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Abstract
Small scale robotics is hampered by the need to power electronic actuators
and sensors, with batteries often forming a significant proportion of the mass
and volume of the robot. One approach to overcome this is to use magnetic
fields to actuate magnetic robots.

Typically, to achieve a rotatingmotionwithin amagnetic robot, amagnetic field
needs to be rotated, rotating a permanent magnet. This applies a net torque to
the entire robot, causing it to roll, even if the magnet is connected to a moving
part connected to the main body. This is because some torque is transferred to
the body through friction, and in the absence of any resistive forces the torque
causes the body to rotate. If a mechanism is to be driven independently from
a stationary main body, the body needs to be securely anchored to prevent it
also rotating with the mechanism.

In this thesis, magnetically actuated motors are developed using two main
principles. The first approach uses a magnetic field gradient to apply a force
to a magnet, which is then converted to a rotational motion using a crank. This
is oscillated by an alternating magnetic field; this alternating motion is
converted to a continuous rotation by a double ratchet mechanism. The
second uses the torque applied to a magnet by a magnetic field to create a
rotational motion; by having a pair of magnets at 45◦ to each other and using
the interaction between them, an alternation magnetic field can be
converted to a continuous rotation. A system is developed to independently
control a robot’s pose using a ferromagnetic sheet; allowing a mechanism
within the robot to be driven without affecting the pose by counteracting the
torque applied to the motor by the magnetic field.

This new approach allows mechanisms within a robot to be driven by a
magnetic field, while still allowing the robot body to be unconstrained within its
environment. This opens up the possibility of devices, such as capsule robots,
which need to be able to move within their environment, while also performing
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tasks requiring moving mechanisms.
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Nomenclature

α Angle between magnet and magnetic field

β Angle from the axis of the magnet dipole

θ̈ Angular acceleration

θ̇ Angular velocity

ϵ Crank arm angle

η Efficiency

γ Angle a crank passes through each stroke

µ0 Vacuum permeability

∇B Magnetic field gradient

ω Angular velocity

ρ Density

τ Torque

τext External torque

τint Internal torque

τmot Output motor torque

τso f t Torque acting on a soft magnet

θ Angle of the motor
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τ⃗ Torque vector

B⃗ Magnetic flux density vector

F⃗m Force acting on a magnet

m⃗ Magnetic moment

P⃗ Position vector

p⃗ Position vector

r⃗ Position vector

B Magnetic flux density

Br Residual flux density

Bx Magnetic field perpendicular to the dipole creating it

Bz Magnetic field parallel to the dipole creating it

c Constant of integration, initial angle of a crank

d Diameter

F Implant force

f Frequency

fa Actuation frequency

fso Step-out frequency

Fr Friction

h Height between the crank axis and the crank arm guide

I Moment of inertia

k Empirical constant for soft magnetism

L Load

l Magnet edge length
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m Magnetic moment

mz Vertical component of magnetic moment

N Normal force

n Gear ratio

P Pitch

p Distance from centre of magnet dipole

R Radius

r Distance between magnet centres

T Time

V Volume

v Velocity

W Width

x Cartesian co-ordinate axis

y Cartesian co-ordinate axis

z Cartesian co-ordinate axis
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Micro-robotics is an active area of research with robots being developed for a
variety of applications. One use of micro-robots is for in-vivo medical
applications, where they have great potential to reduce the invasiveness of
surgeries. There is significant work developing capsule endoscopes (covered in
Section 2.1.1). These reduce the need to anaesthetise the patient, as is the
case for conventional endoscopy, reducing the risk of complications. Capsule
endoscopes can travel passively, moving through the digestive tract by
peristalsis, this approach is limited by the inability to actively control the position
and orientation of the capsule. Where the capsule is magnetically controlled
this adds the ability to control the position and orientation of the capsule to
allow a particular area of interest to be more closely inspected. Further
developments being investigated are the addition of further capabilities to
these controlled capsules to allow for targeted drug delivery, biopsies to be
taken, and foreign objects to be removed from the gastro-intestinal tract.

Micro-robotics also has applications outside of medicine. Micro-robots can be
used for inspection within small pipe networks, in a similar way to how capsule
endoscopy can be used for inspection of the human digestive tract. The
ability to inspect pipes using micro-robots has the potential to reduce the need
for excavation work and disruption. Micro-robotics also have applications in
micro manufacturing. Micro-actuators are needed where space is at a
premium, such as within smart phones. Precise manipulation is required for the
assembly of micro-electronics, this can be achieved using high precision
manipulators in pick and place machines. Self-assembly presents an
alternative method for assembling micro-scale components, reducing the
need for precision manipulators.

For the further development of micro-robots it is desirable for suitable motors to
be developed so that torques and rotational motion can be produced within
the robot. Rotational motion can easily be converted to either continuous or
reciprocating linear motion, making it useful for a wide variety of mechanisms.
These motions can be used in robots for tasks including locomotion,
manipulation of objects, or reconfiguring the robot layout to make it more
suited for different tasks.

Micro-robots can either be wirelessly controlled, or tethered, with wireless
robots having a number of advantages. Tethered robots need to have an
uninterpreted route back to the controller for the wire to pass along, making
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them unsuitable for use in enclosed spaces. The wires in the tether are also
vulnerable to damage, making the robot less robust. To make a robot wireless
it needs to either store the energy onboard, for example by using batteries, or
have a means of wireless power transfer from an external source. Stored
energy is finite, limiting the operating time of the robot. In order to have an
acceptable operating life batteries end up being both heavy and bulky, this is
especially pronounced in small scale-robotics where the energy source can
end up making up the majority of the robot. These factors combine to make
wireless power transfer highly desirable for micro- and milli-robots.

One option to wirelessly transmit power to a robot is through the use of
magnetic fields to apply a force or torque to magnetic material within the
body of the robot. Magnetic fields are able to safely pass through most
materials, including human tissue, making them suitable for use in a medical
setting. The manipulation of magnetic micro-robots using a coil system, an
arrangement of one or more electromagnetic coils controlled by a computer
or microcontroller, is established and it is possible to accurately control the
magnetic field and field gradient across a workspace, many of these existing
systems in research laboratories could easily be adapted to drive a magnetic
motor. It is possible to make all of the components of a magnetically actuated
robot biocompatible, this is made easier because there is no need to have
any electronics onboard the robot. Magnetic actuation is easily scalable, so
designs can be easily reduced in size from use in milli-robots to micro-robots.
The parts needed for magnetic actuation are both lightweight and low cost.

Existing magnetic control techniques rely on accurately controlling the
orientation of a magnetic field to apply a torque to a robot body, or the
magnetic field gradient to apply a force to it for translation. This means an
overall force or torque is applied to the robot, making it move as a single rigid
or deformable body. This gives five degrees of freedom, x, y, z, pitch, and yaw,
and it is not possible to actuate mechanisms within the robot without the
whole body experiencing a net force or torque acting on it from the magnetic
field. Adding in magnetically actuated motors allows for the main body of the
robot to be stationary while a mechanism within it is driven, adding in an extra
degree of freedom to the system. Magnetic motors also allow for multiple
motors to be actuated within the same workspace while rotating about
different axes on the same plane; existing approaches would require all robots
in the workspace to rotate together in the same direction. It is possible to
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create a uniform magnetic field, with no gradient, or a magnetic field gradient
with no magnetic field at the workspace. By having two designs of magnetic
motor, one relying on magnetic force from the field gradient and the other
relying on magnetic torque from the field, there can be addressable control of
two sets of motors within a single workspace. This gives another degree of
freedom, bringing the total up to seven.

1.1 Research Objectives
The project’s overarching aim will be accomplished through the following list of
objectives:

a) Develop magnetically actuated motors capable of being actuated
by a simple input of an alternating magnetic field so that multiple
motors can be operated simultaneously in the same workspace. The
behaviour of these motors should be modelled and experimentally
validated.

b) The motors should be suitable for use in medical devices such as
implants and capsule robots. For this they need to be safe to operate
in the human body by not incorporating toxic materials or requiring
magnetic fields which could be harmful to the patient.

c) To be suitable for capsule robots, a method of orientating a
magnetically actuated robot incorporating a motor is needed. This is
necessary so that mechanisms within the device can be actuated,
while the body of the device itself remains steady in the desired pose.

1.2 Research Contributions
The prime contributions gathered throughout the development of this project
are summarised below:

a) The primary contribution of the project is the development of wireless
magnetic motors capable of giving a continuous rotation and torque
output, while being driven by an alternating magnetic field, while
modelling their performance and experimentally verifying these
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models.

b) A further contribution of this work is to demonstrate the capabilities of
these motors in their target application of being used in medical
robotics. The motors were demonstrated in a robotic implant for the
treatment of long gap oesophageal atresia, and a capsule robot for
the removal ingested button batteries.

c) An additional contribution is the proposal and implementation of
magnetically orientating the robot while the motor is actuated by the
same magnetic field. This allows a magnetic motor to be operated
independently from the pose of the robot.

1.3 List of Publications
In this section the three publications relating to this thesis are outlined. The
contributions of each of the authors on the publications is outlined.

Magnetic Force Driven Wireless Motor

Cameron Duffield and Shuhei Miyashita, ‘Magnetic Force Driven Wireless Motor,
In: Annual Conference Towards Autonomous Robotic Systems, published [2020],
[Springer]’ Reference [1].

This publication form the basis of Chapter 3.

The author contributions are:

• Cameron Duffield proposed the concept for the motor, designed and
made the motor, conducted experiments, and carried out the
mathematical modelling.

• All authors reviewed and edited the text.

Wirelessly Magnetically Actuated Motor for Tissue Regeneration Robotic
Implant

Cameron Duffield, Abigail F Smith, Daniela Rus, Dana Damian and Shuhei
Miyashita. ‘Wirelessly Magnetically Actuated Motor for Tissue Regeneration
Robotic Implant’. In: IEEE International Conference on Intelligent Robots and
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Systems (IROS). IEEE. 2022, pp. 465–471 Reference [2].

This publication forms the basis of Chapter 4.

The author contributions are:

• Cameron Duffield designed the motor, carried out experiments, and
performed the mathematical modelling

• Abigail F. Smith assisted with the experiments using biological tissue

• The implant was developed based on [3]

• All authors reviewed and edited the text

Remotely Actuated Magnetic Motor for Unconstrained Robotic Capsule

Cameron Duffield, Jialun Liu, Yuqi Zhang, George Ashton, Daniela Rus, Dana D.
Damian, and Shuhei Miyasita ’Remotely Actuated Magnetic Motor for
Unconstrained Robotic Capsule’ Journal submission under review.

This publication forms the basis of Chapter 5.

The author contributions are:

• Theworkingmechanism of themotionwas developed by Shuhei Miyashita,
Daniela Rus, and Etienne Perroux

• Cameron Duffield designed the implementation of the motor and the
capsule, carried out the mathematical modelling, proposed and
designed the pose control system, carried out all experiments except for
those for the button battery detection and to measure the torque on the
soft magnetic element, designed the experiments fro measuring the
torque on the soft magnetic element

• The work on button battery detection in this section was carried out by Yuqi
Zhang as part of his MRes project

• Jialun Liu developed the sensor array used for the button battery detection
and assisted Yuqi Zhang with his work

• George Ashton carried out the experiments to determine the magnetic
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moment of the soft magnetic element as part of his MEng project

• All authors reviewed and edited the text

1.4 Thesis Outline
This thesis is presented as:

• Chapter 1: Introduction

• Chapter 2: Background and related works

– An overview of the existing work relating to this thesis and providing
context for the work done

• Chapter 3: Magnetic force driven wireless motor

– A new concept for a magnetically actuated motor driven by an
alternating magnetic field gradient

– The output torque of the motor through its cycle was modelled,
and the effect of scaling the design investigated

– The motor was prototyped and the model for torque was
experimentally validated by measuring the output torque of the
motor

• Chapter 4: Wirelessly magnetically actuated motor for tissue
regeneration robotic implant

– The motor concept from Chapter 3 is further developed to simplify
the design, reduce the size, and increase the torque output

– The maximum speed of the motor is modelled

– The speed and output torque of the motor are experimentally
investigated, validating the models

– The motor is presented in an implantable robot for tissue
regeneration therapies for conditions such as long gap
oesophageal atresia, or short bowel syndrome
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• Chapter 5: Remotely Actuated Magnetic Motor for Unconstrained
Robotic Capsule

– A second novel concept and design of a magnetic motor, utilising
magnetic torque instead of magnetic force, is demonstrated

– The torque output of the motor were modelled an experimentally
verified

– A novel system for controlling the pose of a robot using the motor
independently from the actuation of the motor is presented

– The motor and pose control system are presented in a capsule
robot for retrieving ingested button batteries from a patient’s
stomach

• Chapter 6: Discussion

– The potential to have multiple motors actuated within the same
workspace, and methods for individually controlling them are
discussed

– The relative merits of the three motors presented and two from the
literature are compared

– Potential applications of magnetic motors are discussed

• Chapter 7: Conclusion and future work

– This chapter concludes the thesis and discusses its limitations

– Potential directions for future work are outlined
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This chapter looks at the background of the project and the existingwork related
to it. It begins by looking at how small scale robots are used in the medical field,
both in capsule endoscopes and other less established fields. It then looks at
micro-robots more generally, looking at the actuation methods and methods of
locomotion. The chapter finally looks at magnetic control approaches and the
current state of the art for magnetic control. From this the gap in the literature
is found to guide the work presented in this thesis.

