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Abstract—  Fully soft continuum magnetic (FSCMs)
microrobots with highly deformable structures have emerged as a
potential solution to robotically controlled endovascular
interventions. The microrobot’s structure is made of magneto-
responsive material, which offers full body control under a
magnetic field instead of limited tip deformation. The shape
control for these microrobots enables steering in complex paths
with limited contact with the environment. We studied full body
control under fields generated using up to two robotically
controlled permanent magnets and in combination with an
electromagnetic system. The effect of different parameters, such
as the number of permanent magnets, position of the permanent
magnets and intensity and direction of the electromagnetic field,
on the robot’s shape has been experimentally investigated. A
mathematical model to predict tip deformation angle (TDA) was
introduced and verified experimentally (root mean square error
(RMSE) 6.5). Ten different characteristic body shapes were
identified based on the curvature of the soft robot. Based on the
obtained data, a proof-of-concept demo is presented for the full
body controlled soft robots. The accuracy of steering soft robots
on a continuous path with all three magnetic control strategies was
investigated. The results show that the proposed method
effectively enables shape forming and minimizes contact with the
surrounding environment (the average distance to the centerline
was 1.24 mm). The proposed approach hold promises to elevate
endovascular interventions towards the least invasive surgery.

Index Terms—fully soft continuum magnetic (FSCMs)
microrobots, magnetic control, shape forming, body shape control,
microrobot, magneto responsive material.

I. INTRODUCTION

In recent years, microrobots have shown promising results in
advancing existing medical interventions and introducing
novel least invasive surgical procedures [1, 2]. To control
microrobots, a wide variety of actuation methods have been
introduced, including chemical, piezoelectric [3] and optical
[4]. However, given its clinical compatibility, magnetic field
actuation has emerged as the favored method for medical
interventions involving microrobots.

Real-time information on the robot's location and orientation
during surgery is important. MRI and X-ray can be used to
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create a 3D map of the patient's anatomy to guide surgeries [5].
Additionally, soft magnetic robots have been used with imaging
systems for real-time localization, and preliminary results
suggest that embedded sensing devices like FBGs could also
achieve real-time magnetic catheter localization [6, 7].

A specific subset of magnetic microrobots featuring a high
aspect ratio (length-to-diameter) are particularly well suited to
endovascular interventions, due to their soft (non-invasive),
dexterous (highly deformable) and miniaturized (reaching to
remote areas) structures. These small (milli/micro-scale) soft
continuum magnetic (SCM) robots, driven by a high number of
degrees of freedom and the ability to generate complex
curvilinear shapes, have emerged as novel tools in the
advancement of medical interventions.

SCM robot consists of a flexible structure with single or
multiple embedded permanent magnets (PM) at their tip [8, 9],
with variable stiffness, and with concentric tube configurations
[10, 11].

To capture the behavior of SCM robots under magnetic
fields, models have been proposed based on Cosserat rod theory
[12], Kirchhoff elastic rod model [13], Pseudo Rigid Body
Models (PRBMs) [14, 15], as well as finite element method
(FEM) models [8, 9]. Despite compelling results, early SCM
robots utilized rigid permanent magnets inside their soft
structures, which present an increased risk of patient discomfort
and potentially tissue damage of vascular perforation.

To address this limitation of SMC robots, fully soft
continuum magnetic (FSCM) robots were introduced [16, 17].
These robots are fabricated from an elastomer matrix doped
with magnetic microparticles (ferromagnetic magneto
responsive material), resulting in an entirely soft, fully
deformable structure with increased tip deformation and
reduced the risk of tissue damage. The Euler-Bernoulli non-
linear model was introduced for FSCM robots in [16], and a
large deformation model presented in [18]. The microrobots are
modeled as cantilever beams that are activated through an
external magnetic field. By solving the boundary value problem
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Fig. 1. (a) Schematic representation of magnetic field manipulation system for FSCM robot control. (b) Schematic representation for FSCM robot deformation
under a magnetic field. (c) Dividing the soft robot to different segments (each section has a uniform magnetic field)

using numerical methods and the FEuler-Bernoulli beam
equations, accurate determinations of the overall deformations
can be obtained [19]. Additionally, the exact solution of the
equations can be utilized to predict both the tip and shape
deformations of these robots [20].

