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Abstract

There are areas of the body which cannot be surgically accessed without associated risk of

tissue trauma. This thesis concerns itself with the design of miniaturised surgical robots

designed to navigate deep within the anatomy in a minimally invasive manner. This

work considers the navigation of tortuous lumina, such as those found in the bronchial

tree of the lungs where the level of curvature required is notably high, and for traditional

catheter designs requires large insertion forces at the proximal end of the device.

To counter these challenges, this thesis proposes bio-inspired robots for navigation of

such environments. The �rst is a tentacle-like magnetic catheter designed to reduce

interaction forces by full shape control. These miniature robots are fabricated based

on a computational design process. To aid in this, the thesis develops a fully open-

source continuum mechanics framework for simulation of magnetic soft structures to

create patient-speci�c robot designs based on the Material Point Method. Follows is a

discussion of the application of these robots and its associated challenges, particularly

when high deformation and dexterity are required. After which. the thesis introduces

a new class of continuum robot inspired by the movement of plant vines. This robot

named the Magnetic Vine Robot (MVR), is formed of an entirely soft, �exible structure

and contains a magnetic element therefore enabling steering under externally applied

magnetic �elds. Further, under internal �uidic pressure the robot propels itself forward

moving without relative friction with the external environment enabling navigation of

tortuous lumina. Proposed are two such MVR designs, the �rst formed of a magnetic

skin and the second containing a magnetic liquid. These are then evaluated in a range
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of diameters from 4 - 8 mm. Our unique approach, retains the soft structure of the

robot allowing it to squeeze through small gaps, passively conform to the environment

and capable of high curvature and stabilisation. These novel robot designs are then

demonstrated in navigating tortuous anatomy both on table-top environments and then

in realistic physical phantoms as pre-clinical studies, paving the way for their potential

application in the real-world surgical environment.

viii
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Chapter 1

Background

1.1 Surgical Instruments

In the operating room, surgical instruments provide the necessary tools to perform the

highly complex tissue interaction and manipulation performed by surgeons. Despite many

advancements, surgery remains a mostly hands-on procedure with surgeons directly hold-

ing and manipulating simple tools. Su�ciently dextrous instruments enable Minimally

Invasive Surgery (MIS), where the point of entry is through keyhole incisions or natural

ori�ces [1], [2]. MIS holds appeal due to the potential for reduced recovery times and

improved access to speci�c hard-to-reach areas of the body. Endoscopes are one group

of such surgical instruments that integrate visualisation such as �bre imaging or digi-

tal cameras at their tip to provide a view point for the surgeon [3]. Examples include

colonoscopy where an endoscope is inserted through the rectum for inspections of the

colon, gastroscopes for visualisation of the stomach and bronchoscopy for the lungs [4].

Endoscopes are often integrated with tool channels allowing their use for treatment as

well as their diagnostic functionality. Tools such as biopsy tools, grasping forceps or

retrieval baskets can be utilised within this channel to allow for direct tissue interaction

and removal [5].

With the design of any surgical instrument, care must be given for its design to not
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induce harm. Traditional tools are made from hard materials relative to the soft tissues

in which they interact, leading them to carry the risk of tissue damage during insertion

[6]. This e�ect is exacerbated when navigating in highly tortuous lumen where friction

accumulates requiring larger forces of insertion [7]. The potential risk of this trauma is

of further concern in particularly low diameter lumen which are often associated with

thin tissue walls and delicate anatomy such as those deep in the lungs. The majority of

modern dextrous surgical instruments utilise internal tendons for actuation [6]. These

tendons are used to deform the manipulator/catheter/tool's body allowing for steering of

the device through bifurcations in the lumen. Tendon-driven devices are however often

limited in dexterity and to hard materials, and the required forces and material strength

increases with any decrease in tool diameter [8].

With our goal of providing new avenues for treatment, this thesis explores the develop-

ment of surgical instruments for navigating delicate tortuous lumina within the anatomy.

The objective is to propose a new form of surgical instrument based on advanced robotic

structure where we utilise the principles of soft robots to create tools with an inherent

safety factor associated with them. Further, we propose the utilisation of advanced actua-

tion methodologies based on magnetic and �uidic systems enabling miniaturisation of our

devices. These devices have the potential to reduce the invasiveness of some procedures

and potentially open up new avenues for treatment in the surgical environment.

1.2 Bio-inspired Robotics

When designing dextrous slender robotised catheters for MIS, inspiration can be drawn

from nature for its design. Often cited examples include the tentacles of an octopus or

squid, the growth of vines or the peristaltic movement of worms [9].

The tentacles of Cephalopods serve a multitude of functions assisting in both manipula-

tion and locomotion of the animal [10]. These bodies are entirely �exible containing no

hard skeletal structure or �uidic spaces and are actuated through muscle �bres along the

length. Crucially, tentacles are not limited to simple bending but have control over their

2
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pose along their length leading to more complex pro�les. This allows the creatures to

manipulate objects and navigate their environments with ease. Plant vines navigate not

through translation but through growth [11]. As the plant grows, new cells are created

at the plant tip therefore extending length. Despite their soft structure, plant vines are

capable of navigating through cracks in hard structures embedding themselves within

stones or trees. This ability is unique to their growth characteristics allowing them to

overcome friction with the external environment through tip-centred movement. Cru-

cially plant vines make use of contact with the environment as a point of stabilisation,

this lets them overcome their soft structure in order to create large navigation forces

(such as overcoming of gravity) when necessary.

At the centimetre to metre scale, robotic systems are able to somewhat mimic the be-

haviour of animals and plants. However, when we come to the millimetre scale and below,

the performance-gap between our robots and nature becomes apparent. The idea of a

sub-centimetre robot capable of anything but the simplest of tasks whilst containing it's

own energy storage, actuators, computer and sensors is not feasible with current technol-

ogy [12], [13]. The reasoning for this is our lack of appropriate materials and fabrication

methodologies for building robots at this scale. Modern additive manufacturing methods

can be limited at these small scales and common actuation methodologies applied to

robotics such as electromagnetic motors do not scale well to this small size. In addition,

batteries are limited in miniaturisation and often become a limiting factor. We may con-

clude from this that the appropriate direction for advancement in millimetre scale robots

is to directly pursue advanced manufacturing techniques and study deeply the material

requirements. Indeed, there is a wealth of research into miniaturisation of these tech-

nologies mostly centred around additive manufacturing [14]. However with our very real

clinical need for such dextrous devices our focus is also on how we can directly overcome

these challenges of integration.

3
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1.3 Millimetric Robots

In order to miniaturise our robots, we move all but essential systems outside of the

internal structure. The robot still contains sensors and actuators however the processing

is all external with the internal energy source replaced with some form of generator which

sends power to the embedded actuators. Sensory information is not processed onboard

but instead sent as raw signals to external processors. Because of the challenges of working

at this scale, not just the size of these systems is reduced but their fundamental working

principle is often di�erent [15], [16].

Common sensors embedded within miniature surgical continuum robots include micro

Complementary Metal Oxide Semiconductor (CMOS) cameras, �berscopes and �bre-

based shape sensors [17], [18]. These sensors are often interfaced through electrical wires,

�uidic chambers or optical �bres to the external system. Micro-sensing is a large area of

open research with challenges such as hysteresis, miniaturisation and robustness however

this thesis concerns itself mostly with the problems of micro-actuation [17], [19], [20].

External actuation can be approached in several ways. The simplest to consider is that

we move the large motors we usually use in large-scale robotics outside of our workspace

and transfer their produced force through tendons or rods [8], [21]. This forms the basis

of tendon-driven robots [6]. These can be thought of as a robotised evolution of common

tendon-driven surgical tools used today with tendons acting in parallel to create opposing

moment to deform the robot with multiple DoF [8]. Tendon-driven robots rely on a

proven technology, which is compact and produces relatively large forces (Figure 1.1a).

However, challenges come with miniaturisation of this technology particularly below 2-

3 mm due to the decreased moment with which the tendons act. The use of rotating

and translating rods, leads to the concentric tube robot where pre-bent tubes are used

in opposition to create arbitrary deformation [22], [23] (Figure 1.1b). Concentric tube

robots are impressive in their small scale and force output however their motion can be

somewhat unpredictable with snapping instabilities caused by torsional wind-up between

the tubes [24]. Fluidic driven continuum robots utilise pneumatic or hydraulic bellows

4
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Figure 1.1: a) Tendon-driven continuum robot as taken from [26]. Pulling on the tendons
leads to deformation in the spaced disks. b) Concentric tube robot with three tubes as
taken from [27]. Concentric tube robots utilise hyperelastic tubes whose resultant shape
is a product of their relative translation and orientation leading to a summation of their
elastic energies. c) Magnetic continuum robot with tip magnetic element as taken from
[28]. Magnetic actuation relies on a external magnetic manipulation system to apply
speci�c magnetic �elds to induce forces and torques on the internal magnetic elements
of the robot d) Fluidic Bellow-driven robot with three parallel bellows as taken from
[25]. By appling �uidic pressure from a extenal source the bellows contract or expand.
Multiple bellows can be combined to create multiple DoF systems.

which are pressurised from an external source to deform the robot [25] (Figure 1.1d).