2.1 Ingestible robots
An emerging field within robotics is ingestible medical devices. These have
potential to be used for a variety of applications in the gastro-intestinal tract.
Devices have been developed for visual inspection of the gastro-intestinal
tract, in a similar manner to an endoscope, and there is potential for further
development to allow for more advance procedures to be carried out with
these devices.

2.1.1 Capsule Endoscopy

Flexible endoscopy is widely used, however, some patients have difficulty with
it, and the required anaesthetic has side effects. Some areas, such as the small
intestine are also difficult to reach. Capsule endoscopy was developed to
overcome some of these difficulties, using peristalsis to travel through the
digestive tract. There is, however, a lack of control-ability and the process is
slow, so several attempts have been made to develop methods of controlling
the motion of the capsule endoscope.

Lien et al. present a capsule endoscope with a permanent magnet in it,
allowing the location and pose to be controlled. It is controlled using an
external permanent magnet on a stepper motor. It has a variable speed
rotation mode for rolling locomotion, and a 1.8◦ step mode to allow for fine
control of the pose. Equations for the torque on the magnet are presented.
Experiments were carried out to validate the equations [4].

Lee et al. propose using a helical motion up the inner wall of a tubular organ.
Pushing the capsule against the inner wall of the organ can aid with accurate
diagnosis. The system was tested with a water filled stomach mock-up. The
frequency response was analysed, and the stable range of rotation and
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precision was determined. The system used to generate the required magnetic
fields used both Helmholtz and Maxwell coils. Helmholtz coils consist of two
parallel electromagnetic coils, where the distance between them is equal to
the radius. When two equal currents are applied a uniform magnetic field is
generated. For a Maxwell coil the distance between the coils is equal to

√
3

times the radius. When equal currents, with reversed directions, are applied a
magnetic field gradient is produced. [5] One area not addressed by the
paper was potential methods to make the system autonomous, through either
sensors on the capsule or through the use of external localisation techniques.

Nokata et al. developed a magnetically driven capsule designed to operate
in the abdominal cavity using a long narrow piece of ferromagnetic material
within the capsule. This was actuated using solenoids external to the body, when
tested in a rabbit’s body. The capsule was successfully manoeuvred through the
abdominal cavity, by a surgeon, to the rabbit’s liver; this was verified using x-ray
imagery [6].

Ye et al. made a similar capsule robot for biopsy [7] capable of navigating to
the site to be sampled using permanent magnets within the capsule body and
a coil system consisting of four pairs of electromagnetic coils. To deploy the
biopsy needle a fifth coil acts on a piece of paramagnetic material to push the
needle out of the capsule body; the needle is retracted back into the capsule
using springs.

An alternative to using magnetic fields to directly move capsules is to use
vibro-impact propulsion. This approach utilises a mass-spring-damper system
resonating and impacting against the main body of the capsule to drive it
forwards [8]. One challenge of this kind of motion is how it is able to pass
obstacles it encounters, such as circular folds within the small intestine. The
oscillating mass can be magnetic, allowing it to be excited by a sinusoidal
external magnetic field to drive the capsule with sufficient force to overcome
the obstacles [9]. A mathematical model was also developed to describe the
resistance forces experienced by a capsule as it encounters a circular fold in
the small intestine and the force produced by the vibro-impact drive to predict
the motion of the capsule. The results of this model were compared to finite
element analysis and experimental data to validate the approach [10].
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2.1.2 Other medical applications

Ingestible robots have applications beyond simple visual inspection using
capsule endoscopes. Work has been done to develop robots which can be
ingested for a variety of applications such as targeted drug delivery, wound
treatment, and biopsy.

Miyashita et al. developed a micro-robot which is capable of delivering drugs
directly to a wound in the stomach, such as that caused by an ingested
button-cell battery. The robot is folded and contained within a capsule of ice
for easy swallowing, once the ice is melted it unfolds to its deployed form using
a shape memory polymer system. It is then able to walk to the wound site
using an asymmetric friction motion. This robot is also actuated by a
neodymium magnet controlled by an external magnetic field and located
using three hall effect sensors. A realistic model oesophagus and stomach,
including roughness and selection of a material with properties similar to those
found in the body, was constructed to test this robot [11].

Miyashita’s group also developed an indigestible robot which has been
designed to patch stomach ulcers. The robot has demonstrated it is capable
of travelling to the site of an ulcer and patching it. After the robot is swallowed,
it travels to the wound site by a rolling motion. It is controlled by an external
magnetic field acting on a neodymium magnet in the robot. The patch is
folded based on the principles of origami such that when activated its area is
ten times that when folded. The patch is made from a shape memory
hydrogel, and is deployed on contact with water drunk by the patient [12].

Chemical adhesion is widely used for medical applications, however, there is a
trade off between the bio-compatibility and the adhesive properties. Iwasaki
et.al. present a reversible adhesion using suction cups for use in the stomach.
Suction cups work based on a pressure differential between the inside and the
outside of the cup. A force is required to adhere and detach the cup, but once
adhered no force is required, and the system is fully reusable. The suction cups
were moulded from Ecoflex 30 with a neodymium magnet to allow them to be
remotely operated using a magnetic field. The system was tested in dry and
wet conditions, and under water and oil. The future work includes testing the
system on rough surfaces and scaling down the design to be used for in-vivo
applications [13].
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Hoang et al. developed a capsule endoscope with a retractable biopsy
punch. The punch is magnetically actuated to extend and retract, meaning it
uses no energy from the capsule endoscope. A magnet spins the punch,
causing it to move along a screw thread and protrude from the capsule to
take a sample. It is then rotated in the reverse direction to retract back within
the capsule. The system was tested in porcine intestine [14]. This work is
interesting as well as using a magnetic field to manoeuvre and position the
capsule endoscope the magnetic field to extend and retract a biopsy needle.

Steerable needles can be used to target specific areas of tissue, while avoiding
sensitive areas. One challenge is how to achieve tight curvatures, Sperry et al.
addressed this by adding a magnet into the needle tip to allow it to be steered
using the magnetic field from a permanent magnet outside of the body. The
needle is driven forwards by its screw head, rotated using a length of soft tubing
connected to a stepper motor [15].

2.2 Milli-robots and mechanisms
Ingestible medical robots are on the millimetre to centimetre scale, which is on
the larger end of the field of micro-robotics. To fully appreciate what could be
possible for medical robotics it is necessary to consider the achievements in the
wider micro- and milli-robotics field.

2.2.1 Milli-robots with Locomotion

The small size of micro- and milli-robots allows them to access areas which are
difficult to reach with larger robots for purposes such as inspection; one
example is the small pipe inspection robot developed by Ioi et al. Existing
robots used piezo-electric actuation; this requires a high voltage amplifier and
power cable, which both restrict motion. Two coreless motors spin eccentric
masses to produce a centrifugal force. This is transmitted to the surface by
elastic brush fibres. The motion is two part: the first part the brushes are not in
contact with the surface, for the second they are in contact with the surface.
The robot exhibited unusual turning characteristics. When the masses are at
the front increasing the angular velocity of the right motor causes the robot to
turn to the right. When the masses are at the back of the reverse is true,
meaning increasing the angular velocity of the right motor makes the robot
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turn to the left [16].

Legged locomotion has the advantage of increased stability, ability to traverse
rough terrain with obstacles, and improved traction on steep inclines when
compared to wheeled robots. Hoover et al. developed a robot with a body
made from a smart composite microstructure: it has rigid composite links and
flexible polymer hinges fabricated in one go using layering of composites and
laser-cutting. The number of joints does not affect the manufacture cost.
Multiple parts can be manufactured in parallel, limited only by the size of the
laser cutter bed. At the small scale surface forces, such as friction, dominate
inertial forces. Flexible joints are a way of avoiding friction, however,
continuous rotation is not possible. Off axis loads must be minimised and the
elastic limit of the material not exceeded. Actuators are expensive in weight
and power, so are minimised in the design. Shape memory alloy (SMA) wire
was used as it has a high power density and direct line of pull. Return springs
were used in conjunction with the actuators. There are two degrees of
freedom: rotation into and away from the body, and forward and backward
leg rotation. The robot moves with a tripod gait which is programmed into the
mechanism using four bar linkages [17].

Jafferis et al. developed an insect scale flapping robot for un-tethered flight.
One difficulty associated with untethered flight on this scale (90mg) is the
energy source, with commercially available batteries having insufficient
specific power. To overcome this the authors used a small solar array receiving
light of an intensity of several suns from a combination of halogen and LED
bulbs to power piezoelectric actuators [18]. James et al. used a similar
approach for their laser powered flying robot. With a robot mass of 104mg the
authors used a 976nm laser on a photo-voltaic cell to power two piezoelectric
actuators [19].

Wnag et al. developed a micro fish inspired by the fins of squid and cuttlefish,
with an overall length of 150mm. The fish had a tail with an SMAwire down each
side to actuate it using an electrical current [20].

2.2.2 Micro and Precision Actuation

Micromanipulation, themanipulation of parts withmicrometer precision, is used
for both micro assembly, such as in pick and placemachines, and for actuation
of compact devices, such as as mobile phone lenses.
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Disturbance signals become more significant on the micro scale. Piezoelectric
actuators do not guarantee a precise step, so precision sensors are required;
this increases the size of the actuator. A motor with micro gears can achieve
the same resolution, but smaller. A micro harmonic drive (10mm diameter or
less) gives reductions between 160 : 1 and 1000 : 1 with only six moving
components. They are backlash free and give the same position accuracy as
large scale harmonic drives. Being backlash free means the motor encoder
can be multiplied by the transmission ratio to give the end effector position.
The miniaturised robot Parvus was analysed to find the greatest cause of
position error. It was found that the absolute position error was 10 to 30 times
higher than the repeatability error. It was hypothesised that this was due to the
relatively low stiffness of the drives (0.6 − 6.13 Nm rad−1). Friction in the bearings
prevents gears from returning to their neutral position, this leads to elastic
hysteresis. Kinematic and dynamic compensation strategies for transmission
error were investigated and tested and were able to reduce the absolute
position error by 50% [21].

Smartphone cameras are required to fit within a compact space while
retaining high levels of precision to achieve high image qualities. For optical
zoom one of the lenses needs to be moved, Kim et al.propose a smart polymer
actuator is used to drive an optical zoom lens. They used a diametric
elastomer to move the lens, these require high voltages to actuate, however,
have a faster response time and have well established repeatability compared
with conducting polymers. The system was used to actuate a biomimetic
silicone lens [22].

Micro-robots have the potential to be used collectively as modular
reconfigurable robots. In [23] Campbell et al. demonstrate a method for
combining the power of eight individual robots to form cells of greater
collective strength. The authors simulate the strategy systems with many cells
and propose a strategy for low complexity control by distributing the control
between the elements. They demonstrate the system to a limited extent with a
prototype using two cells.

2.2.3 Self-assembly

Self-assembly is a potential method for making micro-scale structures.
Self-assembly removes the need for manipulators by using properties of the
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components themselves for the assembly. It also opens up the possibility of
having a large robot disassembled to allow it to pass through a small gap,
before reassembling on the far side to make a larger and more complex robot
than would have been possible to fit though the constriction.

In Nakagawa et al. Mn3O4 crystal nano-blocks were self-assembled using
evaporation of a dispersion. They assemble at the air-liquid interface. They are
brought together by capillary action and the evaporation of the liquid media.
The direction of the crystals relative to the substrate is controlled by changing
the polarity of the substrate. Changing the medium changes the evaporation
rate [24].

Bowden et al. demonstrated the self-assembly of hexagonal elements at a
perfluorodecalin (PFD)/ water interface using capillary forces. Each edge was
selectively coated to give either a positive or negative meniscus. They found
that like menisci attract, while opposites repelled. This phenomena was used
to give different attraction and repulsion forces to form the desired pattern
[25]. This work was further developed in [26] to self-assemble 10 µm scale units
to mimic the way molecules and crystals assemble.