Approaches for shape forming of FSCM robots were
introduced for actuation under static homogeneous fields [21]
and for follow-the-leader navigation under sequenced
homogeneous magnetic fields [22]. Fundamentally, these
approaches achieve shape forming through the introduction of
varied magnetization directions along the length of the FSCM
robot, resulting in a varied response when exposed to a uniform
magnetic field. Although shape forming to a specified shape or
path was achieved, the approach is limited by fabrication
complexity and each FSCM robot being specifically programed
to suit only one shape or path.

Permanent magnets have high magnetic energy density and,
if mounted on robotic manipulators (RM), can provide a
reconfigurable (and large) workspace [23, 24]. Additionally,
electromagnetic coils have the advantage of controlling field
intensity by modulating the current, thus providing an
additional degree of control that allows fine tuning [25]. This
paper's primary contribution lies in its exploration of a hybrid
approach (Fig. 1 (a)), showing how we can get the best of both
techniques (separately and together). For the first time, we
demonstrate the advantages of fine-tuning control through EM
coils while also leveraging the flexible workspace that can be
achieved through the use of RMs.

Furthermore, we apply our hybrid approach for the shape
control of the soft microrobots (diameter 600 pm with uniform
axial magnetization) that expands beyond the limitation of tip
control. Our experimental results showed that using only one
magnetic source is limiting for full body shape control, while
two simultaneously controlled magnetic sources facilitate this
goal. We explore and evaluate the different pairings of three
independent magnetic systems (two PM based and one EM
depicted in Fig. 1 (a)) to achieve full body shape control for
contact avoidance in a proof-of-concept study.

II. MODELING

A. Magnetic field modeling

To develop the model, we incorporated a range of
assumptions that considered both the physical characteristics of

the microrobot and the behavior of its constituent materials:

e Given the microrobot's significant aspect ratio, with its
diameter notably smaller than its length, the robot's cross-
sectional area remains perpendicular to its centerline.

e The length of the centerline of the microrobot remains
constant during deformation.

o The microrobot's material is modeled as isotropic and elastic
[23].

o In the EM system, the magnetic field is considered uniform.

e To determine tip deformation angle under PM, we divide the
soft robot into several segments, each with a uniform
magnetic field (Fig. 1 (c)).

According to Maxwell’s equations, the magnetic field is
described:

V.B = po) (1)
VXB=0 2)
where B is the 3x1 magnetic field, y, is the permeability of free
space, which is 4n x 10”7 T.A.m™!, J is a vector field describing
the electrical current density. According to equation (1), in a
current free space the curl of the magnetic field is zero. The
force and torque on a magnetic object under the effect of this

magnetic field is thereby given by the following:

Tmagnetic = M X B (3)

l-:magnetic = (m.V)B “)
where Fagnetic and Tyagpetic are 3x1 vectors and m is the
dipole moment of the magnetic object. As equations (3) and (4)
illustrate, the magnetic torque depends on field (intensity and
direction) and the magnetic force depends on field gradient.

Magnetic force and torque can be integrated into a 6 by 1

matrix [26]:

[Fm]6><1 [M]6xs[Blgx1 (5)

where M is the dipole term and B is the magnetic field term.
M can be shown as:

[M]6xs (6)
0 -m, m, 0 0 0 0 0
m, 0 -m, 0 0 0 0 0
my,  my 0 0 0 0 0 0
=l o 0 0 m m m, 0 0
0 my 0 0 m, 0 m, m,
-m, 0 m, -m, 0 m -m, m,

B can be shown as:
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In the presented study, the magnetic field (B) is generated
using RMs, EM or a combination of them. For the RMs, we use
cylindrical shaped (N50, 3.5 x 7 mm) axially magnetized
permanent magnets. Instead of approximating the field
generated by the cylindrical magnets with a dipole model, we
instead consider an ideal solenoid model. This approach uses a
generalized complete elliptical integral, which naturally occurs
in a field with cylindrical symmetry (at any given point in
cylindrical coordinates P = (z, p, @)) [27]. The EM field was
considered uniform in the region of experiment.

