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ABSTRACT – This paper studies the mechanism, modelling,
and applications of deformable magnetized structures under ex-
ternal magnetic fields. These structures, known as "magnetic soft
continuum robots" (MSCRs), have become increasingly interesting
because they allow advances in the field of intra-corporeal naviga-
tion and minimally invasive surgery. Several scientific and techno-
logical challenges arise in the design, modelling and control of this
new family of soft robots. This paper investigates the modelling
of such mechanisms both analytically and numerically. Finally, a
series of simulations including various magnetic fields and magne-
tization configurations of the proposed robotic system are carried
out. The preliminary results demonstrate the relevance of this type
of robot, and provide a new perspective for the design and opti-
mization of this robot in some targeted applications.

Keywords – Magnetic Soft Continuum Robots, Magneto-
Mechanical Behavior, Numerical and Analytical Models, Minimally
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1. INTRODUCTION

Small-scale soft continuum robots are increasingly becoming
essential in several robotics disciplines, especially in medical
applications, e.g., minimally invasive surgery (MIS) [1, 2]. Par-
ticularly, compared to traditional surgery for patients with car-
diovascular disease, MIS allows significantly reduce complica-
tions, shorter hospital stays, and faster recovery times [3, 4, 5].
Therefore, numerous continuum robot concepts have been intro-
duced in the market, presenting a diverse set of minimally inva-
sive therapeutic and diagnostic procedures that offer enhanced
patient safety [6]. For instance, a passive guidewire and catheter
with a pre-shaped tip are commonly utilized, which are man-
ually maneuvered under fluoroscopy imaging. However, this
kind of passive mechanisms is often constrained by various fac-
tors such as low steerability in complex vasculatures, difficulty
in accessing small branches, long operation times, and the in-
creased accumulation of radiation exposure for both patients
and physicians [7]. To tackle these issues, considerable en-
deavours have been undertaken to investigate the feasibility of
robot-assisted minimally invasive treatments that can be oper-
ated from a remote location. On the other hand, scaling down
tendon-driven continuum robots [8] with antagonistic pairs of
wires to submillimeter diameters is challenging due to the ris-
ing complexities in the fabrication process as the components
become smaller [9, 10].

Magnetic Soft Continuum Robots (MSCRs) are recently in-
vestigated due to their numerous benefits such as better con-
trollability, enhanced dynamic behavior, and safety. These
robots have the potential to overcome the limitations of tradi-
tional robots, including tether-free actuation, instabilities with
multiple passive degrees of freedom (DoF), and miniaturiza-
tion. These advantages make the applications of robots in MIS
procedures become more promising [13, 14, 12, 11]. MSCRs
have initially been fabricated by incorporating discrete perma-

nent magnets into the distal portion. However, the size of
the embedded magnets required to generate deflection under
applied magnetic fields has limited their fabrication to larger
scales [1, 15, 16]. Additionally, the use of such rigid magnets
at submillimeter scales has led to concerns about the potential
for breakage and clinical problems, as evidenced by the recall
of several magnet-tipped micro-guidewires seeking US Food
and Drug Administration (FDA) market approval [17]. A solu-
tion to this challenge has emerged, particularly with the break-
through achieved in recent years by Zhao et al. [18, 19], which
first proposed using a Hard-magneto-active composite to build
a robot’s structure. This robot is composed of soft polymers
with embedded hard-magnetic particles as distributed actuation
sources, which is able to produce large-scale elastic deflections
through magnetic torques and/or forces generated from the in-
trinsic magnetic dipoles under the influence of the external mag-
netic field. This mechanical design allows better steering and
navigational capabilities at much smaller scales, which differ-
entiate them from previously continuum robots. Based on this
work, many teams around the world have started to develop sim-
ulation tools for design (based on analytical and FEM models)
and applications of such active structures, referred to as hard-
magnetic soft materials [18, 20, 21, 22]. Good recent reviews
on these topics can be found in [11, 23].

This paper focuses primarily on the modelling aspect, in-
cluding analytical and numerical simulations for hard-magnetic
MSCRs. Its main purpose is to study the mechanical deflections
of robot bodies under various designs (internal properties and
topologies) and external magnetic fields, the objective being to
facilitate decision-making for the design of these devices.