Similar to tendon-driven robots, these bellows often act in parallel to create opposing

moments for multi-DoF deformation. However these systems also struggle with challenges

in miniaturisation and overall deformation achievable due to their need for internal �uid

channels and di�cult of fabrication.

In our research group we specialise in the use of magnetic manipulation, here the gener-

ator is formed of a magnetic source; either electromagnetic coils or permanent magnets

[29], [30]. This allows for the manipulation of the magnetic �eld in the workspace. As

actuators, we embed magnetic elements within the structure of our robot, which respond

to the applied magnetic �eld with both an alignment torque and a �eld-gradient related

force [31] (Figure 1.1d). This external actuation methodology has several advantages.

The �rst is that it acts "wirelessly" with no need for any physical connection between

the generator and actuator, the second is the preciseness in which force and torques

can be applied with easy to characterise models. Further, through the use of magnetic

5
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micro-particles, magnetic elements can be integrated into the robot whilst preserving soft

structures enabling designs which are both highly miniaturised but also compliant with

their environment [32].

1.4 Magnetic Manipulation

Magnetic manipulation refers to the use of externally applied magnetic �elds to create

a source of potential for internal actuators. For magnetic manipulation these �elds are

typically in the 0 � 100 mT range [33]. Magnetic elements within a magnetic �eld will

hold a magnetic potential energy dependent on their position and orientation within that

�eld. In this thesis we mostly consider hard-magnetic elements (with the exemption of

some aspects of Chapter 4). Hard magnetic elements are characterised by their �xed

magnetic �ux density under typically applied �elds.

A hard-magnetic material holds a �xed magnetic �ux density present with or without an

externally applied �eld. This quantity is referenced to as its magnetic remanence (B r )

with NdFeB a popular choice due to its large magnitude (jB r j � 1:4T). The direction of

this vector, is the direction of magnetisation of the material i.e. the direction from its

south to north pole. As the material rotates, so does this vector. From the remanence

we can calculate the magnetic moment of the material

m =
B r V
� 0

; (1.1)

whereV is the volume of the magnetic element and� 0 is the magnetic vacuum perme-

ability equal to 4� � 10� 7 Hm� 1.

When the magnetic element is placed within an external magnetic �eldB it holds mag-

netic potential energy

U = � B � m: (1.2)

6
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From which can be derived the resultant force and torque on the element

� = �
@U
@�n

n =
@(B � m)

@�n
n =

@(jB jjmj cos� n )
@�n

n = �j B jjmj sin(� n )n = m � B ; (1.3)

where� n is a rotation around the axisn.

F = �
@U
@x

=
@(B � m)

@x
=

@(B T m)
@x

= GT m (1.4)

where we de�neG = @B
@x is the spatial derivative of the magnetic �eld.

It is worth noting the tensor G in a current free workspace is both symmetric and traceless

(as follows from the Maxwell equationsr � B = 0, r B = 0) leading to their only being

�ve independent elements [31].

These above equations assume the magnetic material to behave as a point-like magnetic

element known as a magnetic dipole. As we will consider hard magnetic elements for the

source of our actuating external �eld we can model the magnetic �eld produced by these

elements using the dipole equation

B(r ) =
�

� 0

4� jr j3
(3r̂ 
 r̂ � I )

�
m; (1.5)

where r is the displacement between the dipole position and measurement point.r̂ =

r
jj r jj . r̂ corresponds to the unit direction vector ofr , 
 is the outer product.

with the spatial derivative

G(r ) =
@B(r )

@x
=

3� 0

4� jr j4
(m 
 r̂ + r̂ 
 m + r̂ � m(I � 5r̂ 
 r̂ )) : (1.6)
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1.5 Magnetic Continuum Robots as Surgical Instru-

ments

The �rst recorded use of magnetic elements as actuators for surgical instruments dates

to 600 BC for the extraction of iron arrows [34]. In the modern day, the development of

high strength magnetic materials has allowed for the creation of miniaturised magnetic

devices leading to a wealth of research into both the design of these instruments and

actuation methodologies [35]. For the design of magnetic continuum robots, the simplest

design consists of a singular magnetic element placed at the robot tip [36]. Due to the

remote actuation methodology, there is no need for complex structures or force transfer

mechanisms in the body of the robot itself, enabling this to be competitively soft and

compliant. This soft structure reduces the invasiveness of insertion enabling the robot to

naturally conform to the anatomy. An alternate approach to that of a tip-magnet is to

embed multiple magnetic elements along the length of the robot [37], [38]. This allows

for a distributed loading and an increase in overall magnetic volume enabling full body

control of the system and a larger relative magnetic volume. At the limit, this can be

implemented with magnetic micro-particles enabling full retention of the soft structure

[32], [39], [40]. One important design decision is the direction of magnetisation of the

magnetic elements. In the simplest case this "magnetic pro�le" aligns with the major

axis of the continuum robot. This system proves the simplest to model but is limited

to simple deformations. An alternate approach, is that of a magnetisation pro�le which

varies along the robot length. This approach, although more complex to model and

control gives a wide range of possible deformations [41], [42]. See Figure 1.2.

For the generation of the source magnetic �eld much work utilises systems based on elec-

tromagnetic coils [30], [43]. With the �eld strength proportional to the current in the

coil, �elds can be precisely controlled at high frequency and importantly, switched o�

entirely. Coils arranged in pairs in a Helmholtz con�guration allow for high �eld homo-

geneity across a workspace. Practically, coils require large power supplies and usually

8
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Figure 1.2: Overview of some approaches to magnetic continuum robots. a) A magnetic
continuum robot with a singular magnetic element at the tip b) A robot with distributed
magnetic elements along its length c) The use of magnetic micro-particles to preserve the
robot's soft structure d) The use of a magnetic pro�le to allow for complex deformations
under an applied �eld. Red arrows represent the direction of magnetisation in the mate-
rial.

some form of active water-cooling for clinical scale devices. Alternatively is the use of

External Permanent Magnet (EPM) approaches [29], [44], [45]. Here the �eld is always

"on" when in the vicinity of the magnet but produces a large �eld for a given volume.

To manipulate the �eld, the EPM is oriented and positioned relative to the magnetic

instrument. This is the approach explored by our group, where we utilise collaborative

manipulators with EPMs as end e�ectors enabling a large and adaptable workspace. See

Figure 1.3.

A limitation of magnetic manipulation can be found by analysing the equations of Section

1.4. The magnetic torques imposed are related to distance from the dipole source as1
jr j3 ,

however the forces drop o� much faster with the relationship1
jr j4 . This makes the ability to

"pull" elements through magnetic forces in the body quite limited for tethered devices and

often these robots still require insertion from their proximal end. This e�ect is exacerbated

in tortous anatomy where friction accumulates and required sti�ness increases.

9
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Figure 1.3: The two most common approaches to generation of magnetic �elds for ma-
nipulation of magnetic continuum robots. a) Systems of electromagnetic coils produce a
�eld proportional to applied currents. b) EPMs are positioned and oriented to create a
desired magnetic �eld.

1.6 Simulation and Modelling of Magnetic Robots

Simulation represents a key aspect of modern robot design allowing for ideas to be tested

and developed without the real world complexities of manufacturing [46]. Further, simu-

lation enables variables such as deformation or internal forces to be studied with ease as

these can be di�cult to measure from real experiments [40], [47]. This is particularly ap-

plicable to the surgical use-case where quanti�cation of potentially traumatic tissue forces

can be di�cult. Furthermore, simulation can be used as part of computational design

processes such as to create speci�c robot designs for a given task [40]. Here, optimisation

algorithms can utilise a simulation with a potentially abstract objective to improve robot

designs or allow for parameter selection for controllers. After simulation-based design,

the robot can be fabricated and utilised. This is highly dependent on reducing thereality

gap between simulation and real world robots as well as obtaining any required material

parameters [48].

The simulation of soft robots is particularly challenging given their technically in�nite

DoF. The simplest form of soft robot modelling considers segmenting the robot into

10
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sections and assuming them as rigid [49]. These rigid link models are often fast but

can be limited in accuracy at high deformations. Cosserat-rod assumptions enable full

modelling of the deformation with high curvature but are limited to continuum structures

[50]. Further, these simpli�ed forms of models fail to capture complex interactions with

the environment such as collision, friction and other environmental interactions.