B. Bending deformation modeling

We consider the tip deformation of a FSCM microrobot
under a magnetic field; presented as a general schematic in Fig.
1(b). Where in Fig.1(b), s is the distance from the origin to the
spatial point of interest (initial point of ds), 6 is the bending
angle, B is magnetic field, M is magnetization in undeformed
shape, m is magnetization in deformed shape, A is the cross-
section, ¢ is magnetic field direction, and 8,,, is the final
bending angle of the robot.

The curvature of the centerline (c(s)) can be calculated as
eq.8 (Fig. 1(b)):

do ,
c(s) ===
We can show the magnetic potential energy (y,,) and the

bending energy per volume () as Eq. 9 and Eq. 10 [18].
Ym(0,5) = —RM.B

, EI .,
(0 = 740
where R is rotation tensors, E is the Yong modulus, and 7 is the

area moment of inertia. Helmholtz free energy density (i;) is a
function of three variables (0,0, s).

',0 )—E19'2 RM.B
Ipt ,,S _2A .

Based on eq.11, the total Helmholtz free energy can be
calculated as eq.12.

L
e, = AJ Y. (0',8,s)ds
0

Due to the principle of stationary potential energy 811 = 0,
and using Eq.9 and Eq.10, and uniformity of the magnetic field

®)

&)
(10)

1D

(12)

(Fnagnetic = (m.V)B = 0), we have (Boundary value problem
(BVP)) [23]

Eld?*6 + MBsin( 8) =0 13)
1 42 sin(¢g =
Based on Eq. 13 and using chain rule:
d*6de _ fMBA . 9\d6 (14)
ds?2ds gl " (@ =0)

There is no internal bending moment at the free end. Hence
in Eq. 14, the boundary condition is 8',,,4 = 0. Finally, , Eq. 15
shows the relation between bending angle and the length.

s = El do (15)
\JZMBA V€0s(® = Bona) — cos(p — 6)
By integration from Eq.15:
L= EI Oena do ) (16)
ZMBAJy  [cos(¢ — Beng) — cos (¢ — 6)

where L is the length of the soft robot. Based on Eq. 16 and the
fact that the length of the soft robot remains constant, the final
bending angle of the robot (8,,;) can be calculated by
numerically solving Eq. 16 (using MATLAB software).

To calculate the bending angle of each segment under PM,
the microrobot is divided into multiple sections, and the
magnetic field distribution is approximated. The bending angle
for each segment can then be determined, and the superposition
method is used to obtain the overall tip deformation angle of the
soft robot. The model parameters introduced in [21] is used in
this study.

III. SOFT MAGNETIC ROBOT FABRICATION

The FSCM microrobots were fabricated using a two-part
process. Magnetic tips where first made from neodymium-iron-
boron (NdFeB) particles (5 pm MQFP-B+, Magnequench
GmbH, Germany) mixed with an elastomer (Ecoflex-0030,
Smooth-On Inc, USA) in a 1:1 mass ratio.