2. MODELING MAGNETIC SOFT CONTINUUM ROBOTS
2.1. Analytical Modelling

The material of MSCRs is a composite of soft polymer em-
bedded with hard-magnetic particles (NdFeB). They are mainly
manufactured from the beam topologies (slender geometry and
planar motion), as the example shown in Fig. 1. Therefore, a
Kirchhoff assumption can be applied in their analytical models,
considering a negligible stretch and a dominating bending defor-
mation. The total Helmholtz free energy U of a hard-magnetic
beam is proposed by [18] and it consists of two parts: a bending
energy U b and a magnetic potential Um. According to the Euler
beam assumption [24], the bending energy is given in terms of
the curvature of the beam centerline, κ = θ′ = ∂θ

∂s with s the
curvilinear coordinate, and θ the tangent angle:

U b =
1

2

∫ L

0

EIθ
′2ds, (1)

where I is the area moment of inertia of the beam’s cross-section
and E is the Young modulus. The magnetic potential is asso-



Figure 1. One of the robotic prototypes from [19] and its potential use in
navigating in cerebrovascular structures.

ciated with the work done by magnetic body torque to align
the magnetization of the robot body, together with the magnetic
body force. Based on [21], the 3D magnetic potential can be
reduced to 1D affected on the beam centerline by considering
only the contribution of the rotation matrix R to the magnetic
energy (deformation matrix F = R under the condition of in-
compressibility):

Um =

∫
V

−RM ·BapplieddV, (2)

with M the magnetization of the robot body and Bapplied the
externally applied magnetic field. At a stationary/equilibrium
condition, the first variation of the total energy must vanish for
any arbitrary variation in the configuration, i.e. δU = 0, ∀ δθ:

δU = U(θ + δθ)− U(θ) = δU b + δUm = 0, (3)

Let us consider an external field Bapplied that changes lin-
early with space location, such that it can be written as follows:

Bapplied = Bc + (∇Ba)(x− x0) (4)

and a boundary condition such that θ′δθ|L0 = 0. Equations (1)
and (2) can be integrated to give the equilibrium equations of
the hard-magnetic beams:

EIθ”+Atmz −A sin θ

∫ L

s

fmx ds
′+A cos θ

∫ L

s

fmy ds
′ = 0 (5)

Three force contributions appear in this equation: a torque
around the z axis and two forces along the x and y axis:{

tmz = [RM×Bapplied] · ez
(fmx , f

m
y ) = fm = (∇Ba)T (RM)

(6)

The difficulty of solving (5) depends largely on the config-
urations of the external field B and the configuration of field
M. The authors in [18, 7] propose the semi-analytical solu-
tions for a constant magnetic field with varied field M. The
Matlab bvp5c solver can also be used to solve the more gen-
eral integro-differential equation (5), which models the defor-
mations of MSCRs under both torque and force.

2.2. FEM implementation

In Finite Elements Modelling (FEM) formulations, a 3D con-
tinuum body of volume V bounded by surface S in its cur-
rent configuration is considered as the MSCR body. Combined
with boundary conditions t, traction forces at St, the equilib-
rium equation under the Principle of Virtual Work (PVW) can
be written as:∫

V

σT :
∂δu

∂x
dV =

∫
St

t · δu dS +

∫
V

fm · δu dV (7)

here, in the left term, the total Cauchy stress consists of two
parts: σ = σe + σm. The elastic part σe is determined by a
Neo-Hookean constitutive model proposed by [18], and is de-
rived from the first Piola–Kirchhoff stress Pe = JσeF−T. J
is determinant of F. The magnetic component of the Cauchy
stress is:

σm = −m⊗Ba (8)

where m = J−1FM is the remanent magnetization in the cur-
rent configuration. From the above equilibrium equation, we
can identify the magnetic body force because of the existence of
a gradient magnetic field:

fm = (∇Ba)Tm, (9)