For representation of the true soft robot shape and structure, full continuum mechanics

models allow for complete representation of the soft body. Di�erent material models can

be readily integrated as well as external collisions and forces. Open frameworks based on

�nite element methods such as SoFa, have been established for soft robotics research and

have been utilised for computational design frameworks as well as real-time robot control

[51], [52].

For modelling of the magnetic e�ects, similar levels of assumption exist. When mod-

elling rigid magnetic elements the dipole approximations as given in Section 1.3 are ade-

quate given su�cient distance between elements. Modelling of magnetic hard elements in

close-proximity should utilise full multipole expansions or Ordinary Di�erential Equation

(ODE) solutions in order to well present the resultant force and torques [53]. For magnetic

soft materials (i.e. those formed of embedded magnetic micro-particles), assumptions of

discrete hard magnetic elements can be made however fail to represent the deformation

experienced within the material. To this end, continuum mechanics frameworks which

integrate stress-strain relationships have been developed [54]. Often, in the interest of

reduced computational complexity, these models do not consider the self-interaction be-

tween magnetic elements, instead only considering their resultant stress due to external

magnetic �elds.

1.7 Shape-forming Tentacles

The work presented in this thesis sits within an ERC consolidator grant project on the

design of "patient-speci�c" magnetic tentacle-like robots (NoLiMiTs, 818045). These

robots are formed of a speci�c magnetic pro�le unique to the patients anatomy minimising
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interaction forces with the external environment [40], [55]�[57]. This approach proposes

an end-to-end process where the target centrelines are extracted from pre-operative CT

followed by a computational-design process to determine the magnetic pro�le of the robot

based on an internal simulation/model and then followed by fabrication of the robot. This

approach has been validated in several phantom and cadaveric experiments and shown

to improve navigation ability and overall system dexterity.

Advancements to this technique have seen the use of anisotropic materials, complex ge-

ometries and various magnetic materials [41], [58]. One limitation in the current approach

however is the model used in the computational design process with often large reality-

gaps between expected and measured performance. This e�ect is exacerbated particularly

when considering high curvatures, multi-materials and varying geometry. This can be at-

tributed to the simple rigid-link model utilised which makes rigid-body assumptions of

the soft robot. This simple model although computationally tractable, fails to account

for realistic material behaviour in these complex scenarios and has signi�cant error at

large deformation.

1.8 Tip-growing Vines

Vine robots are a class of continuum robot that move without translation relative to

their environment [59]�[61]. Instead, these robots "grow" at their tip, extending their

length. These robots are of particular interest for environments with high friction as, due

to their tip-growing locomotion, external interactions on their body do not prevent their

movement. Often these robots are likened to the growth of plant vines, with their ability

to conform to the anatomy and use the external environment as points of stabilisation.

One popular method utilises the principle of eversion to create a tip-growing structure

[59], [63]. Here the robot is formed of a thin-walled �exible tube which is inverted inside of

itself. Then, the internal body is pressurised causing the inverted material to be expelled

outward at the robot tip extended its length. This enables an entirely soft structure

whilst moving without shearing interaction with the environment. Further, due to the
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Figure 1.4: a) Principles of Vine or Growing Robots when compared to standard com-
pliant instruments b) The eversion principle achieves tip growing using a thin-wall pres-
surised tube. As adapted from [62].

soft structure, these robots can squeeze through small gaps and conform naturally to

their surroundings.

This principle of eversion was �rst explored for the clinical setting in the work of Goldstein

et al. [64]. This work introduces a1 mm diameter catheter for navigation of blood vessels.

This work is impressive in its miniaturisation but lacks a methodology for active steering

of the robot. Recently, several groups have proposed forms of vine robot steering. Tendon-

driven methods have been demonstrated at small scale but sacri�ce the soft body of the

robot making it comparatively sti� [63]. Others have integrated �uidic bellows into the

body of the robot but these are di�cult to miniaturise and have a relatively complex

level of manufacturing [59], [65].

A further challenge is functionalisation of these devices, in particular maintaining any-

thing at the tip of the robot during insertion can be challenging [66]. This can be

attributed to the growing nature of the robot meaning no part can be considered as a

tip attachment point. Further, due to the everting nature the vine will passively push

any object located within the tail out of the tip as is grows, this means that using this

channel as an internal tool channel can be challenging [67]. This has lead to several

groups exploring the use of caps for the robot that can be used as a point of attachment

for sensors and tools [60], [66].
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1.9 Summary

In this background section, we outlined the clinical need for more dextrous surgical

catheters to improve patient outcomes and open up new avenues of treatment. Particular

examples include the interaction of tissues for biopsy as well as diagnosis visualisation

via micro-cameras. We then discussed bio-inspiration in robotic systems and how the

question of robot scale determines the approach of robot design. It is highly desirable

to achieve robot systems than replicate nature in terms of dexterity and manipulation

skills at a small-scale. However, we concluded that it is not possible with current man-

ufacturing and fabrication techniques to mimic small animals and plants in their energy

storage and dexterity, and concluded that in order to create surgical tentacle or vine-like

robots with the dexterity we require we must rely on external actuation. This lead us to

the topic of magnetic manipulation and the design of magnetic robots. This was followed

by a discussion of the challenges of design of magnetic robots particularly when desiring

dextrous high degree of freedom systems. We discussed the established research avenue

of shape-forming patient-speci�c magnetic tentacle robots and relevant literature in the

area with a focus on the challenges of simulations of magnetic and compliant systems.

Finally, we returned to our discussion of bio-inspiration and considered vine robots which

navigate their environment through growing and how these lead to potentially less tissue

trauma with their surroundings and navigation of complex environments.
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Chapter 2

Introduction

2.1 Thesis Aims

The overriding goal of thesis to explore fundamental methodologies for the design of

surgical catheters with the potential to revolutionise minimally invasive surgical access.

To do this, the thesis has the following aims:

ˆ To explore methods for minimising tissue interaction when inserting surgical in-

struments into highly torturous vessels in the human anatomy. This should allow

for highly dextrous catheters that are capable of reaching areas of the anatomy

typically avoided.

ˆ To develop a simulation model capable of being used in computational design frame-

works for the design of magnetic continuum robots that shape-form to minimise

interaction. This model will have to be speci�c to the case of the hard-magnetic

materially-soft materials utilised in the design of magnetic continuum robots.

ˆ To explore novel methodologies for the locomotion of magnetic continuum robots

that minimise tissue interaction. This will include both shape-forming magnetic

continuum robots but also robots built on the principle of everting vine robots

which move without translation.
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ˆ To characterise, model and develop these robot designs in free-space and clinically

relevant tissue phantoms towards pre-clinical and eventual translation of these novel

surgical devices.
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Figure 2.1: Graphical abstract covering the 3 content chapters of this Thesis. Chapter 2
covers a custom simulation framework for magnetic soft robots, Chapter 3 introduces vine
robots and their steering via a magnetic skin, Chapter 4 considers vine robots steered via
internal magnetic �uid.
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2.2 Thesis Structure

The rest of this thesis is organised as follows with Chapters 2 - 4 presented as published

work under the alternative style of PhD thesis at the University of Leeds.

Chapter 2 introduces a novel simulation framework for magnetic soft robots. This gen-

eralised open-source simulator is designed for representing the complex interactions of

magnetic soft robots to close the reality-gap between prototype and model. This work

presents the �rst use of the Material Point Method (MPM) for magnetic soft robots with

distinct advantages over Finite Element Method (FEM) approaches. This simulator is

general purpose however was developed with computational design frameworks in mind

in order to enable the design of shape-forming tentacles for complex scenarios such as

dynamic environments and tortuous anatomy.

Chapter 3 introduces a novel form of miniaturised magnetic robot combining the prin-

ciples of vine robots with magnetic actuation. This work aims to address some of the

challenges with shape-forming tentacle robots via utilising the environment to aid in nav-

igation. We develop a robot of8 mm diameter which can squeeze through small gaps

and conform naturally to its anatomy. To steer the robot, we employ a magnetic "skin"

for the vine robot formed of a silicone doped with magnetic micro-particles.

Chapter 4 begins by explaining limitations in the magnetic skin approach established in

Chapter 2, however expresses the real bene�ts of robots with entirely soft structures. To

this end, instead of embedding the surface of the vine with magnetic elements, this work

utilises the internal growing medium of the robot. Here, we form a magnetic �uid out of

a dispersion of magnetic elements. This creates a robot with high magnetic volume that

can be easily steered and grown simultaneously.