After mixing and degassing in a vacuum mixer (ARV-310,
THINKYMIXER, Japan) for 90 seconds at 1600 rpm and 20
kPa, the composite was injected into cylindrical moulds with
cavity dimensions of 600 um diameter x 80 mm length. After
curing at room temperature for a minimum of four hours, with
no particle aggregation observed during this process, the
magnetically doped elastomer was subsequently demolded and
cut to the desired length of 25 mm.
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Fig. 3. Direction of electromagnetic field in image (b) is shown with red arrows. The position and orientation of the PMs are depicted with blue and red colors.
The black field lines illustrate an approximate direction of the magnetic moment. The distinct body patterns of the soft robot which are shown under the effect of
(a) One permanent magnet with pull effect and without the effect of EM field. (b) One permanent magnet and EM field with EM field direction at 0°. (c) One
permanent magnet and EM magnetic field, (EM fiend intensity 1 mT at 90° direction). (d) Two permanent magnets with a pull and push effect. (¢) Two permanent

magnets with a push effect. (f) Two permanent magnets with the pull effect.

Shape 10

Fig. 4: Body pattern is classified based on combination of curve (nonlinear) and linear parts to ten different categories.

Sections were subsequently placed into an alignment fixture
and magnetized in an axial direction using an impulse
magnetizer (ASC IM-10-30, ASC Scientific, USA) to establish
the soft robot's magnetic polarization (north/south poles)
direction. In the second stage of fabrication, magnetized tips
were bonded to a 100 mm length of flexible silicone micro-
tubing (0.6 mm OD x 0.3 mm ID, McMaster-Carr, USA) using
silicone adhesive (Sil-PoxyTM, Smooth-On Inc, USA). A
nickel titanium wire of 0.25 mm diameter was inserted into the
tube to further increase the stiffness of the proximal section of
the catheter with respect to the magnetic tip.

IV. SOFT MAGNET ROBOT CHARACTERIZATION AND
EXPERIMENTAL SETUP

A. Experimental setup

The experimental setup, including a magnetic field generator
(MFG100), two robotics arms (DoBot Magician) and optical
camera (Basler, puA1280-54um) for monitoring, is presented in
Fig. 2(a). The MFG100 accurately generate and visualize real-
time magnetic fields at the center of workspace. For each robot
arm, a magnet holder was designed, and 3D printed to securely
hold a Permanent Magnet (PM). Each robotic arm has 200 um
spatial resolution and the EM generator (MFG100), can
produce a desired magnetic field within a spherical workspace
of 30 mm diameter. The full body control is achieved using
RMs (up to 2 magnets), or a combination of EM (field generator
<20 mT) and RM (hybrid method).

For the experimental tests, a phantom with 120x120 mm
(width and length) was 3D printed (Fig. 2(b)). The platform is
positioned to have a congruent center with the EM. The soft
robot was positioned at this location for the experiments (shown
in Fig. 2(b)).

To vary the magnetic field, the position of the RMs were
changed inside the workspace in 5 mm incremental steps in the
x and y directions (as illustrated by the grid pattern in Fig. 2(b))
with or without the addition of EM fields. To limit data
collection, redundant scenarios were ignored.

Full body shape control was investigated in three different
scenarios: First, the full body control with one RM (Fig. 3(a)),
two RMs (Fig. 3(d) to (e)) and hybrid EM and RM actuation
(Fig. 3(b) and (c)). The supplementary video shows these three-
test configuration. From these experimental results, the
behavior of the FSCM robot was classified into ten main body
shapes (Fig. 4), each considered based on resulting curved and
linear features. The following sections consider each scenario
and corresponding shapes achievable in detail.

B. RM controlled soft robot

The FSCM (Fig. 2) has North and South poles. Therefore,
depending on the orientation of the PMs (position of north and
south poles), they can push or pull the FSCM robot. The
different combinations of push-pull states were considered as
detailed in the following two sections. The orientation and
direction for the PM(s) in each scenario is fixed.