Integrated circuits can consist of multiple wafers stacked to make a system in
packing (SIP). The accurate positioning of these wafers is currently done with
dies, which is a slow process. The new approach presented in [27] uses liquid
surface tension to position the chip. The wafer is treated to give hydrophilic
and hydrophobic areas, droplets of liquid are put on the hydrophilic areas. The
chips are positioned above, then placed on the liquid droplets. As the liquid
evaporates the chip is placed on the wafer. The chips are bonded after being
deposited. Hydrogen fluoride dissolved in the liquid etches the oxide layer on
the silicon wafer. The factors which affect misalignment are: chip size, liquid
volume, initial miss-alignment, surface tension, and the contrast between the
hydrophilic and hydrophobic areas. This still relies on an external manipulator,
so is more of a hybrid approach, rather than true self-assembly.

Programmable matter is a structure which changes its physical properties in
response to an external influence or autonomy. In [28] Yim et al. look at
self-assembling soft modular matter. There is a structure which can be
disassembled into a flexible string, then reassemble autonomously. There are a
series of cubes connected by strings, each contains magnets so the structure
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self-assembles into the programmed shape. Two different strategies are used
to calculate the connection pattern: the inner connection method, and the
boundary connection method. The individual layers are moulded, then glued
together.

In biology 1D protein strings fold to form 3D structures. Cheung et al.
investigated an approach to determine folding sequences for 1D strings to fold
into 2D and 3D shapes. They proposed an algorithm for determining the
folding sequence using strings composed of very simple robotic modules, and
simulated it. The authors proposed that it could be used for self-assembling
and self re-configurable system [29].

In [28] a string of soft cubes are self-assembled and can be disassembled into
a continuous string using tension. Once in a string the soft nature of the cubes
makes the string highly flexible. Once the tension is released elastic and
magnetic forces reassemble the string to its previous shape.

2.3 Origami Robots
Origami is the art of folding paper to create a structure from a flat sheet. This
approach can be used to create robots using folds in a flat sheet, folds in the
final structure can then be actuated to provide the functionality required of the
robot.

2.3.1 Origami for robot fabrication

Origami can be used as amethod to fabricate a robot body from a flat sheet of
material using a sequence of folds. This can simplify themanufacture, especially
in the case of self-folding origami, by reducing the number of components and
manufacturing steps.

Any pattern is theoretically possible using a pattern composition algorithms for
foldable joints. Folding can be used to create a shape changing robot that
optimises itself for a given task. Using flat sheets to make 3D structures by
folding simplifies manufacture and can minimise manual assembly by the use
of smart materials. Flexible electronics allow for circuitry on the robot body and
the addition of components without wires. Layering of sheets can give a robot
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both stiff and flexible parts. They can be made into pills before unfolding within
the body to allow for incision free surgery. Traditional actuators do not suffice
for smaller robots, due to the difficulties of making hinge parts at a small scale,
and the added complexity of adding many degrees of freedom [30].

Miyashita et al. proposed a system of interchangeable origami exoskeletons
for a permanent magnet robot to provide different functionality for individual
tasks. The exoskeletons were manufactured using a three layer system; when
heated the middle layer shrank, forming folds based on the width of cuts made
in the outer two, non-shrinking, layers. The exoskeletons were designed to fold
around themagnet, connecting with water soluble arms so the exoskeleton can
be shed by submerging in water. Exoskeletons were made to facilitate, rolling,
floating, pushing obstacles, and gliding [31] [32].

One difficulty encounteredwith self folding origami is the ability to sequence the
order of the folds. Liu et al. developed a system of addressable folding where
each hinge is a different colour, so absorbs a different wavelength of light. When
exposed to the correct wavelength of light the coloured strip heats a polymer
layer, causing it to shrink. The colours and corresponding lights used are: yellow,
Blue LED; cyan, red LED; magenta, green LED. This can be used for sequential
folding. By using two opposing folds of different colours the fold can be reversed
once [33].

Tachi et al. covered the principle of making any shape by origami using
standard “molecules”. These consist of surface polygons, edge tucking
molecules to bring the edges together, and vertex tucking molecules to bring
the vertexes together. The unfolded sheet must be topologically equivalent to
a disk. Each vertex has a segment on the inside, called a tuck box; an iterative
approach is needed to ensure they do not interfere [34].

2.3.2 Folding as a form of actuation

Folding is also used as a form of actuation in some robots; to achieve this a
number of challenges need to first be overcome. The folds need to be
reversible to allow repeated motions to be carried out by an actuator, where
multiple individually controlled actuators are required a method of addressing
the individual folds is needed.
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Boyvat et al. used wireless electromagnetic power transmission to heat spring
shaped shape memory alloy (SMA) actuators. The resistor capacitor inductor
(RCL) circuit in the receiver for each actuator is tuned to have a different
resonant frequency by changing the capacitor. Different stimulation
frequencies can be used to change to folding order, multiple frequencies can
be used to achieve simultaneous folding. The system was demonstrated on a
robotic arm and gripper [35]. This system has potential for addressable wireless
actuation, however, the system is currently too large for micro-robotics. Using
SMA actuators has the disadvantage that energy is needed to hold the
actuator in a given position, regardless of the force.

To be effectively used as an actuation method the folding needs to be
reversible. Several methods have been developed to address this challenge.
Baker et al. used ionoprinting of hydrogels to create a reversible fold. A redox
reaction is used, causing the hydrogel to change volume and fold. The iron
ions are caught by the hydrogel and reacted with a weak reducing agent to
release two protons [36].

Na et al. used a heat actuated system for reversible folding. The middle layer of
a three layer systemexpands/ contracts dependingon temperature. It takes ten
minutes to fold, and two to unfold. Once folded it doesn’t return to a completely
flat shape [37].

Programmable matter refers to active materials with controllable stiffness and
geometry. Hawkes et al. present a network of triangles which can be folded into
a predetermined shape using embedded actuation using a universal crease
pattern origami concept. The structure is made from a tiled sheet consisting
of a thin foil actuator, semi-rigid tiles, and flexible electronics. The tiles were
made froman epoxy fibre composite and laser micro-machined tomake slot for
magnets before curing and after curing to create the tiled structure. Elastomers
are used for the flexural hinges with SMA foil actuators. To span the hinges the
flexible electronics also need too stretch aswell as bend; this was achieved using
pattern tracing and cutting to produce a grid to it can stretch [38].

Origami can also be used to make conventional robots more compliant.
Salamanderbot has two rigid sections with the drive joined by a deformable
origami section to allow it to negotiate narrow passage ways and tight bends.
It has low profile wheels with factor three rotational symmetry, making it
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resistant to rolling. They tested both belt drive and geared drive, finding that
geared drive is faster and can climb steeper inclines [39].

Origami has potential to simplify the manufacture of small scale robots through
self-folding, where the number of folds does not add to the difficulty of
manufacture. Having origami in the construction can also be used to add
compliance to larger structures, the slight compliance is each hinge sums to
give a compliant structure. Alternatively origami hinges can be actuated to
replace the need for conventional hinges, allowing for more joints with out
adding cost to the manufacture of the mechanism.

2.4 Magnetic Control
One method of wirelessly controlling micro-robots is with a magnetic field.
Actuation using magnetic fields has the unique potential for actuating
micro-robots in enclosed geometries, such as within the human body, due to
their ability to pass harmlessly through many materials, including human tissue
[40].

2.4.1 Magnetic Robots

There is usually an attractive force between any two permanent magnets with
near magnetic fields as one magnet aligns with the field of the other and
experiences a magnetic field gradient. By continuously rotating the controlling
magnet to induce a lag angle between it and the controlled magnet
Mahoney et al. induced a lateral force action on the controlled magnet. This
was used to push it across a surface and levitate it. The controlling magnet was
separated from the driven magnet by a surface [41].

Soft magnets are made from a ferromagnetic material, but have no
permanent magnetisation. When subject to a magnetic field of sufficient
strength they develop a magnetic dipole with the direction dependant on the
field and the geometry of the soft magnetic body. Abbott et al. model the
force and torque applied to a soft magnetic body by an arbitrary field, then
experimentally validate the method. They include field strengths from weak to
saturating [42].

The majority of coil systems are small devices intended for research, for use in
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medical applications it would be necessary to scale them up to a size useful
for acting on a person. A coil system of a clinical scale was developed by
Rahmer at al. [43] using an array of 18 oil cooled copper coils. The authors
used this system to demonstrate remote operation of magnetic drills through
gel and tissue samples.

Zhang et al. utilised a bi-stable carbon fibre laminate to make a venus flytrap
inspired gripper. Two compliant fingers were constructed from carbon fibre,
each had a magnet positioned on the end. To actuate the gripper a force
was applied to the magnets using an external magnetic field. The use of
snap-through stability of compliant fingers allowed the gripper to close,
however, the gripper had to be manually reset to the open position before it
can be reused [44].

Magnetic actuation has applications in internal surface finishing for tubes and
manifolds, which are difficult to reach using conventional polishing techniques.
Zhang et al. used a spherical magnet with abrasives inside a manifold to polish
the internal surface. The magnet is rotated using a bar magnet external to the
tube. The bar magnet is rotated, while also moving axially along the tube as the
tube is being rotated, to ensured all internal surfaces were evenly polished to
achieve the desired surface finish. The authors reported an 86% improvement
in surface finish for the section polished [45].

Son et al. used an alternative method to coil-systems for controlling a tissue
penetrating robot. A cylindrical array of permanent magnets was made such
that there is a stable point for a magnet in the centre; by moving the magnet
array the micro-robot is moved away from this centre point, the further from this
point it is the greater the force pushing it back towards the centre point. By
actuating the magnetic array the position of the magnetic micro-robot within
the workspace can be controlled [46].

To have a magnet which can be switched on or off, an electromagnet is
conventionally used. This has the disadvantage, compared with a permanent
magnet, of requiring a continuous current supply while a magnetic field is
required. Rochat et al. describe an alternative switchable permanent
magnet. A cylindrical permanent magnet is positioned between two
u-shaped iron parts. In one position the flux passes through the iron, such that
externally it appears to have no magnetic field. When rotated 90◦ the flux is
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able to leave the iron, so the system behaves as a permanent magnet. This
has the advantage over an electromagnet that it requires no energy to remain
in the same state, giving it potential applications in docking drones, and robots
climbing magnetic surfaces [47].

Conventional magnetic control is limited to five degrees of freedom, because
torques can’t be applied around the axis of magnetisation. Work has been
done by Diller et al. to add a sixth degree of freedom by using non-uniform
magnetisation to act as a moment arm of the micro-robot [48].

One medical application for magnetism is using magnetic nanoparticles to tag
and trace cells. Mechanical stimulation usingmagnetic nanoparticales can be
used to facilitate cell proliferation and differentiation of stem cells. They consist
of an iron oxide core with a biocompatiable polymer coating. This has uses in
regenerativemedicine to restore and regenerate the function of damagedcells
[49].

Hong et al. [50] developed a millimetre scale gear box, actuated using a
magnet. A permanent magnet was connected to the input shaft of the
gearbox and actuated using a rotating permanent magnet. The gearbox is
used to increase the output torque from the magnet, allowing it to be used to
drive mechanisms which would otherwise be impossible. Elastic elements are
used to store potential energy from the magnetic input and release it rapidly to
allow for brief high power motions, such as jumping.

Magnetic actuation can be used to create a wide variety of motion in milli
and micro-robots. Systems of electromagnetic coils can be used to create any
orientation and strength of magnetic field; alternatively permanent magnets
can be used to create the magnetic field, with its position and orientation
controlled to create the desired magnetic field at the workspace. The forces
and torques applied to the the robots by the magnetic field are applied to the
entire body, making it difficult to actuate mechanisms within the robot without
the entire body moving, unless it’s anchored to the surroundings.

2.4.2 Soft Magnetic Robots

Hard micro-robots are generally a single rigid object, and are only capable of
moving in a limited number of ways. Because of their rigid nature it is difficult
for them to fit through small gaps with limited clearance, or they may cause
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damage when interacting with soft objects, such as human tissue.

Existing small-scale robots are limited by their ability to negotiate obstacles and
varied terrain. Soft robots have more degrees of freedom, giving them great
potential for multimodal locomotion. Hu et al. present a millimetre scale soft
magnetic robot that can swim in and on the surface of liquids, climb menisci,
walk, roll, jump over obstacles, crawl in tunnels, and pick and place objects.
The robot was made from Ecoflex 00-10 with NdFeB particles with an average
diameter of 5µm. This was rolled around a glass rod before being magnetised. It
should be possible to make the robot bio-compatible, but the authors haven’t
tested it.