Each of these chapters are prepended by a shortCommentary explaining the placement

of this published work in the chapter and appended by anEvaluation summarising the

�ndings of the work. Chapter 5 contains re�ections and conclusions linking the chapters

of published work and providing guidance on future work. Figure 2.1 gives a overview of
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the thesis structure.
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Chapter 3

A Framework for Simulation of

Magnetic Soft Robots using the

Material Point Method

3.1 Chapter Commentary

This chapter introduces a 3D continuum mechanics framework speci�cally targeted at

Magnetic Soft Robots (MSR). This framework enables dynamic simulations of robot

behaviour and can well represent deforming magnetic soft bodies without relying on any

rigid element assumptions. Furthermore, it allows for complex geometries and arbitrary

magnetisation pro�les. This framework is based on the Material Point Method (MPM), a

continuum mechanics methodology based on a dual Eulerian-Lagrangian representation.

Unlike FEM approaches, there is no mesh and instead a particle representation is used

with an intermediary calculation step performed on a �xed grid. This creates an overall

simpler algorithm to implement and avoids issues such as mesh-collapse. The framework

handles large deformations and inherently represents self-collision. My direct contribution

was to develop and implement the magnetic soft material models. In particular, to leveage

the assumptions of anideal magnetically-hard hyper-elastic materialand for the �rst time



3.2. Abstract Chapter 3. The Material Point
Method for Magnetic Soft Robots

introduce this into a MPM framework. I developed this framework to aid in the creation

of the shape-forming tentacle robots and therefore was developed with computational

design in mind. This MPM based model can be utilised to allow for representation of

complex geometries enabling both design of the magnetic pro�le and the form of the robot.

A short workshop paper which forms a continuation of this work into a computational

design framework is included in the Appendix.

The below manuscript is copied from: Davy, J., Lloyd, P., Chandler, J.H. and Valdastri,

P., 2023. A framework for simulation of magnetic soft robots using the material point

method. IEEE Robotics and Automation Letters, 8(6), pp.3470-3477.

3.2 Abstract

Simulation represents a key aspect in the development of robot systems. The ability to

simulate behavior of real-world robots provides an environment where robot designs can

be developed and control systems optimised. Due to the use of external magnetic �elds for

actuation, magnetic soft robots can be wirelessly controlled and are easily miniaturised.

However, the relationship between magnetic soft materials and external sources of mag-

netic �elds present signi�cant complexities in modelling due to the relationship between

material elasticity and magnetic wrench (forces and torques). In this work, we present a

simulation framework for magnetic soft robots using the Material Point Method (MPM)

which integrates hyper-elastic material models with the magnetic wrench induced under

external �elds. Compared to existing Finite Element Methods (FEM), the presented

MPM based framework inherently models self-collision between areas of the model and

can capture the e�ect of forces in non-homogeneous magnetic �elds. We demonstrate

the ability of the MPM framework to model the in�uence of magnetic wrench on mag-

netic soft robots, capture dynamic behavior of robots under time-varying magnetic �elds,

and provide an accurate representation of deformation when colliding with obstacles. We

show the versatility of MPM framework by comparing simulations to a range of real-world

magnetic soft robot designs previously presented in the literature.
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3.3 Introduction

Magnetic Soft Robots (MSRs) are of interest due to the potential for miniaturisation

a�orded by o�-board actuation [1]�[5]. By manipulating this magnetic �eld, the resultant

wrench (forces and torques) on magnetic segments of the robot can be precisely controlled.

This makes MSRs well suited to applications in surgery where the soft structure of the

robot and small scale can enable them to reach areas of the anatomy unachievable by

conventional tooling [6], [7]. MSRs can be formed by embedding permanent magnets or

magnetic microparticles into soft elastomeric materials [8], [9]. The latter case is appealing

due to the ability to retain an entirely soft structure. However, this scenario presents a

challenging system to model with standard approaches due to material geometry, direction

of magnetisation, external magnetic �eld and external forces all in�uencing the resultant

deformation.

Finite element methods (FEM) have been used to model MSRs and represent a high

accuracy approach capable of modeling hyper-elastic deformation under external �elds

while representing complex geometries [10][11]. MSRs, make use ofhard magneticma-

terials which are de�ned by their remnant magnetisation once an external magnetising

�eld is removed. In order to simplify the FEM modeling of MSRs, the assumption of

discrete hard magnetic elements embedded within the soft material can be made [12][13].

However, this assumption is only valid on MSRs formed with discrete magnetic sections,

and loses accuracy as the deformation of these sections increases [14]. Zhao et al. [11]

addressed this signi�cant problem by deriving a stress relationship for magnetically hard,

mechanically soft materials and integrated it into FEM software (ABAQUS, Dassault

Systèmes, France) allowing continuous, deformable magnetic pro�les within the material

[11]. By the combination of hyper-elastic models with the magnetic contribution of stress

in the material, they demonstrate the accurate prediction of equilibrium deformation un-

der constant �elds. Nonlinear FEM analysis comes at signi�cant computational cost due

to the numerical iterative minimisation process. Furthermore, under large hyper-elastic

deformation the mesh representation utilised in FEM can become distorted, leading to

29



3.3. Introduction Chapter 3. The Material Point
Method for Magnetic Soft Robots

erroneous results and poor convergence [15]. Ye et al. presented Magttice, a FEM-based

lattice model by integrating the magnetic potential energy derived by Zhao et al. into

a lattice mesh model [10]. They proceed to study the interaction between MSRs with

�uids in time varying �elds, noting the importance of considering gravity into the model

to provide accurate deformation results.

As an alternative approach to FEM, the Material Point Method (MPM) is a hybrid La-

grangian, Eulerian model for continuum mechanics [16][17]. Unlike FEM, there is no

underlying deforming mesh in the model. Instead MPM is a cyclical process which moves

between a particle based representation and a �xed grid. The particle representation

is utilised for internal material stress and the grid provides a structure to apply exter-

nal forces. The lack of deforming mesh prevents the issue of mesh collapse under high

deformation experienced in FEM. Unlike FEM, the use of discrete material points can

implicitly handle self-collision and model fracturing and has found application in crack

propagation of beams and the study of tissue-needle interaction [18][19]. The nature of

this method suits the mass parallelisation of processing across multiple processors, as

individual updates of particle and grid nodes can be considered independently and the

e�ects summated. Further, due to the continuous nature of MPM, derivatives of the

current state with respect to the initial model parameters can be obtained and utilised

to guide optimisation to achieve desired behaviour [17].

In this work, we extend the MPM to cover magnetically hard, mechanically soft mate-

rials. Using this approach, we demonstrate the ability to model large deformations in

MSRs under varying �elds. Our system is capable of representing dynamic behavior and

collisions in the environment, as well as the �nal equilibrium state in static �elds. Addi-

tionally, as the MPM representation associates each particle with its own magnetisation

vector, MSRs can be modeled with varied and near continuous magnetisation pro�les.

Thus, our methodology and simulation environment is capable of representing complex

MSR scenarios and capturing their resultant behavior.

In an extension to previously presented FEM modeling, we showcase the ability to model
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not just torques but also magnetic forces present caused by non-homogeneous magnetic

�elds. Unlike FEM approaches, self collision between model parts is implicit in the MPM

allowing the physical interaction between segments of the robot to be studied. We further

show how the MPM methodology means external forces can be easily integrated into the

model providing realistic interactions with surfaces and obstacles.

We validate these models on fabricated MSRs and show agreement with the derived

MPM model. We further showcase robot designs from the literature in the simulation

framework and replicate behaviours as observed in reality. Open source examples of

3D implementation of the framework are available athttp://github.com/joshdavy1/

magneticMPM.

3.4 A review of the material point method.

MPM is an Eulerian-Lagrangian numerical method for continuum mechanics consisting

of two material representations. The �rst, the Lagrangian representation consists of

individual particles of a �xed mass and volume that represent discretised elements of

the material. These elements are initially distributed evenly to represent the geometry

of the material. The second is the grid representation, which can be considered as an

undeformable Eulerian mesh, which is �xed in reference frame. This grid consists of

regular node points, surrounding the material. The grid nodes are static in position and

regularly spaced but represent a transfer of particle properties from one time-step to the

next.

Transfers between representations are named Particle-to-Grid (P2G) (Fig. 3.1a) and

Grid-to-Particle (G2P) (Fig. 3.1c), respectively. Our work extends the Moving Least

Squares - Material Point Method (MLS-MPM) algorithm in order to represent the ac-

tuation experienced in magnetic materials [20]. The following gives an overview of the

MLS-MPM; readers are referred to the works of [20] and [21] for an extensive overview

and full derivations.
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3.4.1 Particle (Lagrangian) Representation

Particles are initialised in order to represent the geometry of the soft robot and their

position at time t is notated asx t
p 2 R3. v t

p 2 R3 represents the particle velocity vector

and C t
p 2 R3� 3 represents the a�ne velocity matrix [22]. A �nal variable F t

p 2 R3� 3

represents the particle deformation gradient initialised to the identity matrixF0
p = I .