Subsequently, the weak form at the element level, considering
the volume of the element V element and the surface Selement

t sub-
jected to traction forces t, can be represented as:∫
V element

σT :
∂δv

∂x
dV =

∫
Selement
t

t · δv dS +

∫
V element

fm · δv dV

(10)
The residual of the element at the nodes, considering the ap-

proximated displacement field u =
∑n
I=1 u

IN I and virtual ve-
locity field δv =

∑n
I=1 δv

IN I , where N I represents the shape
function for node number I = 1, 2, . . . , n, can be expressed as:

(Ru)
I = −

∫
V element

σT
∂N I

∂x
dV +

∫
V element

N Ifm dV +

∫
Selement
t

N It dS,

(11)
Hence, to find the nodal displacements at equilibrium, the equa-
tion (Ru)

I = 0 is solved using the Newton-Raphson method.
This iterative method requires updating the intermediate solu-
tion in each iteration by calculating the Jacobian of the element’s
residual; i.e. ,

(Kuu)
IJ = −∂(Ru)

I

∂uJ
, (12)

where I, J = 1, 2, · · · , n are node numbers in an element.
The expression of (Kuu)

IJ is provided in the following by
[21] who extended it to the case with the gradient magnetic field:

[(Kuu)
IJ ]ij =

∫
Velement

(J−1
∂N I

∂xk

∂P eim
∂Fjn

FkmFln
∂NJ

∂xI

− J−1 ∂N
I

∂xk
FklMI∇Ba

ijN
J

− J−1NIFklMI∇Ba
ij

∂NJ

∂xk
)dV (13)

where i, j = 1, 2, 3 denote the ith and jth spatial coordi-
nates. In this Equation, the final two terms arise from the field
gradient∇Ba. These terms, however, become negligible when
the fields are uniform and effectively disappear. The FE formu-
lation was implemented using the Abaqus FE software. The
procedure utilizes an eight-noded brick user-element, more de-
tails seen in [20, 21].



Figure 2. Coil arrangement: (a) Helmholtz coil pair, (b) Maxwell coil pair [11].

Figure 3. Left side: different magnetization M in the robot bodies. The sizes
and directions of the blue arrows represent the magnitude and direction of M.
The geometrical and mechanical parameters are taken from [7] (length
L=40mm, diameter D=L/20, and M=M0φ, M0=640kA/m). Right side: a
uniform Config.(A) and a constant gradient field Config.(B) with
∇Bx = −0.5∇By (see [21] for more details).

3. SIMULATION RESULTS AND DISCUSSION
3.1. Description of the Magnetic field and Magnetization

As noted previously, performance of MSCRs rely largely on
the magnetic fields and magnetization distributions. Several
configurations will be considered in the following. As discussed
in [21], two magnetic fields can be generated by two iden-
tical multi-turns electromagnetic coils arranged as Helmholtz
or Maxwell pairs (Fig. 2). In this paper, we focus on two
configurations referred to Config. (A) (constant magnetic field
Bc = (0 By 0)

T ) and Config. (B) (constant gradient mag-
netic field∇Ba = (∇Bx ∇By 0)

>) as depicted on the right
side of Fig. 3.

The left side of Fig. 3 presents five distributions of M into
the MSCRs. The strength of M is controlled by the volume
fraction φ of hard-magnetic particles mixed in the composite
materials. The simulations can be carried out in cases with vari-
ous combinations of magnetic fields and magnetization. Table 1
summarizes the cases already addressed in [21, 7], and newly
investigated in this work (v.1, v.2 and v.3).

Table 1. Configuration addressed in this paper (’X’ means not already studied).

M(1) M(2) M(3) M(4.1) M(4.2)
Config. (A) [7],

[21]
[21],
v.1

[7] [7], v.2 v.2

Config. (B) [21] [21] v.3 X X

3.2. Examples of results for Config. (A)

The Config. (A) corresponds to the case of the application of
a constant external magnetic field (Helmholtz coil pair). This
configuration only produces a torque into the beam that results
in a bending motion around the z − axis.