1) One Permanent Magnet (PM)

Three assumptions for the presented experiments were
considered. 1) The effect of the PM on the shape of the FSCM
robot in the upper half of the test bed is considered symmetrical
with that of the lower half. Consequently, the effect of the PM
is studied only on one side of the test bed. 2) For one PM, the
effect of push and pull are considered similar. 3) Cases where
the FSCM robot touches the PM holder are considered invalid
and any corresponding FSCM robot shape is disregarded. 4)
The orientation of the PM is d, Fig. 2(c).
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Fig. 5. Phase diagram of the FSCM robot’s shape under effect of (a) One RM
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For each valid position of RM, the FSCM robot’s shape was
classified using a polynomial function (10" order). An image
processing algorithm (MATLAB, MathWorks, USA) was
developed, to detect the pixels containing the FSCM robot and
thus its position within the workspace. The results were utilized
to construct a straight line passing through the microrobot's
center and its tip. The difference between set points for y and x
(in pixels) was calculated from the image and used to determine
the tip deformation angle (TDA) parameter as:

dy (17)
— -1
TDA = tan (_dx)

50

where, dy and dx are distance in y and x directions
respectively. The TDA is used to quantitatively classify
different shape types.

Seven shapes (1, 2, 3, 4, 8,9, and 10) with TDA ranging from
{-1.89, 13.31, -0.43, 5.83, 2.38, -6.69, and -2.380°} to {3.17,
22.45,1.37,20.94, 13.60, 0.93, and -1.01°} were generated for
PM positions across the workspace under the pulling
configuration, as shown in Fig. 5(a). The results show that
although using one PM allows the generation of different
shapes, the variation in achievable TDA was limited. Issues
with single PM tests include attachment between the RM and
FSCM for close PM positions (high fields) and a loss of shape
forming efficacy for larger distances from the center of
workspace. The range shapes possible using one RM are limited
for full body shape control. Consequently, generation of more
body shapes is essential.

2)

For the two RMs, three different scenarios were considered:
pull-push, pull-pull, and push—push.

Two Permanent Magnets (PMs)

a) RM Push-Pull permanent magnets:

In this series of experiments, the RM with a push-configured
PM was moved between two points with (X, y) equal to (-5 mm,
10 mm) and (5 mm, 10 mm). The other RM, with a pull-
configured PM, was moved across the entire workspace. The
full body shape patterns of the FSCM robot while the push-
configured RM was positioned at (-5 mm, 10 mm) are presented
in Fig. 5(b). Moreover, the orientation of the push and pull pm
are states djand ds (Fig. 2(c)) respectively. This shows seven
body shape patterns (2, 3, 5, 7, 8, 9, and 10) with TDAs ranging
from {-176.50, -18.80, -59.35, -24.34, -31.61, -23.05, and -
24.34°} to {175.92, 42.09, -37.18, -20.22, 112.31, -6.448, and
119.54°}. Compared to the one PM, a new shape (5) was
observed.

The experiment was repeated with the position of the fixed
RM moved to position (X, y) (5 mm, 10 mm). The shape pattern
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Fig. 6. (a) Phase diagram of different patterns of soft robot in different positions of RMs when both arms hold PM with pull effect. (b) TDA over positions of
RMs, when both arms hold PM with pull effect. (c) Phase diagram of different patterns of soft robot in different positions of RMs, when both arms hold PM with
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distribution showed 81% similarity to the results presented in
Fig. 6; with shape differences primarily observed in the close
proximity to the fixed RM. A mean variation in TDA of 4.13%
was found. The maximum and minimum variation were

18.45and 1.04° respectively.

b) RM Pull permanent magnets:

With both RMs in pull-configurations, their positions were
changed within a specific range. The first RM was moved
between -40 to -5 mm in the x-direction and between -5 to -45
mm in the y-direction (Fig. 2(b)) and with orientation of d3 (Fig.
2(c)). The second RM was moved between 5 to 45 mm in 5 mm
incremental steps in the x-direction (supplementary video), and
from -40 to -5 mm in the y-direction and with orientation of d»
(Fig. 3(c)). The polynomial function representing the shape was
determined for each location across the workspace (Fig. 6(a)).
The variation in TDA is presented in Fig. 6(b), where one RM
is considered stationary and the other moves between 10 to 45
mm. As seen in Fig. 6(a), the RM with two push-configured
PMs generates three different body shapes (1, 4 and 8) with
TDA ranging from {17.45, 34.04 and 23.55°} to {17.45, 84.17
and 49.97°} respectively. This scenario shows an extend range
of TDA in shape 4 and 8 from 5.83 to 20.24 to 34.04 and 84.17
respectively.