3.4.2 Particle to Grid (P2G)

In order to transfer the particle representation of the material to the grid, we must dis-

tribute the properties of the particle to the surrounding nodes (see Fig. 3.1b). To do this,

a weighting function is utilised to specify the relative distribution of the particle prop-

erty to the neighborhood nodes. Here, the properties are distributed using a quadratic

B-spline kernel distributed to a 3x3x3 neighborhood of grid nodes given as

W(� r ) = w(� x)w(� y)w(� z) (3.1)

where

w(� ) =

8
>>>><

>>>>:

0:75� j �=�x j2 0 � j �=�x j < 0:5

0:5(1:5 � j �=�x j)2 0:5 � j �=�x j < 1:5

0 1:5 � j �=�x j

(3.2)

[21]. Where� r = [� x; � y; � z]T is the relative displacement between particle and the

node at i; j; k as shown in Fig. 3.2. �x is the grid node spacing (See Fig. 3.2).� 2

f � x; � y; � zg.

As such grid mass is distributed as

mt
i;j;k =

X

p

W(� r )mp; (3.3)

wheremp is the particle mass equal to�v p where � is the material density andvp is the

particle volume. Grid momentum is calculated as
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p t
i;j;k =

X

p

W(� r )(mpv t
p � (

4
�x 2 vpP t

p(F t
p)T + mpCn

p )� r ): (3.4)

whereP t
p is the �rst Piola�Kirchho� stress tensor [21].

3.4.3 Grid (Eulerian) Representation

After transfer to the grid representation, the e�ect of external forces are imposed (Fig.

3.1c). These external forces and the grid momentum can be integrated to form the grid

velocity.

v t
i;j;k =

1
mt

i;j;k

(p t
i;j;k + f t

i;j;k � t); (3.5)

where� t is the simulation time stepping andf t
i;j;k is the external force on the node. For

all nodes wheremt
i;j;k 6= 0.

3.4.4 Grid to Particle (G2P)

After the velocities in the grid frame have been calculated, particle velocity and a�ne

velocity can then be reconstructed utilising the same weighting kernel speci�ed in Section

3.4.2 (Fig. 3.1d).

v t+1
p =

X

i

X

j

X

k

W(� r )v t
i;j;k ; (3.6)

C t+1
p =

4
�x 2

X

i

X

j

X

k

W(� r )v t
i;j;k � r : (3.7)

The deformation gradient of the particle and particle positions are updated, representing

the overall change in deformation and pose of material in the time-step.

F t+1
p = ( I + C t+1

p � t)F t
p (3.8)

x t+1
p = x t

p + v t+1
p � t (3.9)
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Figure 3.1: The cyclical method followed by MPM. a) Internal forces and magnetic
stress are computed in the particle domain. b) Particle properties are transferred to
grid representation. c) External interaction and forces due to magnetic gradients are
computed in the grid domain. d) Particle properties are reconstructed from the grid.
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Figure 3.2: 2D illustration of the distribution of particle (blue) properties in the P2G
step to the nodei; j (red) utilising the Quadratic B-spline kernel [21].
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3.5 Modelling of magnetically hard, mechanically soft

materials.

We consider the modeling of elastomers embedded with magnetic elements, common in

soft robotics. Typically, this consists of a silicone prepolymer mixed with hard magnetic

microparticles (commonly NdFeB due to its high remnant magnetisation). This mixture

is then cast into molds of the desired form of the magnetic robot and set [23]. The

cast is then subjected to a saturating magnetising �eld in order to set the direction

of magnetisation. After being removed from the �eld, the material retains a remnant

magnetisation.

In this work we consider this material as anideal hard-magnetic soft material[11]. The

self-interaction between the magnetic elements of the MSR is neglected. This has shown

to be a valid assumption for modelling deformation of the MSR due to the relative

weakness of this interaction compared to the interaction with larger external magnetic

�elds [10][23].

3.5.1 Elastomeric Properties

For modelling the elastic properties of the material the Neo-Hookean elastic model is

adopted which has been shown to accurately model the stress-strain relationship of mag-

netic soft materials in the strain ranges experienced in soft robotic applications [24]. The

Neo-Hookean model is given as

P t
p;elastic = GJ � 2=3(F t

p �
I 1

3
(F t

p)� T ) + KJ (J � 1)(F t
p)� T : (3.10)

whereP t
p;elastic is the elastic contribution of the �rst Piola-Kircho� stress tensor, G is the

shear modulus of the material andK is the bulk modulus. J = determinant (F t
p) and

I 1 = trace(F tT

p F t
p). In order to satisfy the assumption of near incompressibility of the

utilised silicone polymers we chose the bulk modulus to be a su�ciently high value. In
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this case we setK = 20G. At the strain/scale ranges relevant to our MSRs, the actual

value of the bulk modulus does not largely a�ect the �nal deformation [10][11].

3.5.2 Magnetic Properties

A magnetic agent under external magnetic �elds will experience an aligning torque be-

tween the magnetic moment and the external �eld.

� = m � B (3.11)

where B is the external magnetic �eld andm is the magnetic moment vector equal to

B r V
� o

whereV is the volume of the agent.� 0 is the vacuum permeability equal to4� � 10� 7

Hm� 1 and B r is the remnant magnetisation vector.

Further, in the case of a non-homogeneous magnetic �eld, the agent will experience a

force,

f = r (B � m): (3.12)

This force is proportional to the spatial gradient of the magnetic �eld and is at maximum

with alignment of the magnetic moment and external �eld.

In the FEM approach outlined by Zhao et al. [11] the e�ect of aligning torque under

homogeneous magnetic �elds is integrated into the elastic model via an additional stress.

We utilise this stress along with the Neo-hookean model into the P2G step of the MPM

cycle. This, in the �rst Piola-Kircho� form is

P t
p;magnetic = �

1
� 0

B 
 B r p ; (3.13)

where 
 is the dyadic product andB r p is the remnant magnetic �ux density associated

with the particle. Leading to an overall material stress as

P t
p = P t

p;elastic + P t
p;magnetic : (3.14)
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By incorporating the magnetic stress e�ect into the P2G step, the e�ect of the realign-

ing torque can be incorporated into the MPM. However, the forces induced in non-

homogeneous magnetic �elds are not covered. Therefore the magnetic force is incorpo-

rated as an external force in the grid velocity calculation. To calculate the force at the

grid node, we calculate the equivalent magnetic moment of the node as a product of the

volume of magnetic particles using the same weightings as described in the P2G Section

3.4.2.

m t
i;j;k =

vp

� 0

X

p

W(� r ) eB r p : (3.15)

where eB r p is the remnant magnetic �ux density rotated into the current reference frame

equal to 1
J F t

pB r p .

The external magnetic force can then be derived as

fmagnetic = r B i;j;k
T � m t

i;j;k ; (3.16)

wherer B i;j;k is the spatial gradient of the magnetic �eld at the node.

3.5.3 Material Damping

Damping is the energy dissipation of the material and represents numerous complex

phenomena (viscosity, air resistance, heat exchange etc.). To capture these properties of

magnetic soft materials, we model damping by adding a force proportional to the current

grid momentum,

fdamping = � cp t
i;j;k (3.17)

where c is the damping constant. This external force will lead the material to a �nal

equilibrium pose given a static applied �eld.
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(a) (b) (c)

Figure 3.3: High deformation magnetic soft beam experiment as presented by Zhao et al
[11]. (a) The applied �eld B applied is in the opposite direction to the remnant magneti-
sation B r of the soft material leading to high de�ection. (L = 17.2 mm, C = 0.84 mm,
W = 5 mm). (b) Magnetic MPM methodology compared with experimental results and
FEM analysis [11]G� 1� � 1

0 jB r j is a constant which leads these results to be independent
of material parameters. (c) Mean Absolute Percentage Error (MAPE) converges with
increased particle density.

Therefore the full set of external forces introduced to the grid operations step is

f t
i;j;k = fmagnetic + fdamping + fgravity (3.18)

f t
i;j;k = r B i;j;k

T � m t
i;j;k � cp t

i;j;k + mt
i;j;k g (3.19)

whereg is the acceleration due to gravity.