The robot can form multiple shapes including, flat, curves and “s” shaped.
Sequences of these shapes can be combined to provide locomotion modes.
A wave motion is used to swim on the surface of water, while jelly fish swimming
(with a Reynolds number of Re=74 − 190) is used below the surface. A rolling
motion inspired by beetle larvae is used to separate it from the surface of the
water. It can walk like a caterpillar or roll. It can’t roll across gaps greater than
its diameter, but less than its length. Magnetic force can be used to increase
jump height; it can be used for other motions, however it requires more energy
than magnetic torque and is inherently unstable from a control point of view
[51]. This work was expanded in [52] to consider locomotion strategies for
confined, liquid filled, spaces.

Sudo et al. presented a magnetically controlled robot for swimming in viscous
liquids. It consists of a magnetic head with a flexible tail, perpendicular to the
axis of magnetisation. When actuated by an oscillating magnetic field the
magnetic head rocks, causing a wave to travel down the tail driving the
swimming motion. The swimming motion was successfully demonstrated in
glycerine [53].

Kim et al. present a method for printing ferromagnetic material with selectively
orientated magnetism. Neodynium-iron-boride (NdFeB) particles are included
in the ink, as the ink passes through the nozzle a magnetic field orientates the
particles. Magnetic fields can be used to control the structures. This gives the
structure several modes of movement, including rolling, leaping, and crawling.
By changing shape it is also able to reconfigure flexible electronicswithin its body
to create different circuits to illuminate different patterns of LEDs [54].
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Shape-programmable matter is a class of active material with a controllable
geometry. Lum et al. consider an elastomer beam with a mixture of active
and passive elements and a universal technique for programming the shape.
Ecoflex 00-10mixedwith aluminium powder wasmoulded into the beam shape.
Once cured a variablewidth strip was laser cut out and ecoflex 00-10mixedwith
NdFeB powder was poured in to form the active portion. The varying width of
the active portion dictates the response to themagnetic field, giving the desired
shape [55].

Fusco et al. used a shape switching hydrogel tube for targeted drug delivery.
They coupled a thermo-responsive hydrogel with either graphene oxide for
near infra-red responsiveness, or silica-coated superparamagnetic iron oxide
nano particles to provide magnetic actuation. The thermo-responsive
hydrogel allowed reversible folding from a planer to a rectangular structure
[56].

Soft magnetic robots have capabilities that their rigid counterparts don’t. The
flexible nature allows for multiple modes of actuation, making them more
versatile in varied and unpredictable environments. This is particularly
beneficial for applications in the gastro-intestinal tract where robots may need
to both swim through fluid and walk on a solid surface.

2.4.3 Localisation of Magnets

A reliable method of localising magnets is necessary for closed loop control of
a system, so that trajectory error can be calculated and corrected for. This is
necessary to accurately navigate amagnet to a given location, as with a dead
reckoning approach there will be a drift between the target location and the
actual location of the robot, due to slipping and errors in the magnetic field
generated.

Magnetic tracking can be either active or passive; in [57] the passive tracking
of a permanent magnet to locate the tip of a growing robot is considered. The
existing systems for localisation of growing robots are ultrasound, fibre Bragg
grating, and magnetic tracking. This only allows for the tracking of one object.
The system uses an array of 4 magnito-inductive sensors to locate the magnet
in space. Three identification systems were used: an analytical model,
long-short term memory (LSTM) model, and a hybrid model. Training data was
used with the LSTM and hybrid model. The hybrid model was found to have
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the lowest error. Increasing the velocity increased the localisation error, this
was hypothesised to be due to hysteresis in the sensors. This approach also has
potential for tracking the location of magnetic micro-robotics, which is
something some of the other reproaches mentioned for growing robots, such
as fibre Bragg grating, would not be suitable for.

An alternative method for tracking magnetic micro-robots was used in [58]
using a triangular pattern of Hall-effect sensors to localise a magnet. By
applying a magnetic field to the workspace, using an electromagnetic coil, it
was demonstrated that non-magnetised ferromagnetic material, such as
button batteries, can also be detected. This is because when in a magnetic
field, ferromagnetic materials become temporarily magnetised. The magnetic
field from these temporarily magnetised materials can be detected using the
Hell-effect sensors.

Tiryaki et al. used a magnetic resonance imaging method to localise a
magnetic micro-robots down to 300 µm in diameter within ex vivo porcine tissue
[59]. This allowed for closed loop control, where the MRI was also used for
actuation.

2.4.4 Control of multiple agents

Due to the nature of magnetic control, all magnetically actuated robots (often
referred to as agents) operating within a given workspace receive the same,
global, control input. This created difficulties when attempting to individually
control multiple agents within the same space. Several methods for controlling
multiple agents within a workspace have been developed.

Pawashe et al. developed a method of addressably controlling individual
micro-robots using selective anchoring for use in reconfigurable robots.
Reconfigurable robots offer the versatility to perform multiple tasks by taking on
a different form. One issue with micron-scale configurable robots is the ability
to disassemble for reconfiguration. Pawashe et al. propose sub-millimetre
magnetic micro-robots actuated by an external magnetic field to create
re-configurable 2D micro-assemblies. The magnetic micro-bot consist of a
magnetic core (NdFeB particles in a polyurethane matrix), surrounded by a
polyurethane shell to prevent the magnets coming into close contact. To
separate two magnetically connected micro-bots the magnetic force needs
to be overcome. This is done using an electrostatic grid to selectively anchor
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the one of modules, the adjacent module is then rotated using the magnetic
field until the attractive force is minimises so it can them move away. They
performed experiments under silicone oil on four anchoring pads using an
anchoring voltage of 400V [60].

Diller et al. proposed a new method of controlling multiple agents in the same
work space to allow for a non-specialised surface, with no anchoring forces, to
be used. The approach uses geometrically dissimilar robots to give different
resonance responses to actuation frequencies to selectively move individual
robots. The robots move along the surface using a stick-slip motion in response
to a saw tooth input from vertical magnetic coils; at the sharp change at the
top of the saw tooth the robot momentarily slips in response to the high angular
acceleration.

Each robot will travel at a different speed in response to a given actuation
frequency. By sequentially pulsing different frequencies in different directions
multiple robots can be navigated to independent goal locations . As the
length of each pulse becomes shorter the robot paths approximate a straight
line [61] [62].

Diller et al. show that a unique force can be applied, using a magnetic field
gradient, to each agent if its orientation is unique and known. A rotating
magnetic field is used to orientate the robots. As a result of different magnetic
and fluid drag properties they have unique phase lags, the time taken to
reach the target angle after an input is made with the magnetic field. This
phase lag is determined from the fluid drag torque and the applied magnetic
torque. The robots are 400 − 4, 000 µm, the authors expect the approach to
work down to tens of micrometers and at low Reynolds numbers, but not at the
nano meter scale.

A vision based feedback system was used with top and side view cameras. The
robots were manufactured using soft photo lithography and moulding. NdFeB
or soft iron particles were usedwith polyurethane to give bothmagnetically hard
and soft robots. An air pocket was used to make the robots neutrally buoyant
[63].

Salehizadeh et al. investigated the interaction between a pair of magnets and
proposed a method of independently positioning them in both two and three
dimensional space, using an external magnetic field. It was found that when
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two magnets are parallel and at a relative position of 90◦ to each other they
repel, when the angle between the magnetic moments is 0◦ (coaxial) they
attract, and when at an angle of 54.74◦ there is no attraction or repulsion force
between the magnets, but there is a tangential force causing them to process
around each other. The authors first considered the under actuated case,
where only the in-plane orientation of the magnets was controlled, then the
fully actuated case where the out of plane angle was also controlled. In both
simulation and experiment the authors were able to position the magnets using
the proposed control methods, with the fully actuated approach reaching the
set-point faster. They proposed that two input control could be used to control
two magnets in three dimensional space as an under-actuated system, but
were unable to perform physical experiments to verify this [64].

2.5 Conclusion
Magnetically wirelessly actuated robots can have a wide variety of uses,
including in medical robotics where they show great potential for navigating
capsule robots. This is possible because of the ability of magnetic fields to
safely pass through human tissue. Despite this magnetic actuation is limited to
locomotion and performing basic manipulation tasks for a single robot. The
ability to drive more complex mechanisms is limited by the limited number of
degrees of freedom and any magnetic forces or torques applied to the robot
act on the robot as a whole, rather than driving mechanisms on the robot. The
number of robots that can be actuated in the same work space is limited by
the fact the magnetic field acts in the same way on all of them, with no means
to addressably control individual robots.

This thesis focuses on developing solutions to these problems. It does it by
developing two different designs of magnetic motor, capable of being
actuated without applying any net torque or force to the robot, allowing
mechanisms to be driven while it is stable without the need to anchor it to its
surroundings.

2.5 Conclusion 27





Chapter3
Magnetic Force Driven Wireless Motor

3.1. Chapter preface . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.3. Concept and Development . . . . . . . . . . . . . . . . . . 31

3.4. Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.5. Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.6. Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.7. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.8. Scalability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.9. Discussion and Conclusion . . . . . . . . . . . . . . . . . . . 38

29



3.1 Chapter preface
Material from: ’Cameron Duffield and Shuhei Miyashita, ‘Magnetic Force Driven
Wireless Motor, In: Annual Conference Towards Autonomous Robotic Systems
(TAROS2020) Lecture Notes in Computer Science, vol. 12228., published [2020],
pp. 409-412, [Springer]’ [1]

A wirelessly actuated motor has wide potential application in in-vivo
mechatronic devices, due to the absence of power and control cables from
outside the device. This chapter presents a magnetically actuated wireless
motor with no net force acting on the device. The developed motor has a
double crank; each connecting rod includes a 5mm neodymium magnet at
the end, actuated using a magnetic field produced by an electromagnetic
coil system located nearby. The magnetic gradient field aligned parallel to the
direction of the magnet produces a magnetic force. The magnets are
oppositely oriented, so experience attraction and repulsion forces, the crank
converts this into a rotational motion. By altering the direction of the magnetic
field, these forces are switched, and by using a ratchet a rotational motion in a
single direction is produced.

3.2 Introduction
Recent advances have been made with implantable medical robots. These
implants often have tethers to provide electrical connections to the outside of
the body [65], or in the case of soft robots pneumatic or hydraulic connections
are used [66]. Magnetic induction based wireless power transmission is a
promising approach, however, it necessitates the presence of electronics and
a receiver coil within the device [35]. Magnetic direct drive mechanisms,
where magnetic force or torque are transmitted in a non-contact manner,
offer an alternative to on-board energy source or tethers. Small magnetic
microrobots are one of the examples, where a magnetic field provided by an
electromagnetic coil system directly actuates the robot [31]. Locomotion of
magnetically controlled robots involves the entire body moving. Hu et al.
developed a soft robot that exploits multiple modes of actuation including,
rolling, walking, and swimming [51]. The method removes the energy source
from the robot, allowing them to be smaller and lighter. However, this
approach does not allow for the driving of mechanisms within the robot as a
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net torque is applied to the robot body, causing it to rotate [4].

This chapter presents a novel magnetic drive mechanism using a double
crank. A magnet in each connecting rod is directly actuated by a magnetic
field, producing a rotational motion. Thanks to the opposed directions of
magnetic forces, the motor experiences zero net force, thus minimising the
impact on the local environment where it is situated.

3.3 Concept and Development
The objective of a motor is to create a rotational motion from a simple input. It
is necessary to convert the uniaxial magnetic field from a single coil, or pair of
coils, to a rotational motion. A single coil produces a magnetic field gradient,
which applies a force to a magnetic dipole within the field. This force can be
used to create a linear motion in a part, which can, in turn, be converted to
rotational motion using a crank (Fig, 3.1). For a crank mechanism the linear
motion needs to be reciprocating, with the frequency of the reciprocation
and the crank diameter dictating the angular velocity of the output. This
reciprocating motion can be produced by periodically reversing the input
magnetic field gradient by reversing the current in the coil.

Due to the nature of a crank there is a point where the cranks are at either top-
dead-centre or bottom-dead-centre and no torque is produced from any input
force; this is because there is no distance between the pivot and the line the
force is acting along. To get past his singularity the inertia of a fly wheel can
be used, storing kinetic energy from the main part of the cycle and releasing it
when there is no input torque being produced.