Figure 4 shows the results of v.1 which consists of two values of θm
in M(2). The agreements between analytical and FEM analysis con-
firm their suitability for computing the deformations of MSCRs with
non-homogeneous magnetization distribution. Moreover, we demon-
strate that a magnetization with a varied orientation enhances the pos-
sibilities of beam deformation in terms of the curvature along the robot
body.

The second example (v.2) highlights the performance of M(4.1) that
was optimized in [7] to increase its workspace by selecting different
magnitudes of M into multiple segments of the robot body. Because
v.1 shows the importance of a varied direction θm in the beam defor-
mations, a configuration M(4.2) is tested by changing the orientation
θm in one segment of the configuration M(4.1). A comparison about
the deflections between M(4.1) and M(4.2) is shown in Fig. 5. It can
be seen that the deflections are larger in M(4.2) than in M(4.1), es-
pecially in the range with a bigger strength of magnetic field B. This
result demonstrates that an optimization involving both the magnitude
and direction of the magnetization of the robot body has great potential
to produce a more effective workspace for MSCRs.

3.3. Examples of results for Config. (B)

The Config. (B) corresponds to the case of the application of a con-
stant external magnetic gradient field (Maxwell coil pair). This con-
figuration produces forces along the x and y axis such that extension
deformation appears.

Figure 4. The M(2) magnetization distribution with Config. (A) for two cases:
(a) is with θm = π

2L
s, (b) is with θm = 3π

2L
s− π

2
.

Figure 5. Comparison between M(4.1) and M(4.2) for Config. (A).



Figure 6. The M(3) magnetization with Config. (B) for φ = 0.4s/L.

Figure 7. Examples of designed and manufactured magnetic soft continuum
robot prototypes.

The last example (v.3) investigated the deflection of M(3) under the
gradient field of Config. (B). Figure 6 shows the results at two points
with various strengths of the gradient fields. The matching between
simulation results (using both analytical and FEM methods) confirms
the adequacy of both methods to predict the deformation of robots with
varied magnitude under a gradient field.

4. EXTENSION AND FUTURE WORKS

Based on these early modelling results, we are currently developing
experimental prototypes. After testing several materials, we now use
PDMS as the polymer base of the beam. Figure 7 shows photographs
of our first prototypes: pure PDMS, PDMS mixed with NdFeB par-
ticles for φ = 0.1 (10% of particles fraction) and φ = 0.4 (40% of
particles fraction). A prototype including a permanent magnet in the
distal part is also manufactured. The samples with NdFeB particles are
not yet magnetised but they will be as soon as we have access to a mag-
netisation equipment. The first experimental tests will be conducted
after this magnetization procedure.

Currently, the estimation of forces applied to the beam after a con-
tact with an external solid is also considered. Indeed, the estimation
of contact forces between MSCR and biological matter is fundamental
for medical applications and MIS procedures. Authors in [25, 26] have
proposed some models for punctual contact. Particularly, [26] proposed
an interesting design for specific contact conditions (a contact force
limited to the 0.1 N to 0.4 N range in order to improve the procedural
outcome of cardiac ablation). It should be noticed that these models do
not consider distributed force along MSCR, which becomes important
during the navigation of the robot in a specific vascellum with complex

curvature or in the arteries with aneurysms. This is one of our next
modelling objectives. In this way, we also work with robotics part-
ners that already proposed some solutions to assist this estimation of
force using visual feedback [27]. This work is currently proposed for
a passive beam, and we want to extend these results to consider a hard
magnetic continuum beam.

5. CONCLUSION

This article presents an analytical and FEM-based model to com-
pute the deformations of MSCRs subject to various magnetic fields.
The main objective of this work is to help decision-making for the
design of these devices. The early obtained results demonstrated
promising investigation paths, for instance considering the direction
and magnitude of the magnetization in designing robots could improve
greatly their performances. Nevertheless, because of the complexity
of the magneto-mechanical coupling problem in composite materials
with largely nonlinear deformations, these preliminary modeling re-
sults must be strengthened by further investigations.

Progress is currently being made on the fabrication of prototypes that
will allow us to carry out the first experiments. We will then be able
to start addressing the "real" robotics and control problems associated
with these devices, beyond the "simple" simulation of their magneto-
mechanical behavior.
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