It is worth noting that the proposed extension of MPM to model magnetic soft materials

requires three readily obtained material parameters. These are the material density, the

magnetic remanence, and the shear modulus of the material. However, the damping con-

stant is more di�cult to obtain. In magnetics, the interest is often in the �nal equilibrium

state of the robot, and therefore a damping parameter leading to a fast settle time of the

system is most appropriate. This can be obtained through iterative experimentation. In

the case where accurate representation of dynamics is required a methodology such as

followed by Shariati et al. may be utilised [25].
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3.6 Experimental Veri�cation

3.6.1 Implementation

The above stated magnetic MPM algorithm was implemented in the Taichi programming

language [26]. Taichi was selected due to supporting GPU parallelisation and Python-

esque syntax. All examples were run on an NVIDIA Quadro RTX 4000 GPU.

The choice of time-step signi�cantly a�ects the speed of simulation and a maximum time-

stepping should be chosen that retains model stability. As derived in [27], the maximum

time stepping for MPM is

� tmax = C�x

r
�

3G
(3.20)

where C is a constant close to one. It is evident that the time-stepping can be increased

by utilising large grid node spacing. However, this limits the �delity in which external

forces can be incorporated. A balance must be found between grid node spacing and

simulation speed. It can also be observed from (3.20) that the sti�er, less dense materials

lead to a lower maximum time-stepping. The number of particlesN , further e�ects the

simulation performance. Low particle numbers fail to fully represent the deformation of

the robot, while high numbers will add signi�cant computation time. The generation

of the initial pose of the particles is performed by uniformally distributing particles in

the geometry of the structure. This is performed via sampling 3D models of the robot.

We �rst validate our methodology empirically on planar models; verifying agreement

with real world behaviour. We then present a full 3D implementation of the magnetic

MPM framework and showcase simulations of MSRs from the literature. All material

parameters were obtained following the methodology of [24].

3.6.2 Magnetic Beam Deformation

To validate the approach, we recreate the high deformation beam bending experiment

presented by Zhao et al. [11]. A magnetically hard materially soft beam (G = 303kPa,
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jB r j = 0:258T) manufactured from PDMS (Sylgard 184) is placed in a external magnetic

�eld. The direction of applied �eld is parallel yet opposite to the remnant magnetisation

vector of the beam (See Fig. 3.3a); causing a de�ection under increasing �eld strength.

We recreate this scenario in our framework with a varying particle density to represent

the beam (�x = 0:3 mm, � t = 6 � 10� 6 s). We then compare the resultant de�ection

� max =L with the experimental data and FEM results provided by the authors (See Fig.

3.3b). Fig. 3.3c shows how the results converge with particle density leading to a 6.1%

Mean Absolute Percentage Error (MAPE) with a particle density of 576 mm� 2. This

data informed choices on particle density in the following experiments.

Figure 3.4: Experimental setup for measuring the deformation of the MSR due to gradient
forces. A linear stage moves the robot closer to the permanent magnet where gradient
forces are stronger. This causes an extension of length in the MSR.
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3.6.3 Deformation under Non-homogeneous Magnetic Fields.

To verify the ability of the MPM framework to model forces experienced due to magnetic

�eld gradients the interaction between a permanent magnet and a MSR is studied. The

robot was magnetised along its main axis and placed vertically above a100 mm x 100

mm cylindrical neodymium magnet with a remanence of 1.44 T (See Fig. 3.4). The

MSR is fabricated from Eco�ex-30 silicone polymer (Smooth-On, Inc., U.S.A.) mixed

with NdFeB microparticles in a 1:1 mass ratio (G = 33 kPa, jB r j = 0:101 T, � = 1840

kgm� 3). In this con�guration, no magnetic torques are present due to the alignment

of the robot's magnetisation with the permanent magnet. The design of the MSR has

periodic thickness in order to give an exaggerated deformation compared to a simple

beam. Thicker sections increase the overall magnetic moment whilst thinner sections give

larger strain due to lower elastic forces. The MSR is mounted to a linear stage allowing

the introduction of the robot towards the magnet. As the robot is moved towards the

magnet, larger magnetic �elds gradients are present which causes an extension of robot

length. This strain is compared to the same experimental setup in simulation (�x = 2

mm, � t = 1 � 10� 6 s, N = 15; 359). A model of the magnetic �eld from a cylindrical

permanent magnet is provided by Magpylib [28] and �nite di�erences are used to obtain

the spatial gradient of the magnetic �eld.

Fig. 3.5 shows the results from simulation and experimental setup. Due to the alignment

of the magnetic �eld and magnetisation of the robot, the gradient e�ect can be indepen-

dently observed. The results are in strong agreement and the error at lower distances to

the magnet can be attributed to limitations in magnetic �eld modelling and accuracy of

hyper-elastic model rather then an inherent fault in methodology.

3.6.4 Interaction with External Bodies.

The MPM implicitly handles self-collision between material points. This is a signi�-

cant advantage over FEM methods which require additional interpolation between mesh

vertices to handle this self collision. In the MPM framework, external forces can be in-
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tegrated into the model in the grid representation. To demonstrate the ability to model

interaction with external entities we consider the deformation of an axially magnetised

MSR under contact with a rigid obstacle. This is represented in the grid representation

stage by setting the grid velocity to zero at the obstacle boundary on collision with the

obstacle,

vout =

8
><

>:

0 if v in k
� 0;

v in otherwise:
(3.21)

wherev in is the incoming velocity calculated in Equation (3.5) andvout is the velocity used

in particle property reconstruction in section 3.4.4.k represents the parallel component

of the velocity vector between the obstacle and the MSR.

A MSR of dimensions60x3x3 mm is fabricated from Dragonskin-10 silicone polymer

(Smooth-On, Inc., U.S.A.) mixed with NdFeB microparticles in a 1:1 mass ratio, (G =

Figure 3.5: Comparison of simulation and experimental results for the deformation of the
robot as described in Section 3.6.3 due to increasing �eld gradient forces as its introduced
towards the magnet.
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Figure 3.6: Experimental setup measuring deformation when interacting with external
obstacles. Red and blue outlines represent the resultant deformation under the applied
magnetic �eld, considering and not considering the interaction with the obstacle respec-
tively. jB applied j = 10 mT.

120 kPa, jB r j = 0:125 T, � = 1882 kgm� 3) [24]. The MSR is axially magnetised and

de�ected via an applied magnetic �eld from a resting state under gravity to collide with

a plastic obstacle (See Fig. 4.10). Fig. 3.7 shows normalised maximum de�ection� max =L

with increasing applied magnetic �eld, when considering the external object in the MPM

framework. At large de�ection, a larger di�erence in tip position can be noted. This can

be attributed to the accuracy of the underlying hyper-elastic model (Equation (A.1) at

high deformation.

3.6.5 Magnetic Soft Robots from the Literature.

MSRs vary from the sub-millimetre to larger centimetre-scale [2][6][23][29]. In this sec-

tion, we showcase the utility of our MPM-framework by replicating designs of MSRs as

presented in the literature.
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Figure 3.7: Comparison of maximum normalised de�ection� max =L of the MSR with
experimental results when external interaction is considered. (�x = 2 mm, � t = 5� 10� 5

s, N = 11; 520)

3.6.5.1 Continuum MSR (Pittiglio et al [23])

We �rst consider the continuum MSR presented by Pittiglio et al. [23]. These robots

are formed of alternating magnetic and non-magnetic sections. The direction of the

magnetisation vector of each section is decided by an optimisation algorithm to give

a desired shape under a given magnetic �eld. We reproduce the continuum MSR in

simulation and applied the same magnetic pro�le as presented (�x = 1 mm, � t = 2� 10� 5

s, c = 200 s� 1, N = 118; 271) with two magnetisation pro�les (a and b). Material

parameters were obtained from the work, and a damping parameter was chosen to provide

fast equilibrium of the system. In Fig. 3.8a it can be observed that under the same

magnetic �eld with matching pro�les, the simulation and real robot produce deformations

closely matching the real world behaviour. (See Supplementary Video).
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(a) Simulation of continuum MSR developed by Pittiglio et al. [23]. i) MSR under no external
�eld. ii) Deformation under �eld in simulation with magnetisation pro�le a (left), deformation
under �eld in experimental setup with fabricated MSR (center) and transient behaviour under
magnetic �eld sweep (right). Mean tip positional error across sweep =0:38mm. iii) Deformation
under �eld in simulation with magnetisation pro�le b (left) and deformation under �eld in
experimental setup with fabricated MSR. (center) and transient behaviour under magnetic �eld
sweep (right). Mean tip positional error across sweep =6:97 mm. MSR length = 80 mm.

(b) The small scale soft robot presented by Hu et al. [29], in the presented simulation framework,
demonstrating the 'walking' behaviour discussed in the author's work as the magnetic �eld is
rotated. i) Magnetisation pro�le jB max j = 8 mT.