It is necessary to match the frequency of the input magnetic field to the
rotational speed of the crank. If the direction of the magnetic field is reversed
before top-dead-centre is reached the rotation of the motor will reverse and it
will stall. If the magnetic field is reversed too late the motor will stop at
top-dead-centre, loosing the momentum of the flywheel, so when the field is
reversed it is unable to pass the singularity. Exactly matching the actuation
frequency with the speed of the motor, under varying load conditions, would
require position feedback to the control system. One possible method of
achieving this would be using visual feedback, however, this would severely
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Figure 3.1.: A motor consisting of a crank mechanism driven by a pair of magnets and using a
flywheel to overcome the singularity at top-dead-centre.

restrict the potential applications of the motor to ones where a line of sight can
be maintained. Having a brief period with no magnetic field applied around
when the cranks are at top dead centre makes the exact timing of the field
reversal less critical, making the open loop control of the motor easier. This
does mean, however, there is no input torque for this part of the cycle, making
the motor liable to stalling from an applied load; this is likely to happen even
without the break in the applied magnetic field due to the reduced torque
near top-dead-centre.

To over come the challenges around top-dead-centre, this point can be
completely removed from the cycle. Fig. 3.2 shows how the torque is at a
maximum when the cranks are horizontal, showing that it is beneficial to restrict
the motion of the cranks to near this angle in order to maximise the output
torque. Simple restricting the travel of the crank would produce an oscillating
rotation of the output shaft, requiring a mechanism to convert this into a
continuously rotating output.
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Figure 3.2.: (a) A graph of showing the output torque from the crank based motor through the
cycle. The benefit of restricting the angle of travel to maximise torque can be seen
from the vertical lines highlighting where the motion is restricted to and how the
torque is greatest within that range. (b) A freebody diagram showing the forces
acting on the crank

3.4 Method
The developed motor consists of two counterweighting cranks, with 180◦ phase
difference, on each of which is a 5mm cubic neodymium iron boron (NdFeB)
magnet at the end (Fig. 3.3).

1cm

(a) (b)

First ratchet

Connecting rod

Output shaft

Magnet

Pawl
Second ratchet

z

x

∇B

Crank

Figure 3.3.: The developed magnetic force driven wireless motor. (a) CAD section view showing
the internal details of the first ratchet, and (b) photograph.

The magnets are vertical, with opposite orientation, this ensures there is no net
magnetic force acting on the motor from the external magnetic field. The
magnetic field gradient (0.14 Tm−1) is applied vertically from a 200mm
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diameter electromagnetic coil embedded 40mm below the workspace, and
can periodically switch the orientation. A crank converts the linear motion of
the connecting rod to rotary motion. To remove the singularity at top dead
centre the crank is designed to oscillate 45◦ either side of horizontal. A double
ratchet mechanism is used to convert this oscillating rotation to rotation in a
single direction and prevent the load back-driving the motor. The first ratchet
consists of four pawls within a saw-tooth ring gear. The second ratchet uses a
combined pawl and pawl spring against the involute tooth driving gear.

For the driving stroke the magnetic field gradient is applied in the negative z
direction, moving the crank clockwise. The geometry of the design prevents
the crank from rotating past θ = 45◦. The field gradient is then reversed, the
first ratchet disengages and the crank moves counter-clockwise for the recoil
stroke. The maximum torque is given when the crank is horizontal (θ = 0◦) and
the minimum is at the two extremes of motion (θ = −45◦, θ = 45◦). The control
of the magnetic field is open loop. The angular position of the output shaft can
be calculated for open-loop position control from the number of driving strokes
performed.

3.5 Model
The magnetic force, F⃗m, on a magnet with moment m⃗, in a magnetic field B⃗ is
given by

F⃗m = (m⃗ · ∇) B⃗

=

(
∂B⃗
∂x

∂B⃗
∂y

∂B⃗
∂z

)T

m⃗.
(3.1)

Referring to Fig.3.2 (b) which shows the relation of a free body diagram of the
system, with Eq. (3.1), The producible torque about the output shaft, τ, is

τ = 2 n
∂B⃗
∂z

m⃗ R cos θ − Fr, (3.2)

where the coefficient 2 represents the use of two magnets, n is the used gear
ratio, R is the crank radius, and Fr is torque loss to friction in the mechanism. For
the motor presented n is 1.243 : 1, the prime gear ratio ensures even wear on the
gear teeth, reducing hunting.
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Figure 3.4.: (a) The geometry of the crank and connecting rod used for the advanced model,
(b) the relationship between ϵ and θ.

This model does not account for the reduction in force on the magnet caused
by the misalignment of the magnet with the field. This misalignment occurs due
to the connecting rod being at an angle to the vertical due to the rotation of the
crank and the geometry of the guide Fig. 3.4 (a). The angle of the connecting
rod (ϵ) is given by:

ϵ = arctan
(

R(1 − cos θ)

R sin θ + h

)
, (3.3)

where h is the height between the axis of the crank and the connecting rod
guide. The relationship between ϵ and θ is shown in Fig. 3.4 (b). This can be used
to find the vertical component of the magnetic moment (mz):

mz = |m⃗| cos
(

arctan
(

r(1 − cos θ)

r sin θ + h

))
. (3.4)

The angle of the two connecting rods are different as one is at a positive value of
θ and the other is at a negative value, so the vertical magnetic moment needs
to be calculated separately for each of the two magnets. This can then be
substituted into Eq. (3.2) to give the motor torque:

τ = n
∂B⃗
∂z

(mz 1 + mz 2) R cos θ − Fr, (3.5)

where mz 1 is the vertical component of the magnetic moment for the first
magnet and mz 2 is the vertical component of the magnetic moment for the
second magnet. These two values are different due to one being in the up
position while the other is in the down position.
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Figure 3.5.: A comparison of the basic and advanced models, showing how there is no
difference when the crank is horizontal and 3.8% difference at the extremes of the
travel.

Fig. 3.5 Shows both the basic (Eq. (3.2)) and advanced (Eq. (3.5)) models of
motor torque, assuming no friction. When the crank is horizontal there is no
difference between the two models, as the connecting rod is vertical. The
greatest difference between the two models is when the crank is at the limits of
its travel (θ = ±45◦), where the discrepancy between the models is just 3.8%.
For the geometry of the motor presented the difference between the models is
negligible, and so the basic one can be used for simplicity. If, however, the
connecting rods were shorter relative to the crank radius, the difference would
be much more significant, requiring the advanced model for accurate results.

3.6 Fabrication
The housing parts are laser cut from 3mm, and the connecting rods from 2mm,
sheet acrylic using a CO2 laser cutter. The gears and ratchet parts are
manufactured from Formlabs clear resin using a Form 2 SLA printer. The 3mm
diameter shafts were cut from brass (CZ121/CW614N) rod and 2mm diameter
stainless steel rod. Small pieces of Ecoflex 00-10 were used for the pawl springs
in the ratchet mechanism. The second ratchet was cut from a 0.1mm thick
steel sheet (full hard, cold rolled, low carbon 1008-1010) and bent to shape.
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The mechanism was assembled using acrylic adhesive (RS) and cyano
acrylate (Loctyte).

3.7 Results
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Figure 3.6.: Measurement of torque. (a) The experimental setup, (b) Theoretical and provisional
experimental plot of torque τ. Two data points are insufficient to draw firm
conclusions on the accuracy of the model, but do give an initial indication of its
potential. Fig. 4.6 results for the torque of an improved design of motor using the
same principle and shows a stronger correlation with more data points.

The output torque of the motor was measured using a simple hoist mechanism
(Fig. 3.6 (a)). A length of mono-filament nylon thread was secured to the shaft,
passed up over a pulley, and down to a known mass to provide the load. The
friction in the mechanism was measured by removing the connecting rods,
winding the thread around the output shaft and adding mass until the
mechanism rotates. This gave Fr = 0.15 × 10−3 ± 0.01 × 10−3 Nm. Fig. 3.6 (b)
shows the measured and calculated motor torque for a given magnetic field
gradient. The maximum line represents the point when the crank is horizontal
and torque is greatest, while the minimum line shows where the crank is at its
lowest or highest point (45◦ from horizontal) and the torque is at its minimum.
The experimentally measured values are the greatest load at which the motor
could complete the full cycle, so correspond to the minimum torque line. For
each test the motor was allowed to run continuously for a length of time to
demonstrate that it was capable of continuous operation at this load. As only
two data points were collected only limited conclusions can be drawn from
the data; it is impossible to tell if the relationship is linear or a polynomial. The
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provisional experimental results in Fig. 3.6 (b) do show that for the values tested
the model is a reasonable fit for the data. Only two data points were able to
be collected due to the equipment being inaccessible for half a year
because of the COVID-19 pandemic; on returning to the lab some oil
(3-IN-ONE) which had been added to the first ratchet had dried out making
the motor unusable. Further results for an improved motor design based on the
same principle are shown in Fig. 4.6, these results confirm the linear relationship
between magnetic field gradient and output torque.

3.8 Scalability
This section investigates the effect of scaling the design on the output torque of
the motor. Eq. (4.2) shows the output torque is proportional to the crank radius
(R). Eq. (4.2) also shows how the torque is proportional to themagnetic moment
(m); this is given by:

m =
1
µ0

BrV, (3.6)

where µ0 is vacuum permeability (4π × 10−7 Hm−1), Br is the residual flux density
(1.2 T), and V is the volumeof themagnet. The volume, and hence themagnetic
moment, is proportional to the cube of the edge length. The combination of
the two gives that the torque is proportional to the fourth power of the overall
size of the motor, assuming all components are scaled proportionally. Fig. 3.7
shows how the output torque increases as the motor size is increased; this does
not account for friction in the system, which would become proportionally more
significant as the size reduced.

3.9 Discussion and Conclusion
A magnetically actuated wireless motor driven by a magnetic field gradient,
capable of producing 0.05mNm of torque, has been presented. The motor
allows for a continuously rotating output from an alternating magnetic field
input by using the novel double ratchet mechanism to eliminate the singularity
at the top-dead-centre of a crank. This gives the advantage, over existing
approaches, of having a very simple input from a single electromagnetic coil.
The established approach for creating a torque in magnetic robots is to use
multiple coils to create a rotating magnetic field. The design of the mechanism
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Figure 3.7.: How the torque output of the motor varies as the overall width (W) is increased for a
14 Tm−1 magnetic field gradient.

means that the force acting on the magnets and the weight of the cranks are
balanced. This means the device experiences net zero force from the applied
magnetic field gradient and so is stable in operation.

Two different models have been presented, one simplified model and one
more advanced model that accounts for the misalignment of the connecting
rod. For the geometry of the motor presented the difference between the
models is 3.8%, so is negligible. If the crank diameter was greater, or the
connecting rod shorter, then the difference would be much more significant.
The effect of scaling the motor on the output torque has been modelled. The
design shows promise to be scaled down; if all elements of the design are
scaled down proportionally the output torque reduces with the fourth power.
There is also scope to redesign the motor to reduce the size with little reduction
in the output torque.

The use of an alternating magnetic field, instead of a rotating magnetic field,
allows for the motor to rotate on any axis on the same plane and even multiple
motors with different orientations to operate simultaneously within the same
workspace. The output torque was measured and compared to experimental
values for validation. It was found that there are significant torque losses in the
design, with 75% of the output torque being lost to friction. These losses mainly
occur in the four bearings on the shaft and between the two gears, some
torque is also lost in friction between the connecting rods and the crank.

3.9 Discussion and Conclusion 39



Future work includes improvement of the design to reduce the torque lost to
friction and to reduce the size of the motor.
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4.1 Chapter preface
Material from: ©2022 IEEE. Reprinted, with permission, from [Cameron Duffield,
Abigail F Smith, Daniela Rus, Dana Damian and Shuhei Miyashita. ‘Wirelessly
Magnetically Actuated motor for Tissue Regeneration Robotic
Implant(accepted)’. In: IEEE International Conference on Intelligent Robots
and Systems (IROS). IEEE. 2022, pp. 465–471] [2] Abigail F. Smith assisted with
the experiments using biological tissue.

In biomedical engineering, robotic implants provide new methods to restore
and improve bodily function, and regenerate tissue. A significant challenge
with the design of these devices is to safely actuate them for weeks or months,
while they are residing in a patient’s body. Magnetic, and other
force-at-distance actuation methods, allow mechanisms to be controlled
remotely and without contact or line of sight to the device. In this chapter, a
novel magnetic field driven wireless motor is presented. The motor drives a
robotic implant for the treatment of long gap oesophageal atresia and short
bowel syndrome. The motor is equipped with two oppositely oriented
permanent magnets which experience forces in opposite directions when a
magnetic field is applied tangential to the magnets’ directions. The implant
can produce a force of 2N. It is demonstrated with an ex-vivo porcine
oesophagus.

