
small magnet in the finger and the control magnet at a certain time in the
COMSOL simulation.

The training data is a set of simulated data D =
{T;,6i,hi}i=1,. n, where T;, 6; and h; denote the moment i in
time when the magnetic gripper is at a height and angle rela-
tive to the control magnet with values 4; and 6; respectively,
the internal small magnet within the fingers experiences a
magnetic torque denoted as 7;. This is a supervised learning
task, where the parameters m of a function approximator
F(T,0;m) need to be optimized to accurately map 7 and
0 to corresponding height A:
mini{;nizeZE(F(]},Bi;ﬂ),hi) (10)
]
where ¢ denotes the loss function, we employ the form
of mean square error here. Given that all the data are
low-dimensional, a neural network consisting of three fully
connected layers was constructed to train the strategy. The
input layer of this network comprises magnetic torque 7 and
angle 0. The first hidden layer of the network transforms

IComsol Multiphysics, Version 6.1, Comsol Group, www.comsol.com.
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the input data from two dimensions to 128 dimensions,
followed by the second hidden layer further reducing it to 64
dimensions. The final output layer is one-dimensional and is
used to predict the height h.

B. Model Validation

(a) 0.0008 (b)
s0b T measurement]
) |- — prediction
=0.0006 | X k
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Z 240
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Fig. 5. Verification of the gripper model. (a) The relationship curve between
the open angle and the inner torque calculated from the magnetic gripper
model. (b) Blue area: Plot of gripper open angle versus height measured by
5 repeated experiments; Red dashed line: The relationship curve between
the open angle and height fitted by the magnetic gripper model. (c) The
experiment setup for measuring the relationship between open angle and
height.

According to (9), the relationship between the open angle
and the inner torque shown in Fig. 5(a) can be obtained.
Based on this, a series of inner torques and open angles
were input into the well-trained neural network, and the
corresponding height at each moment was predicted. The
relationship between the open angle and height, as depicted
by the red dashed line in Fig. 5(b), can be fitted accordingly.

As shown in Fig. 5(c), the magnetic gripper was securely
attached to the end-effector of the robotic finger (collab-
orative robot URS5e, UniversalRobots, Denmark) using a
customized flange. To get the experimental data, first adjust
the base of magnetic gripper to 40mm away from the control
magnet, then slowly descend to Smm. The distance from
the gripper base to the surface of the controlled magnet is
indicated by & in the figure. The open angle of the gripper
in the entire descent process is determined by measuring the
bottom of the fingers from the control magnet, as indicated
by hfinger in the figure, in conjunction with calculations
based on the gripper’s structure design. The blue area in Fig.
5(b), which calculated by five repeated experiments, shows
the relationship between the actual open angle and height.
Further calculations show that the average error between the
experimental measured open angles and the predicted results
of the magnetic gripper model is 2.31°.

C. Precision Grasp Experiments

The ability to precisely control the open-close of a gripper
is important for delicate manipulation. For this reason, we
designed the experiments shown in Fig. 6. We first designed
a fragile cylinder part with a layer of Smm outer diameter,
0.lmm thickness and 6mm height shell in the upper part.
The results show that when the open angle of the gripper
is accurately controlled according to the model, the part
can remain complete. During the precision control process,
we first measured the dimensions of the grasped object,
calculated the required open angle of the gripper, and then
place the control magnet at the corresponding distance below.
As the gripper move to the gripping position, the control
magnet is slowly lowered. At this time, the grippers will
gradually close around the object under the influence of
internal torque, preventing any damage. When attempting
to grasp a fragile object with an arbitrary open angle, a
large open angle may potentially cause the gripper to close
rapidly when the magnetic field quickly diminishes, which
can result in damage to the object. The above experiments
also demonstrate the necessity of an accurate control model.

D. Sensitivity Testing Experiments

In order to verify the sensitivity of this magnetic gripper
to the magnetic field, we designed an experiment shown in
Fig. 7. Specifically, we tested the change in the open angle
of the magnetic gripper as it moved from 40 mm to 5 mm
above the control magnet in 1, 2, and 4 seconds, respectively.
The results show that despite different speeds the gripper
approaching the control magnet, there is little difference in
the open angle at similar positions, indicating the excellent
sensitivity of the magnetic gripper to the magnetic field.

E. Tissue Grasping Experiments

In practical applications, this magnetic gripper can be used
for the removal of gastric polyp tissue. To simulate this
situation we designed the following experiments. First, we
simulated the force between biological tissues with a sponge
stuck to a transparent tape as shown in Fig. 8(a). Further, a
piece of grape was excised as a grasping object to simulate
the texture of biological tissues as shown in Fig. 8(b). The
results of simulation experiments show that the magnetic
gripper fulfills these task successfully, demonstrating its
potential in real applications.

Although the above experiments have shown some excel-
lent performance of our designed magnetic gripper, there are
still some problems to be solved. Firstly, the dimensions of
the gripper still need to be further reduced in order to ex-
pand its practical applications. In addition to optimizing the
structure, the use of embedded magnetic particles instead of
permanent magnets could be considered in the future, which
could significantly reduce the size of gripper. Secondly, in
terms of control the permanent magnet can be assembled
to the end-effector of another robotic arm. In the future we
will build a closed-loop magnetic control system based on
dual-arm by combining the feedback from visual and tactile
sensors to make the operation more flexible.
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Fig. 6. The precision grasp experiments.

The sensitivity testing experiments.

IV. CONCLUSION

This paper introduces an innovative miniature magnetic
gripper designed for MIS applications. The construction
design, assembly method and functionality of the mag-
netic gripper are comprehensively detailed. Through physical
analysis, we established an internal torque model for the
magnetic gripper. Combined with the external magnetic
torque model obtained from the neural network, we created
a kinematic control model for the gripper. The open-close
experiments demonstrate the accuracy of the gripper model
and its sensitivity to the magnetic field, where the average

€
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=
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Removed

Magnetic Field
Removed

o e

Fig. 8. The simulated tissue grasping experiments. (a) Grasp a sponge that
is stuck to the clear adhesive. (b) Grasp a piece of grape pulp.

error between the experimentally measured open angles and
the results predicted by the model is 2.31°. The grasping ex-
periments demonstrate the necessity of the magnetic gripper
model and the potential of the gripper for future applications
in MIS.
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