(c) The six arm untethered gripper presented by Xu et al. [13]. Applying a magnetic �eld
perpendicular to the robot causes it to grasp shut. Once shut, rotating the magnetic �eld causes
the robot to roll. The self-collision between model parts is inherent in our methodology. i)
Magnetisation pro�le. jB j = 15 mT, ! = 10 Hz.

Figure 3.8: MSRs from the literature represented in the MPM framework.

46



3.7. Conclusion Chapter 3. The Material Point
Method for Magnetic Soft Robots

3.6.5.2 Small scale soft robot (Hu et al. [29])

We reproduce the MSR designed by Hu et al. [29] in our framework and make use of the

collision model of Equation (3.21) to represent a �oor with which the robot can interact

(�x = 0:1 mm, � t = 7 � 10� 7 s, c = 180s� 1, N = 10,260). The robot presented by the

authors is formed of a continuous magnetic pro�le along its length; we represent this as

a series of nine sections with a matching magnetic pro�le (See Fig. 3.8b). By applying

a rotating external magnetic �eld of varying magnitude, the 'walking' behavior observed

by the authors is recreated. The ability to replicate this complex behaviour in simulation

shows the potential of the MPM framework to iteratively design and test MSRs when

compared to complex fabrication and experimental setups in reality. (See Supplementary

Video).

3.6.5.3 Six armed untethered gripper (Xu et. al. [13])

The �nal example taken from the literature is the six-armed untethered gripper robot

presented by Xu et al. [13]. This robot consists of 13 magnetic sections each with it's

own magnetisation vector. On the application of a magnetic �eld perpendicular to the

undeformed robot, the robot folds up and is capable of grasping small objects. The

direction of magnetic �eld can be rotated and the robot will then roll in the direction of

rotating �eld of angular frequency ! = 10 Hz. This behavior is recreated in Fig. 3.8c

and shown in the Supplementary Video. (�x = 0:1 mm, � t = 5 � 10� 7 s, c = 20 s� 1,

N = 103; 430). The grasping behaviour of the robot is a product of the self-collision

between the robot's arms. This behavior is inherent in the MPM algorithm unlike FEM

approaches which require additional computation to interpolate meshes and calculate

these interaction forces. (See Supplementary Video).

3.7 Conclusion

In this work, we have presented a novel methodology for simulating MSRs. The Material

Point Method (MPM) is capable of accurately representing the deformation experienced
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in magnetic soft materials at high deformation in the presence of external magnetic

�elds. Unlike FEM approaches, MPM implicitly represents self-collisions in the material,

allowing MSRs that rely on self-interaction to be represented. Further, our methodology

has extended what was capable with existing systems by integrating the magnetic forces

experienced in non-homogeneous magnetic �elds. We have validated the methodology

and show strong agreement (6.1% MAPE, Fig 3.3c) with real-world deformation at large

strains. Further, comparison with MSRs from the literature showcases the ability of

the presented methodology to replicate the complex behaviour seen in the real robots in

simulation.

Existing simulation frameworks for MSRs have often relied on proprietary, closed-source

or unreleased implementations. We have made implementation examples of our magnetic

MPM framework available in order to allow others to utilise our methodology. Robots

can be generated from 3D CAD models with speci�cation of the magnetic pro�le of each

section. The ability to test ideas quickly in simulation (when compared to fabrication

and experimental setups), allows the fast iterative design of MSRs. When paired with

the ability to model external forces and obstacles, designs can be explored and modi�ed,

and complex behaviors can be tested. By releasing our implementation, we hope others

developing simulation frameworks can provide direct comparisons with our work.

Our framework is well suited to use as an environment for optimisation or training ma-

chine learning systems, which can then be applied in reality. For example, the continuum

MSRs of Pittiglio et. al. [23] were optimised using simpli�ed rigid-link models. Utilising

more accurate modelling would allow these designs to closer match the desired objective

or incorporate dynamic behaviour under the in�uence of transient magnetic �elds. The

mass parrelisation of our implementation, leads to e�cient run-times by utilising GPU

processing.

Unlike FEM, the MPM is a continuous function of the initial variable values. This fact

was exploited by Hu et al. [17], to develop a fully di�erentiable physics simulation to

reduce the number of iterations for convergence of design optimisation. This could be
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replicated with our methodology to optimise parameters such as magnetic pro�le, robot

geometry and applied �eld e�ciently.

The presented methodology only considers the interaction between the material's mag-

netic �eld and the externally applied actuating �eld. This neglects any self-interaction

between discrete magnetic robot segments. This assumption is suitable for the cases in

our experimental veri�cation but, for other MSR designs that may rely on this interaction,

their behaviour may not be accurately. An example of this could be the interactive forces

between multiple MSRs in the same workspace [27]. Future work could consider the �eld

generated by individual magnetic segments in order to better represent this characteris-

tic. This would, of course, add signi�cant algorithmic and computational complexity to

the simulation.

The inherent ability to represent collision between particles in MPM could be utilised

to consider the interaction between MSRs and external soft bodies. This is of particular

interest due to the clinical applications of MSRs, in order to study the interaction between

robots and soft tissues.
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3.8 Chapter Evaluation

This work represents the �rst time the MPM has been applied to magnetic soft robots

and represents a paradigm shift from previous approaches. Overall, this developed frame-

work has distinct advantages over existing methodologies, particularly when it comes to

handling of self-collision and large deformation. When compared to frameworks based on

FEM, the MPM avoids issue with mesh-collapse and is also simpler to implement with

reference implementations in below 100 lines of code.

The mathematical models of Equation 13, 15 and 19 are my formulations and are based

on the fundamental principles established in [1] and [2]. I personally, was responsible for

all the implementation, experimental design and fabrication with my co-authors mostly

responsible for supervision.

The framework was released with the paper publication and to our knowledge has been

used in several publications and is actively being researched in a number of groups. Wang

et al. utilised the framework to explore computational design for crawler robots [3], [4].

In their Masters' thesis Norouziani also explored the frameworks use in a computational

design process for optimising applied magnetic pro�le [5].

Despite this implementation being highly parallelised, the time-complexity of the algo-

rithm increases dramatically with sti�er tissues. When compared to simpler, rigid-link

based models of the tentacle robots this would lead to a signi�cantly longer optimisation

process. The key to improving that is to replace the Semi-implicit Euler method integra-

tion methodology with a fully implicit solver. This has been implemented in other MPM

methodologies leading to signi�cantly faster algorithms [6].

Our goal with this work was to develop a better framework for modelling of magnetic

tentacle robots to allow a computational design framework with more complex dynamic
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objectives and allow for arbitrary geometries and magnetisations. However, as with all

computational design the dependence on accurate material parameters and fabrication

leads to a reality-gap between simulation and real robots. In the case of magnetic soft

robots, fabrication of silicones is often dependent on shelf-life and mixing methodology

and can lead to large variations in material parameters. With our larger objective of

creating a continuum robot which can handle tortuous navigations, the next chapter

considers an alternative form of continuum robot where computational design is not

necessary to reduce tissue interaction.
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Chapter 4

Vine Robots with Magnetic Skin

4.1 Chapter Commentary

This chapter introduces a novel form of miniaturised everting robot named the Magnetic

Vine Robot (MVR). After the landmark paper of Hawkes et al, the principle of eversion

become an emerging paradigm in soft robotics [1]. This work was originally inspired

a between our group at Leeds and Prof. Jee-Hwan Ryu's group at Korea Advanced

Institute of Science and Technology (KAIST) [2]. In this collaboration, we �rst explored

the potential use of magnetic steering for vine robots at a large scale (25 mm diameter).

Here, we utilised a magnetic element at the tip of the vine robot and used a manipulated

EPM for steering. We found this system to be of notably high-performance, with high

controllability (i.e. intuitive to navigate the robot via joystick control), large angles of

steering and large forward forces from the vine robot. However, this design was relatively

large and lost the appealing soft structure of the vine robot.

In this follow-on work we proposed the use of amagnetic skinfor steering of vine robots.

This allowed us to create a robot at just8 mm scale that can be steered using magnetic

�elds whilst preserving the soft structure of the robot. We achieved this through the use of

a magnetic silicone layer to the robot. This design was our �rst endeavour into developing
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vine robots within our lab and served as a bridge between our previous magnetic tentacle

designs and the new vine robot technology.

This work formed a collaboration between our group at Leeds and Tania Morimoto's

group at UC San Diego. My contribution was the concept design, manufacturing and

experimental setups with the San Diego group contributing the model for robot defor-

mation

The below manuscript is copied from: Davy, J., Greenidge, N.J., Kim, S., Tinsley, L.J.,

Lloyd, P., Chandler, J.H., Harris, R.A., Morimoto, T.K. and Valdastri, P., 2024. Vine

robots with magnetic skin for surgical navigations. IEEE Robotics and Automation

Letters, 9(8), pp.6888-6895.
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4.2 Abstract

Drawing inspiration from natural growth and movement strategies, vine robots possess

exceptional passive shape-forming abilities, enabling them to deform around obstacles.