4.2 Introduction
Wirelessly controlled robots show great potential to be used for biomedical
applications [67]. Telesurgery robots are widely clinically approved and are
used to improve the outcomes of surgical interventions [68, 69]. Tethered
crawlers have been shown to improve the effectiveness of certain medical
procedures, such as colonoscopies [70, 71]. Untethered robots [72, 73] provide
a new solution to gastrointestinal (GI) diseases, incorporating drug release and
wireless actuation techniques. Medical robots in vivo have also shown promise
in foreign matter retrieval [58, 74], targeted drug delivery [75] and
ophthalmologic procedures [76]. Another area of interest is the
implementation of robotic implants for long-term therapies. Such devices are
able to reside in the body and achieve effective functions and therapies.
Examples include supporting heart function [77], performing as an artificial
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Figure 4.1.: The developed wirelessly powered robotic implant. (a) Shows the control coils and
where the device would be positioned in a patient. (b) Shows details of parts of the
robotic implant

pancreas [78] and tissue regeneration [79].

One of the significant challenges with designing robotic implants is power
delivery and control [80]. Conventional motors require a source of electricity to
run which could be provided by wires passing into the body or batteries.
Alternatively, magnetic control can be used as a form of force-at-distance
actuation. Magnetic fields are used to apply forces and torques to a
magnetized robot [31, 51, 55, 81, 82]. Using magnetic fields to control devices
wirelessly has been shown to be a plausible solution [83]. Magnetic fields are
able to pass through common materials, including biological tissue, making
magnetic actuation a suitable method for robots purposed for biomedical
applications as magnetic fields of up to 7 T are approved for use in MRI
machines with no adverse effects on a patient.

Existing robots using magnetic control move the entire robot as a solid body by
changing the orientation of the magnetic field [84] [85]. One of the
recognized approaches is to apply a continuously rotating magnetic field,
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requiring a complex arrangement of coils that are capable of creating a
magnetic field of any orientation [86].

This chapter continues on the work from Chapter 3 and [1] to present a
magnetic wireless motor that produces zero net torque and net force powered
by electromagnetic field from a pair of coils. As extension of the previous work,
this chapter introduces a motor with improved torque, more than a 60%
reduction in body size and integrated in a robotic implant capable of
stimulating tissue growth through mechanical therapy. The single pair of coils
used to drive the motor greatly simplifies the equipment required and control
of the robot compared to the existing magnetic control approaches.

This motor is incorporated into a device to lengthen tubular organs by applying
a uniaxial force, advancing previous work [87]. The device could be used to
improve the treatment of oesophageal atresia or short bowel syndrome. The
treatment of oesophageal atresia traditionally requires multi-week sedation
and ventilation. Sutures attached to the oesophagus are manually pulled from
outside.

4.3 Methods
This section first details function of the robotic implant for stimulating growth in
tubular organs, then the details of the motor used to drive it. The working
principle of the motor is explored, before a model to describe the output
torque and the maximum speed of the motor is developed. The methods used
to fabricate and actuate the motor are presented. Finally, the effects of
scaling the motor on the output torque is considered.

4.3.1 Robotic implant

The implant (Fig. 4.1) consists of two rings sutured to the oesophagus. The first
ring is connected to the main housing, while the second is connected to a
rack. The rack is driven by the magnetic motor with a worm gear with a 2mm
pitch. All moving parts are contained within a shroud to prevent damage to
surrounding tissue. The rack has a travel of 45mm with the force being
unaffected by the extension. A force of 2N has been shown to stimulate
growth in porcine oesophagus in vivo. The 20mm length of tissue grew an
average of 2.5mm per day [79]. Magnetic control makes the implant design
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inherently safe. Magnetic control is forced based, by setting the magnetic field
gradient the operator determines the maximum force the system is able to
apply. This is in contrast to position based control where the displacement is set
and the robot applies the force necessary to achieve this, which could in some
instances could lead to tissue damage as a result of excessive force being
applied. The elongation of the implant can be detected using an array of hall
effect sensors outside the body, as demonstrated in Liu et al. [58], to allow the
position to be detected without any electronics being in the implant, or wires
passing through the body.

4.3.2 Wireless motor
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Figure 4.2.: The developed magnetic force driven wireless motor showing the double ratchet
mechanism. (a) Photograph and (b) CAD section view.

For a magnetic motor to convert a magnetic field into rotary motions about a
different axis, a magnetic field gradient that periodically reverses direction was
chosen as the control power input. This allows for a reduction of net torque of
the device or operation of multiple motors. This applies a force to any magnet
in the field. A crank mechanism is used to convert this force to a torque. The
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developed motor uses two counter-weighting cranks, with 180◦ phase
difference. At the end of each cranks is a magnet, the two magnets face in
opposite directions (Fig. 4.2). This ensures that the system is balanced, and
gravity does not affect the operation. This means when one has an upwards
force from the magnetic field, the second has a downwards force, ensuring
there is no net force acting on the motor.
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Output Shaft

Figure 4.3.: The motion of the motor. (a) The driving stroke with the cranks at the highest point,
and minimum torque, inset showing the disengaged second ratchet; (b) horizontal
cranks giving the greatest torque, inset showing the engaged first ratchet pawl and
decompressed Ecoflex™ pawl-spring; (c) the cranks at the end of the driving stroke,
minimum torque, insert showing the second pawl with compressed pawl-spring; (d)
the field gradient is reversed for the cranks to move back for the recoil stroke, inset
showing the engaged second ratchet.

A crank converts the force acting on the magnet to rotary motion. When the
cranks are vertical (top dead centre), the magnets are perpendicular to the
magnetic field. This means there is no magnetic force, leading to a singularity.
To remove this singularity the cranks’ oscillation is limited to 45◦ either side of
horizontal, this also keeps the motor near the maximum torque region where
the cranks are horizontal. A double ratchet mechanism converts this oscillating
rotation to rotation in a single direction and prevents the load back-driving the
motor. The output torque is increased by a 1:290 reduction gear box.

The first ratchet consists of two pawls within a saw-tooth ring gear, Fig. 4.2 (b).
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The pawl carrier is free to rotate on the shaft, while the output gear is fixed to the
shaft to transfer the torque. The two pawls are offset by half a tooth, meaning
only one engages at any one time. This doubles the number of engagement
point to 20, reducing the backlash. The second ratchet uses a combined pawl
and pawl spring against the external saw tooth gear required to prevent back-
driving, this has 15 engagement points. This means the motor only rotates in
a single direction and can hold an unlimited load even without any magnetic
field.

Fig. 4.3 shows the main stages of the motion of the motor. The cycle begins with
the cranks inclined by 45◦ (θ = 45◦) (Fig. 4.3 (a)). A downwards magnetic field
is applied, applying opposing forces to the two magnets, rotating the cranks
clockwise. This engages the first ratchet, rotating the shaft and disengaging
the second ratchet. When the cranks is horizontal (Fig. 4.3 (b)) the magnets are
aligned with the magnetic field, giving the motor the maximum torque. When
the cranks are declined by 45◦ (θ = 45◦) the magnet hits the end-stop, ending
the driving stroke. When a magnetic field is then applied upwards this applies
an opposite force to the magnets, causing the cranks to rotate anticlockwise
(Fig. 4.3 (c)). The first ratchet disengages, disconnecting the cranks from the
output shaft, while the second ratchet engages to prevent the load from back-
driving the motor. This recoil stroke returns the cranks to the starting position,
completing the cycle.

4.3.3 Model

To understand the properties of the motor, a model is presented for the output
torque and speed of the motor. The motor is driven by the force of a magnetic
field on themagnet at each endof the crank. Themagnetic force onamagnet,
F⃗m, with magnetic moment m⃗, in a magnetic field B⃗ is given by

F⃗m = (m⃗ · ∇) B⃗

=

(
∂B⃗
∂x

∂B⃗
∂y

∂B⃗
∂z

)T

m⃗.
(4.1)

When the magnet is out of alignment with the magnetic field gradient, the
force is reduced. To calculate this reduced force the vector component of the
magnetic field gradient parallel to the magnetic moment is taken. Using the
free body diagram of the system, shown in Fig. 4.4 with Eq. (4.1), the torque
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Figure 4.4.: A simplified free body diagramof the crank, showing the principle dimensions, forces
and torques about the output shaft while the magnetic field is applied.

produced about the output shaft, τ, is

τ = 2 n

∥∥∥∥∥
∂B⃗
∂y

∥∥∥∥∥ ∥m⃗∥ R cos θ − Fr, (4.2)

where the coefficient 2 represents the use of twomagnets; it is assumed that the
magnetic field gradient is constant across the work space and so both magnets
experience a force of equal magnitude. n is the ratio of the gear box, R is the
crank radius, and Fr is an empirical friction term. As there are two magnets of
equal mass, the system is balanced and so weight does not affect torque.

The force from the robotic implant is given by:

F = η
2 τ π

P
, (4.3)

where P is the worm screw pitch, and η is an empirical efficiency term.

The implant extension velocity, v, is given by

v =
γ

2πn
p f , (4.4)

where v is the rack speed, p is the pitch of the rack, n is the ratio of the gearbox,
f is the magnetic field frequency, and γ is the angle the crank passes through
each driving stroke. For the motor presented γ = π

2 radians.
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This is based on the assumption that themotor completes a full cycle is with each
cycle of the magnetic field. If the actuation frequency, or load, is high then the
motor will “step out” in a similar manner to a stepper motor.

When the motor is not subject to any load, the frequency is limited by the
angular velocity. The time taken to reach angle θ from the initial position is
given by:

T =

√
2I(θ − c)

K I cos(θ)− 2L
, (4.5)

where c is the initial angle of the crank, L is the load on the motor, K =
2 ∂B⃗

∂z ||m⃗|| R
I

and I is the moment of inertia of the rotating parts,

I = 2ρVR2, (4.6)

where ρ is the density of the magnet (ρ = 7516 kg m−3) V is the volume of the
magnets (125 mm3), and R is the radius of the crank (10 mm). This assumes the
mass of the crank arm is low compared to the mass of the magnets.

By making θ equal to α/2, to give the time for the crank to travel a full stroke, the
step out frequency can be found using,

fso =
1

2T
, (4.7)

for the motor demonstrated, the model gives a no-load step-out frequency of
13.15Hz.

Above the step-out frequency, the motor speed decreases with increasing
actuation frequency. For both rolling [88] and swimming [89] robots, the
velocity of the rack for the implant is given by:

v =
γ

2πn
p
(

fa −
√

f 2
a − f 2

so

)
, (4.8)

where fa is the actuation frequency, and fso is the step-out frequency. The net
torque acting on the system is given by:

Στ = Σ F⃗m P⃗, (4.9)

where F⃗m is the force from a magnet, and P⃗ is the position vector for where the
force is acting, perpendicular to the force. All forces are parallel to themagnetic
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field, meaning all position vectors are in the xy plane. This shows that for a single
motor, a net torque will act on the system, if two motors are used, with opposite
orientation, there will be no net torque acting on the system.

4.3.4 Motor fabrication and electromagnetic coil system

The robot body was cut from 2mm cast acrylic sheet. Ratchet parts were
manufactured using Form 2 SLA printer using clear resin (Formlabs), clear resin
was chosen as it exhibits similar material properties to other resins produced by
Formlabs which are certified for medical use. Small pieces of Ecoflex™ 00-10
(Smooth-On) were used for the pawl springs in the ratchet mechanism. The
second ratchet was cut from a 0.5mm thick low density polythene and bent to
shape. The magnets used were 5mm cubic neodymium iron boron (NdFeB)
(Supermagnete). The reduction gear box is a commercially available unit with
1:290 reduction (Pololu). The mechanism was assembled using an acrylic
adhesive (RS) and cyanoacrylate adhesive (Loctite). The worm gear was FDM
printed (Mojo) using ABS, using a different material to the rack reduces friction
compared with manufacturing both parts from the same material. All
components are contained within a protective shroud made from
photo-curable resin (Formlabs) meaning the device can be made
bio-compatible.

Three electromagnetic coil systems were used. Magnetic field gradients of up
to 0.37 Tm−1 were applied horizontally from two square coils of 200mm side
length and 100mm separation. For tests requiring a vertical magnetic field
gradient a Helmholtz coil of 180mm diameter was used to provide a magnetic
field gradient of up to 0.37 Tm−1 and a field strength of up to 15mT. When a flat
surface above the coil system was needed a single horizontal coil of 200mm
diameter 40mm below the work surface was used to apply magnetic field
gradients of up to 0.14 Tm−1 was used. The magnetic field strengths of each
coils system were found experimentally using a Gauss-meter. The magnetic
field strengths used are well below the static magnetic field strength of
0.046 − 8 T used in MRI machines [90]; demonstrating that it is safe to use in a
medical setting.