¢) RM Push permanent magnets:

The RM settings for this experiment was similar to the two
RM tests with pull-configured PMs; resulting in similar trend
in TDA. The body shape distribution and TDA are presented in
Fig. 6(c) and (d) respectively. For this test case, 6 body shapes
were generated; shapes (1, 2, 3, 4, 6, and 8), with TDAs ranging
between {-1.25,-73.61,-20.41, -72 .35, -41.63, and 10.62°} and
{12.93, -43.88, -7.70, 3.01, -22.11, and 19.03°}. According to
the results, the range of the TDAs was expanded for shapes 1
and 2, and a new shape (shape 6) was observed in this scenario.

3) Hybrid control of soft robot

To steer the FSCM robot under contact free conditions
through a vascular phantom, it is critical to minimize dynamic
transitions between shapes. To achieve this objective, it is
necessary to produce different shapes with an extended range
of controllable TDAs. A hybrid actuation approach (EM and
RM) was tested to allow fine tuning of the magnetic field and
thus to increase the range of TDA in some of the body shapes
for improved mitigation of dynamic transitions between the
shapes. The orientation and direction of the PM(s) in section (a)
and (b) are d; and d, (Fig. 2(c)) respectively.

a) Variable magnetic field strength

To investigate the effect of the field intensity on TDA and the
body shapes, an EM generated magnetic field between O to 15
mT was studied. The TDA for different positions of the one RM
(with a pull-configure PM) for different EM magnetic field
conditions is shown in Fig. 7(a) and Fig. 7(b).

The results in Fig. 7 illustrate that without EM fields, the
effect of PM on the shape of soft robot is dominant. However,
in the presence of an EM field, the PM can be located closer to
the FSCM without attachment. This enables precise tip
movement, eliminating jumps in the motion of the FSCM robot.

Three outputs can be observed from the results. (1) The TDA
changes with RM for movements in the y-direction show a

similar (declining) trend and the x position of RM and EM
intensity effects the shape pattern. (2) In each x-position series,
there is a specific value of EM strength, that reduces the TDA
below 2°. (3) The x position of the RM defines the effective
range value of the EM field.

For positions with x equal to 30, 40, and 45 mm, when y
changes between -5 and -45, the TDA is almost zero for EM
magnetic field values greater than 3 mT.
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Fig. 7. Tip deformation angle (TDA) over the different value of EM in a hybrid

system (RM with pull-configured PM and EM). (a) RM fixed in x direction at

20 mm and y changed between -25 mm and -5 mm. (b) RM fixed in x direction

at 25 mm and y changed between -25 mm and -5 mm.

Precise control of the TDA is crucial in preventing abrupt
shifts in the soft robot's body shape. When examining the EM-
RM field conditions indicated by squares in Figure 8, we
observe a significant impact from the RM in the absence of an
EM field. However, the presence of EM enabled fine-tuning of
the soft robot tip.
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Fig. 8. Range of FSCM robot's tip deformation angle (TDA) in different
positions of the permanent magnet under EM field (0, 1, and 3 mT)

b) Magnetic Field in 90° Direction

In addition to EM field magnitude, we also considered field
direction for both 0° (as detailed in the previous section) and
90° in this section.