However, an intrinsic lack of active steering limits their capacity to control their growth

trajectory. This paper considers the external manipulation of such robots through the

utilisation of magnetically active materials embedded within the vine robot's skin. This

results in a completely �exible, steerable, growing structure that can be actuated via

the application of external magnetic �elds and �eld gradients. We explore the princi-

ples of magnetically-guided vine robots and provide empirical evidence highlighting the
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e�cacy of our proposed magnetic steering methodology. Due to the inverted internal

structure, careful design of the magnetisation direction of the robot has to be considered.

We propose an orthogonal magnetisation strategy that successfully preserves a net pos-

itive magnetisation. We focus on a vine robot of8 mm in diameter, constructed from

a polyethylene substrate coated with a silicone layer embedded with magnetic micro-

particles. We demonstrate the ability of our robots to navigate complex environments

and steer around large obstacles in a shear free manner via the simultaneous control of

both the magnetic �eld and the growing pressure. Finally, we demonstrate our robot

by performing the selective navigation of multiple bifurcations within a bronchial tree

phantom.

4.3 Introduction

Vine robots, also known as soft growing robots, exhibit the ability to conform to their

surroundings, enabling seamless adaptations around obstacles and navigation through

intricate environments [1], [2]. Vine robots conventionally rely on pneumatic or hydraulic

actuation to grow, where pressurisation of an inverted in�atable tube propels the internal

material towards the tip to progressively elongate the robot's body [3]. As a result, the

robot advances in a shear-free manner, as its compliant soft body conforms to the shape of

the surrounding environment. This combination of features o�ers an innovative solution

for traversing convoluted, narrowed, and sensitive anatomical pathways while minimising

the potential for traumatic interactions with surrounding tissue [4], [5].

However, without the ability to control orientation and, consequently, growth direc-

tion [6], vine robot navigation is limited when operating in open spaces or constrained

channels [2], [7]. To enable their use in more complex environments, there is therefore a

need for steering mechanisms that preserve the distinct attributes of vine robots, while

enabling control over their growth direction.

Previous attempts to to address this challenge have led to the development of various

active steering methods, including pneumatic, tendon-driven, and rigid actuation ap-
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proaches. The most common steering method involves pneumatic actuators � includ-

ing serial pneumatic arti�cial muscles (sPAMs), cylindrical pneumatic arti�cial muscles

(cPAMs), fabric pneumatic arti�cial muscles (fPAMs), and pouches integrated into the

robot wall [3], [6], [8] � that contract along the entire length of the robot. These soft

actuators and mechanisms allow vine robots to preserve the advantages of their soft body,

however, miniaturisation becomes a challenge due to the added layers and actuators on

the robot body. Alternatively, tendon-driven approaches, commonly seen in traditional

continuum robots [4], [9], [10] enable bending when the tendon is pulled from the base.

These tendons have been routed within the walls of the robot body, as well as within a

separate internal channel to enable steering. These designs o�er high controllability over

curvature but can create a complex internal structure and often require overcoming high

friction around the tendons.

Magnetic actuation has emerged as a promising solution for guiding robots within the

human body. By controlling an external actuating �eld in combination with magnetic

elements embedded within the robot's body, precise and remote manipulation of these

entities becomes possible [11]. To achieve fully soft structures with magnetic actuation,

robots can be designed using magnetically hard yet materially soft elastomers [12]. Typ-

ically, these materials consist of silicone mixed with NdFeB micro-particles, resulting in

a highly deformable structure that responds to external magnetic �elds [13]. By elimi-

nating the need for onboard actuators, magnetic robots can be miniaturised down to the

millimetre and micrometre scale whilst remaining soft. This has led to the exploration of

magnetic robots for endoluminal applications [12], [13].

In this study, we investigate the application of magnetic actuation for steering minia-

turised vine robots. Our previous work focused on the design of shape-forming magnetic

catheters in order to minimise contact and therefore normal force interaction with the

surrounding lumen [13]. In this work, the growing nature of the vine robot eliminates the

shear forces generated from contact by avoiding surface translation. These approaches

di�er at the fundamental level, but both aim at minimising the potential for trauma

during endoluminal procedures.

58



4.3. Introduction Chapter 4. Vine Robots
with Magnetic Skin

Through the use of magnetically active elastomeric skin, we achieve a fully soft and adapt-

able vine robot structure, capable of navigating complex environments while minimising

shearing interactions with the surroundings. Compared to other steering methods, our

design remains fully soft and can achieve high angles of steering with small diameter vine

robots. Softness ensures gentle tissue interaction, minimising the risk of trauma. Minia-

turisation and deformability enables access to narrow lumens deep within the anatomy,

and high manoeuvrability enables precise navigation.

We consider here the fabrication of 8 mm diameter magnetic vine robots (MVRs) with a

particular focus on the challenges associated with designing a continuous magnetic body

with an inverted internal section. We demonstrate the robot's ability to deform under the

in�uence of external magnetic �elds and investigate how this is a�ected by the internal

pressure of the MVR. Our design is steered by controlling an external magnetic �eld,

which can be provided via systems of electromagnetic coils or permanent magnets. In this

work, we use the dEPM (dual External Permanent Magnet) platform [14] consisting of two

EPMs each mounted to a 7 DoF robotic manipulator in order to apply precise magnetic

�elds and �eld gradients in the MVR workspace. We showcase the robot's growth and

navigation capabilities within a simple environment, and demonstrate navigation of three

di�erent bifurcating pathways within a bronchial tree phantom (See Fig. 5.1), representing

a preliminary step toward the potential clinical application of MVRs.
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Figure 4.1: (A) Working principle of the proposed Magnetic Vine Robot (MVR) formed
from a polymer substrate and magnetic layer. (B) Steering of the MVR is achieved
through manipulation of External Permanent Magnets (EPMs). (C) Navigation of a
bronchial tree phantom. The EPMs' pose determines the applied �eld and thus the
de�ection of the MVR. This permits navigation of the various bifurcations. (D) MVR
growing through a lumen.

60


	Intellectual Property and Publication Statements
	Acknowledgements
	Abstract
	Background
	Surgical Instruments
	Bio-inspired Robotics
	Millimetric Robots
	Magnetic Manipulation
	Magnetic Continuum Robots as Surgical Instruments
	Simulation and Modelling of Magnetic Robots
	Shape-forming Tentacles
	Tip-growing Vines
	Summary

	Introduction
	Thesis Aims
	Thesis Structure

	The Material Point Method for Magnetic Soft Robots
	Chapter Commentary
	Abstract
	Introduction
	A review of the material point method.
	Particle (Lagrangian) Representation
	Particle to Grid (P2G)
	Grid (Eulerian) Representation
	Grid to Particle (G2P)

	Modelling of magnetically hard, mechanically soft materials.
	Elastomeric Properties
	Magnetic Properties
	Material Damping

	Experimental Verification
	Implementation
	Magnetic Beam Deformation
	Deformation under Non-homogeneous Magnetic Fields.
	Interaction with External Bodies.
	Magnetic Soft Robots from the Literature.

	Conclusion
	Chapter Evaluation

	Vine Robots with Magnetic Skin
	Chapter Commentary
	Abstract
	Introduction
	Principles
	Everting Vine Robots
	Direction of Magnetisation
	Magnetic Actuation

	MVR Modelling 
	Stage 1: Bending Model
	Stage 2: Creasing Model

	MVR Design and Fabrication
	Magnetic Coating
	Tether Control and Pressurisation
	Magnetic Manipulation Platform

	Results
	Free-space Deflection
	Navigation of Constricted Channel
	Navigation
	Bronchial Tree Phantom Demonstration

	Conclusion
	Chapter Evaluation

	Magnetic Fluid Filled Vines for Biopsy Sampling
	Chapter Commentary
	Abstract
	Introduction
	Fundamentals 
	Eversion
	Magnetic Fluids 
	Functionalisation

	Materials and Methods
	Vine Robot Body
	Magnetic Fluid
	Hardware

	Results
	Growing and Steering
	Squeezing
	Biopsy Forces
	Navigation
	Clinical Case Study: Peripheral Lung Biopsy

	Discussion and Conclusion
	Appendix
	Calculation of Magnetic Moment and Torques
	Modeling of Diametric Extension under Pressure
	Settling of Magnetic Fluid

	Chapter Evaluation

	Conclusions
	Future Work

	Appendix
	Computational Design of Magnetic Catheters
	Abstract
	Introduction
	Simulation of catheters with magneticMPM
	Computational Design
	Results
	Conclusion