4.3.5 Scalability

In this section, we investigate the impact of scaling down the motor on the
output torque. Eq. 4.2 shows how the torque is proportional to the magnetic
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Figure 4.5.: The effect of increasing the size of the magnets used where first the overall width (w)
is fixed, then the crank radius is fixed (R). The shaded region is the range between the
peak and minimum torque without the reduction gearbox. Each data point is from
the motor run continuously for a length of time to demonstrate that it was capable
of continuous operation at this load.

moment (m); this is given by m = 1
µ0

BrV where µ0 is vacuum permeability
(4π × 10−7 Hm−1), Br is the residual flux density (1.2 T), and V is the volume of
the magnet. For a cubic magnet this means the magnetic moment, and
motor torque, are proportional to the edge length cubed, as shown in Fig. 4.5.

Scaling down the device is also limited by the practical minimum feature
resolution which can be made by a given manufacturing technique. The
smallest components are the pawl springs in the first ratchet, and the finest
details are the gear teeth. These components could be made half the current
size without significantly changing manufacturing techniques. The maximum
size of the motor may be limited for in vivo applications. The equivalent
magnetic dipole for a cubic magnet passes through its centre, meaning as the
magnet size is increased the dipole moves closer to the centre of the crank,
reducing its effective radius. This leads to a compromise between maximizing
the volume of the magnet and the crank radius. Eq. (4.5) gives the torque of
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the motor of width W and a cubic magnet of edge length l

τ =
∂B⃗
∂z

1
µ0

Br l3 (W − l) cos θ. (4.10)

Fig. 4.5 shows the affect of increasing the magnet size for both a fixed overall
width of the motor, and for a fixed crank length. The plot shows that the magnet
size greatly influences the output torque of the motor, meaning that the largest
magnets possible should be used. For experiments in this chapter the width was
fixed at 25mm and 5mm cubic magnets were used as these are the greatest
stock size of magnet that clears the ratchet mechanism.

4.4 Experimental Results
Experiments were conducted to characterize the performance of the
magnetic motor. The output torque for a given magnetic field gradient was
investigated, as was the angular velocity for a given actuation frequency. The
Characteristics of the robotic implant were then investigated, with the output
force being measured and an ex-vivo experiment being carried out.

4.4.1 Torque model and evaluation

A hoist mechanism was used for the experimental torque measurement. A
length of mono-filament nylon thread was attached to the shaft, passed up
over a pulley, and down to a load. A known mass (±0.001 g) was used for the
load, and the magnetic field gradient gradually increased until the motor was
able to lift the mass.

Fig. 4.6 shows the measured and calculated motor torque for a given
magnetic field gradient. The experimentally measured values shown in the
graph are the greatest load at which the motor could complete the full cycle,
meaning they represent the minimum torque at any point in the cycle, which
occurs where the crank is at ±45◦. The graph shows the model and
experimental results diverging at greater loads; this is thought to be caused by
the increased normal force in the bearings from the load. The load applied by
suspending a mass from a thread wound around the output shaft of the motor,
this applies a radial force in the bearing. As this normal force increases, so
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Figure 4.6.: Plot showing the output torque of the motor, both experimentally and modelled.
It can be seen that the model is initially a good fit for the data, before diverging
for greater magnetic field gradients. This divergence is believed to be caused by
greater friction in the system at greater loads due to increased normal forces in the
bearings. Each data point is from the motor run continuously for a length of time to
demonstrate that it was capable of continuous operation at this load.

does the frictional load; this is not captured in the model as only the no-load
friction was considered, leading to divergence from the experimental results.
Each data point is from the motor run continuously for a length of time to
demonstrate that it was capable of continuous operation at this load. The
model for the motor torque is proportional to the magnetic field gradient
(Eq. 4.2) with a peak torque where the cranks are horizontal, and a minimum
torque where they are inclined at 45◦. From these results it was determined that
the friction term for the motor is Fr = 0.03 Nm. This was done by considering the
magnetic field gradient required for the motor to operate at low loads and
fitting the model to the results.

Fig. 4.7 Shows how the angular velocity of the motor increases proportionally
to the input magnetic field frequency, up until the step-out frequency, at 13Hz,
where the angular velocity rapidly decays, as is predicted by the model. This is
due to the inertia of the crank making it unable to move at the angular velocity
required to keep instep with the actuating magnetic field. It can be seen that
at 6 Hz the angular velocity briefly decays before again becoming proportional

4.4 Experimental Results 53



0 10 15

Frequency (Hz)

0

5

10

15

20

A
n

g
u

la
r 

V
e

lo
c
it
y
 (

ra
d

/s
)

Model
Experimental results

5

Figure 4.7.: The angular velocity of the motor without the reduction gearbox against the input
frequency. It can be seen that at frequencies over the step-out frequency of 14 Hz
the speed reduces, this is close to the modeled step-out frequency of 13.2 Hz.

to the input frequency. This is thought to be due to the discrete nature of the
ratchet; at the higher frequencies the crank isn’t able to move quite far enough
to move by the same number of points of engagement on the outer ratchet,
and so there is now a fixed offset between the model and the experimental
data. Each data point in Fig. 4.7 was calculated as an average angular velocity
for multiple rotations of the motor shaft.

4.4.2 Robotic implant characterization

The force from the implant was characterized using a similar method to torque,
by hanging calibrated weights from the mounting ring and reducing the
magnetic field until it was unable to lift the mass. The modelled and predicted
values for the force are shown in Fig. 4.8. Each data point is from the motor run
continuously for a length of time to demonstrate that it was capable of
continuous operation at this load. The efficiency term was determined to be
η = 0.2. When implanted it is possible the robotic implant won’t be perfectly
positioned within the coil system. It is necessary that this does not pose any risk
to the patient. The implant continues to operate when rotated 30◦ horizontally
and 43◦ vertically from the ideal position. If the implant is moved from the
centre position, the force from the implant is reduced, making it a fail safe

54 Wirelessly Magnetically Actuated Motor for Tissue Regeneration Robotic

Implant



0.06 0.08 0.1 0.12 0.14
Magnetic Field Gradient (T/m)

0

2

4

6

8

10

12

14

16

Fo
rc

e,
 F

 (N
)

Model
Experiment

Figure 4.8.: Plot showing the implant force against magnetic field gradient. Each data point
is from the motor run continuously for a length of time to demonstrate that it was
capable of continuous operation at this load.

system.

The force from the implant on a phantom oesophagus (made from Ecoflex™
00 − 30, Smooth-On) was measured using a compression force sensor (Fig 4.9).
The coils were activated until the target force was reached after 40 minutes,
before being turned off. The implant can continue to hold the desired force for
extended periods of time without requiring any energy input, as the
mechanism is non-backdrivable. For the clinical application the magnetic
field would only need to be applied for short periods at regular intervals with
no need for the patient to remain in the coil system between these. To prevent
to coils overheating, the data was collected across multiple runs.

The implant was demonstrated using an ex-vivo porcine oesophagus. The
oesophagus was sourced from an abattoir and is a by-product form the meat
industry. The oesophagus was sutured, with simple interrupted sutures, to the
attachment rings of the implant (Fig. 4.10). The oesophagus measured 11mm
in diameter when relaxed. The distance between the two attachment rings
was 75mm before stretching. The implant was able to stretch the tissue 5mm in
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Figure 4.9.: The force from the implant on a phantom oesophagus against time, showing how
once the input power is stopped the implant maintains a near-constant force, for
multiple days if required, due to the mechanism being non-backdriveable. The
coils were turned off after 40 minutes, once the implant reached the target force
demonstrating the force holding capability of the implant. 2N of force has previously
been shown to stimulate tissue growth.

10 minutes 42 seconds (6% extension) with a force of 2N. These results show that
the robotic implant is able to successfully apply the forces required to stimulate
tissue regeneration to ex-vivo oesophageal tissue.

4.5 Discussion and Conclusions
This chapter presents a wirelessly actuated robotic implant for tissue
regeneration. The implant has been demonstrated to produce 2N of force and
hold the force without continued energy input. This has been demonstrated
with both phantom and ex-vivo porcine oesophagi. 2N of force have
previously been shown to stimulate tissue growth, during animal trials.

The implant shown is driven by a novel magnetically actuated motor. The
magnetic motor is driven by an externally applied uni-axial magnetic field
gradient, and has been characterized for torque and speed. The motor
experiences net zero force due to the magnetic force and weight countering
mechanism, which was difficult to achieve with conventional approaches with
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Figure 4.10.: Implant stretching an ex vivo porcine oesophagus by 5mm over 10minutes and
42 seconds. (a) The initial position at 0 seconds, showing the oesophagus in
its relaxed position. (b) The oesophagus after 10minutes and 42 seconds, the
oesophagus has elongated by 5mm. (c) Enlarged view showing the elongation
of the oesophagus. See video 1 for more detail.

magnetic field. The uni-axial magnetic field application means the direction of
torque producible from the motor depends on its orientation, hence versatile
combinations of multiple motors in a single body are possible or multiple robots
acting within the same work space, as shown in this chapter. The presented
mechanics showed a promising scalability in the motor size down by 15%
keeping the output torque above 1mNm, and was fully functional when
submerged in water, as there are no electronic parts.

Future work includes implementing position detection using hall effect sensors
and scaling down the device by half using photolithography techniques.
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5.1 Chapter preface
The content of this chapter is under review by a journal. [Cameron Duffield,
Jialun Liu, Yuqi Zhang, George Ashton, Daniela Rus, Dana D. Damian, and
Shuhei Miyashita. ‘Remotely Actuated Magnetic Motor for Unconstrained
Robotic Capsule’].The working mechanism of the motion was developed by
Shuhei Miyashita, Daniela Rus, and Etienne Perroux. The work on button
battery detection in this chapter was carried out by Yuqi Zhang as part of his
MRes project. The experiments to find the constant for the soft magnets were
carried out by George Ashton as part of his MEng project.

The realisation of ingestible robots for use inside the body, has long been
hampered by the limitations of mechatronic components, including battery
life, motor power and computational power. With the advent of capsule
endoscopes guided by an external magnetic field, it is expected that an
ingested mechanical capsule, will be able to perform clinical treatments
utilising magnetically actuated motors. However, the conventional method of
transferring magnetic torque to a remotely located magnetic body, by
applying a rotating magnetic field, merely results in rotating the entire body,
not the desired mechanism. In this study, this problem was solved by applying
a magnetic field to a newly developed magnetic motor with a special magnet
arrangement, allowing the body of the motor to remain stationary, while the
output shaft rotates. The magnetic motor is lightweight (3.7g) and has two
magnets. When an external magnetic field is applied, the magnets rotate and
align with it, before continuing to rotate, and aligning, due to their interaction
with each other, to achieve a half rotation. A further half rotation is achieved
by the magnetic field being applied in the opposite direction and the
magnets’ interaction, resulting in continuous drive of the motor. We
investigated the characteristics of this motor and integrated it in a capsule that
retrieves an accidentally ingested button battery from the stomach. The entire
robotic capsule does not rotate due to this motor’s characteristic of zero net
torque. Instead, it’s able to extend its arm, and sweeps it around itself,
successfully retrieving a button battery under certain conditions. This study
demonstrates how a capsule without electronics could achieve a series of
mechanical functions within the body, opening up new possibilities for
small-sized battery-less robots, together with the possibility of their further
miniaturisation and the use of biodegradable materials.
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5.2 Introduction
Despite the recent advancements towards the realisation of a small
autonomous robots that can move inside the human body for non-invasive
medical treatments, various technical obstacles must still be overcome to
ensure their clinical viability. One of the most notable issues is the limited
battery capacity due to the small size of the robot, which rules out the use of
conventional electric motors. The alternative to using such motors is the use of
external magnetic fields to directly apply torque to a ferromagnetic material in
the robot. Such a driving magnetic field is either produced by
electromagnetic coils [91–93] or permanent magnets [50] positioned outside
the body. This method provides a means of wirelessly supplying power to the
robot while inside the body and removes the necessity for electronics within
the robot [6, 67, 82, 84, 85, 94, 95]. The targeted applications include capsule
endoscopes navigating using either rolling [4], swimming [96], or self propelling
using vibro-impact [10, 97], and used for biopsy [7, 98] and drug delivery [99,
100], medical implants [101], encapsulation and transportation [102], cutting
with scissors [103], accessing constrained environments [104], and tissue
penetration [105].