The position of a RM was changed in x and y direction from
5 to 40 mm and from -30 to -10 mm, respectively. Also, all
magnetic field conditions (strength and direction) are assumed
similar (1 mT at 90°direction). The results of these experiments
are illustrated in Fig. 9. Using the hybrid scenario, in shape 2
the TDA could be changed precisely (ranging between 17.91 to
19.50").
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V. MODEL COMPARISON WITH EXPERIMENTS

A comparison between the experimental results and the
developed model (Eq. 16) is presented in Fig. 10. For this
comparison, the FSCM robot was exposed to the magnetic field
generated by a RM (with a pull configured PM). EM generated
fields of 2 mT, 5 mT, and 10 mT were subsequently imposed.
The measured and model predicted TDA values are compared
in Fig. 10. The developed model shows agreement with
experimental data, demonstrating estimation of tip-deformation
in the presence of a RM and EM field separately and
simultaneously. A root mean square error (RMSE) of 6.5

between simulation and experiments is observed.
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Fig. 10. Comparison between the simulation and experimental (RM and
RM/EM) results.

VI. PROOF OF CONCEPT STUDY

As an illustrative application of body shape control, we
developed a proof-of-concept study to demonstrate full body
control along a 2D path (radius 3 mm shown in the
supplementary video). In the first step, the path is divided into
N segments. As the aim was to deliver rectilinear motion and
body shape control simultaneously, the length of each segment
was dynamically changed. Each segment was designed to
optimize the rectilinear motion of the FSCM robot without
contacting the boundary. Depending on the specific
requirements, the selection of the field used to generate the
body shapes was based on both the model (TDA prediction) and
experimental data (estimated shape).

The path structure was recorded using a camera for pre-
planning purposes. Subsequently, the path was segmented into
a set of shapes that the FSCM robot can achieve. Each segment

was also assigned a start and end position. For this experiment,
14 discrete steps were obtained.

The FSCM robot was attached to a manual introducer and
moved sequentially through these 14 segments. Using the data
set created (for shape type shown in Fig 2 and 3) and field
models (for tip deformation angle), the magnetic conditions
(position of permanent magnets and values of EM magnetic
field) were obtained for each segment. For simplicity in this
demonstration, the positions were registered to the

experimental test bed and a manual approach in PM placement

was used (supplementary video). Three repeats for each

scenario were implemented.
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Fig. 11. The minimum distance between the FSCM and vessel boundary (n=3
after three experiments). The picture of experiment for four segments (4, 7, 11,
and 14) is shown.

The accuracy of these tests was investigated by measuring the
minimum distance of the FSCM robot to the boundary of the
path at each stage. An ideal distance of the soft robot to the wall,
for a perfectly centered configuration, is 3 mm. Therefore, the
minimum distance can range between 0 to 3 mm. An average
(mean) minimum distance for each repeat was 1.24, 1.27, and
1.21 mm. The minimum distance between the FSCM robot and
the vessel boundary across each step is demonstrated in Fig. 11.

VII. CONCLUSION

In this study, a novel hybrid magnetic manipulation approach
for shape forming of soft robots based on the combined use of
PM and EM field generation has been proposed. Up to ten
different body shapes were generated, forming a wide range of
possible TDAs. Moreover, a model was presented to predict
TDAs under hybrid field conditions and this showed agreement
with experimental results (RMSE 6.5).

The effect of different modes (one PM, two PM, hybrid
actuation) on shape forming was studied and a large range of
experimental data was obtained. In general, modes with only
PM(s) produced a diverse set of shapes, while EM schemes
enhanced the range TDAs possible for given shapes. This
variety in shape and tip control enabled precise shaping of the
FSCM robot through a phantom vasculature without contact
and with an average minimum robot-wall distance of 1.24 mm.
This approach has the potential to enable improved navigation
in delicate anatomy at small scales, reducing risk to the
perforations, improving current endovascular procedures, and
opening new opportunities towards the ultimate goal of “least
invasive surgery”.



The orientation of the permanent magnet (PM) has been
considered as a constant parameter (0°, 90° and 270°). However,
this parameter can influence the tip deformation angle (TDA).
As such, the future work needs to further extend the orientation
scenarios. In addition, a potential direction for future work
could be to model shape forming under the hybrid approach.
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