While a free-floating rigid object has six degrees of freedom (DOF), three
translational and three rotational; five navigational DOF of a magnet have
been achieved with eight electromagnetic coils to enable any magnetic field
or field gradient to be produced in the workspace, allowing for translation in
three axes and rotation in two [106], and a sixth DOF have been achieved by
having a non-uniform magnetisation to act as a moment arm on the
micro-robot [48]. If further DOF are required on a free-floating (or an
unconstrained) body beyond the navigational function, a method of applying
a further mode of magnetic field and an additional mechanism that can be
driven by this field must be devised. For example, in [7, 107], a technique is
used in which a permanent magnet in the capsule is moved using the
gradient of the magnetic field. In [12], the extra DOF is achieved passively by
the chemically-induced deployability of an origami structure in the presence
of surrounding fluids. The previously developed magnetically actuated motors
such as the device in [50], however, experience a net torque on the whole
motor from the external magnetic field, resulting in the motor’s pose being
unstable without the robot being secured by reaction forces from its
surroundings [1, 2]. It is therefore required that a robot using this motor is either
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Figure 5.1.: Arrangement of magnetic motor, (a) photograph, and (b) CAD model. (c) Capsule
incorporating the motor.

fixed in its environment or has a wide enough base to provide stability; in the
case of [2] it is possible to use two counter-rotating motors to balance the
torque and provide stability.

Taking these challenges into consideration, in this chapter, I present a
centimetre-scale magnetically-actuated motor to enable extra degrees of
freedom in an unconstrained capsule. The motor, shown in Fig. 5.1 (a) in a
photo and (b) in a CAD model, utilises a periodically reversing external
magnetic field to apply torque to a pair of permanent magnets. The motor
consists of three meshing gears, the outer two of which have identical shapes
and incorporate cubic permanent magnets (3mm NdFeB) in specific
orientations, called input gears. The output (central) gear is connected to the
output shaft, delivering the total output torque to the desired load. The motor
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Figure 5.2.: Operation of the motor. (a) The operating cycle of the motor, showing how the
magnets first align with the magnetic field next, as the magnetic field is reversed, the
internal torque causes themagnets to align with each other. Then themagnets align
with themagnetic field in thepositive Ydirection. Finally, as the field is again reversed,
and the magnets align with each other and the cycle repeats (b) The motion of the
motor running in reverse; but applying themagnetic field from the side themotor can
be made to run in reverse. (c) A graph of the motor torque through the operating
cycle, showing internal, external, and total torque, both modelled and experimental
values.

primarily rotates due to the torque applied by the external magnetic field, with
the interaction between the two magnets. In our system, the endoscopic
capsule shown in Fig. 5.1 (c) is equipped with a ferro magnetic steel sheet that
is magnetised by the applied magnetic field. As a rotating magnetic field is not
being used to induce rotational motion, a ferromagnetic body can be
integrated to align to the external magnetic field and stabilise the pose. When
at an angle to the external magnetic field a torque acts on it, acting to align it
with the magnetic field. This cancels the external torque acting on the motor,
thereby achieving zero net torque applied to the capsule. This results in the
capsule remaining stationary while the motor shaft is rotating.

As a proof of concept, this motor was used to actuate an arm coming out of
the endoscopic capsule to “grab” and retrieve an accidentally ingested
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button battery inside the body. Accidental ingestion of button batteries can
be highly harmful, as short circuits through the tissue can lead to chemical
burns in the gastro-intestinal tract from hydroxides formed [108]. This can lead
to severe injury including erosion of tissue and paresis of vocal chords [109,
110], or if not treated early enough can lead to death as a result of fistulization
and haemorrhage leading to blood loss into the stomach [111, 112]. Over
3, 000 people in the US alone accidentally ingest button batteries every year,
requiring medical imaging techniques such as x-rays to identify the
location [113] and potentially requiring endoscopy to remove the
battery [114]. Lee et al. investigated the medical records of 76 children with
ingested foreign objects, of these 12 involved batteries and 5 were in the
stomach. Of the cases where the battery was in the stomach 1 patient had
major complications, and 3 had moderate complications [114].

Alternatively systems for coating batteries with waterproof quantum tunnelling
composite coatings to prevent them from conducting when ingested have
been developed [115], however, this has seen little uptake. Previous work has
been done to develop magnetically actuated robots for the removal of
ingested button batteries; however, these do not encapsulate the battery,
leaving the terminals exposed to potentially cause further damage during
removal [11], or focus on dressing the wounds caused by the battery [116]. The
proposed capsule, alongside a method of remotely localising a button battery
and identifying its type using an array of Hall-effect sensors, building on the
work presented in [117], acts as a first-of-a-kind concept that would be able to
augment the arsenal of treatments available for this scenario.

5.3 Methods
This section first details the mechanics of the motor, followed by the mechanics
of the capsule that houses themotor and retrieves a battery. Since there is a limit
to the size of the button batteries that can be retrieved due to the limited size
of the capsule, a wireless identification method for the type of button battery is
subsequently presented.
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5.3.1 Motor Design and Operation

The motor consists of two input (magnet) gears each containing a 3mm cube
magnet, these magnets sit on a line at π

4 rad to the axis of the magnetic field
(Fig. 5.1). The magnet gears have 12 teeth of 0.5mm modulus. These gears
mesh with a central gear connected to the output shaft, allowing the torque
from both magnets to be transmitted to the load. The centre gear has 14 teeth,
giving a gear ratio of 1 : 1.6667, the non-integer ratio helps to reduce hunting by
ensuring even wear on the gear teeth. By changing the gear ratio of the input
gears and the output gear, it is possible to change the output torque (or angular
velocity) of the output shaft. All results are shown as for a 1 : 1 gear ratio.

Fig. 5.2 (a) shows the operating cycle of the motor in the forward (clockwise)
direction. Initially the magnets are aligned with each other due to the
interaction of their magnetic fields. Applying the magnetic field exerts a
torque on the two magnets, resulting in a rotation of 3π

4 rad to align with the
external magnetic field, θ = π

2 rad). This is denoted as the “external torque”
(τext). The interaction of the magnetic fields from the two magnets apply a
further “internal torque” (τint) as the magnets move to align with each other,
resulting in an additional rotation of π

4 rad (θ = π
4 rad). Applying the magnetic

field in reverse then results in the magnets rotating a further 3π
4 rad in the same

direction (θ = −π
2 rad). The magnets align with each other, completing the last

π
4 rad, achieving a full revolution (θ = −3π

4 rad), ready for the cycle to restart.
Repeating this alternating external magnetic field results in a continuous
rotation of the output shaft.

Fig. 5.2 (b) shows how the motor can be reversed by applying the alternating
magnetic field from the side. θ is transposed to become θ′ which is clockwise
from the positive y axis to keep the angles consistent with the forwards rotation.
The magnets are initially aligned with each other due to the internal torque
(θ = π

4 rad). The magnets then align with the external magnetic field due to the
external torque (θ = −π

2 rad). The internal torque again makes the magnets
align with each other (θ = −3π

4 rad). The magnets align with the external
magnetic field (θ = π

2 rad), ready to restart the cycle. Fig. 5.2 (c) shows the
torques of the motor through the cycle. The internal torque is the torque of the
magnets acting on each other, while the external torque is the torque from the
external magnetic field acting on the magnets. The two of these sum to give
the total output torque of the motor. It can be seen how the internal torque
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reverses as the magnets pass through parallel at 3π
4 rad and −π

4 rad, and how
the negative internal torque, from π

4 rad to -π
4 rad and from -3π

4 rad to -π rad
and π rad to 3π

4 rad, reduces the total motor torque compared with the
external torque.

5.3.2 Capsule Design

We present a two-step approach consisting of battery type identification and
battery retrieval and encapsulation using the capsule. An array of Hall-effect
sensors are used to determine the type and location of an ingested battery,
and thus confirm if it is a size that the capsule is able to encapsulate. The
capsule, powered by the novel magnetic motor, is then used to encapsulate
the button battery for safe removal from the body. Fig. 5.3 shows the capsule
for the retrieval of ingested button batteries from the stomach with Fig. 5.3 (a)
an overview of the design and Fig. 5.3 (b) a top view showing the area swept
by the arm. The capsule is 45mm long and 20mm in diameter, and the arm is
15mm from the centre-line of the capsule. The capsule has a motor in the
base to keep the weight low and help the capsule naturally sit in an upright
position. The output shaft of the motor is connected to an arm, initially within
the capsule, with a 2mm cylindrical magnet on the end. When the motor is
actuated the arm rotates, sweeping a circular area. When the magnet is close
to a button battery it attracts the battery, connecting it to the arm. The arm
continues on its circular trajectory, pulling the button battery in through the
capsule entrance. The button battery is captive in the capsule, as it is too large
to fit out through the arm exit from the capsule, while the arm is able to pass
through the exit if it is not connected to a battery.

The capsule also incorporates the magnetic pose control system for the
capsule to rotate to the correct orientation. This is achieved by two low carbon
steel sheets, each measuring 10 × 5 × 0.127mm. Being a ferromagnetic
material, when in a magnetic field the sheet becomes temporarily
magnetised, causing a torque to act on the steel sheet, thus making the entire
capsule align with the magnetic field. This generates a torque that cancels the
external torque, thereby achieving zero net torque applied to the capsule. This
results in the unconstrained (“free-floating”) capsule remaining stationary while
the motor shaft is rotating. When the magnetic field reverses the magnetisation
of the steel also reverses. This ensures the capsule remains in the same
orientation as the magnetic field alternates. Due to the symmetry of the
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Figure 5.3.: Details of the parts of the capsule (a) CAD model. (b) Diagram showing the region
swept by the arm, illustrating an LR261 battery passing through the entrance and
being trapped by the narrow exit from the capsule

capsule there are two possible orientations. The steel is positioned π
4 rad to the

axis of the capsule to correctly orientate the motor relative to the magnetic
field, while also maximising the space within the capsule by allowing the motor
to be along the centre-line of the capsule. In Fig. 5.4 it can be seen that within
2 s of the alternating magnetic field being applied the capsule is correctly
orientated relative to the magnetic field. This is shown in Supplementary Video
1. When the pose of the capsule is disturbed, it again returns to the correct
orientation and remains there until the magnetic field is switched off. There is a
small steady state error in the angle of the capsule, well within what is
acceptable for the operation of the motor. This is caused by the torque of the
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Figure 5.4.: Demonstration of the magnetic pose control, with a plot showing angle of the
capsule to the horizontal, and disturbances at 7 s and 13 s and the capsule returning
to the correct orientation. The capsule is initially at the wrong angle to the magnetic
field to operate correctly. After 6 s the capsule experiences a disturbance, forcing
it away from the correct angle. The capsule then returns to the correct orientation
close to π

4 rad to the magnetic field, allowing the motor to operate well. The capsule
then remains in the desired position as the motor continues to run. There is some
steady state error in the angle of the capsule, this is small enough it doesn’t impact
the operation.

motor being applied to the capsule, the steel sheet needs to be at an angle to
the magnetic field to experience a torque to balance this.

5.3.3 Model

A mathematical model was made to describe the torque produced by the
motor at a given angle and external magnetic field. The external torque (τext)
is the torque from the external magnetic field acting on the magnets in the
motor, the internal torque (τint) is the torque from the two magnets acting on
each other, and the motor torque (τmot) is the sum of the two to give the total
output from the motor. The magnetic torque (⃗τ) on a magnetic dipole in a
magnetic field is given by:

τ⃗ = m⃗ × B⃗ (5.1)

where m⃗ is the magnetic moment, and B⃗ is the magnetic flux density. Eq. (5.1)
is used to find the torque applied to the motor by the external magnetic field
(τext), given by:

τext = 2∥m⃗∥∥B⃗∥ cos θ, (5.2)
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where θ is the angle of the magnet counter-clockwise from the positive x-axis as
defined in Fig 5.2. The 2 term comes from the twomagnets, with equal magnetic
moments, being subject to the same magnetic field.

The motor also has an internal torque from the interaction between the two
magnets. The magnetic flux density (B⃗) from a dipole using the Ampère model
[118] is given by:

B⃗(m⃗, p⃗) =
µ0

4π∥ p⃗∥3 (3(m⃗ · p̂) p̂ − m⃗) +
2µ0

3
m⃗δ3( p⃗), (5.3)

where m⃗ is the magnetic moment (0.0258Am2 for the magnets used), µ0 is the
permeability of free space (1.256 × 10−6 NA−2), p is the distance from the
magnetic dipole, p⃗ is the position vector, and δ3( p⃗) is the three dimensional
dirac delta function. The Ampère model assumes a perfect magnetic dipole,
and can be used to approximate the field of a permanent magnet at
distances sufficient that the size and shape of the magnet are not significant.
This can be simplified to give the magnetic field parallel (Bz) and
perpendicular (Bx) to the axis of the magnetic dipole:

Bx( p⃗) =
µ0

4π
∥m⃗∥

(
3 cos β sin β

∥ p⃗∥3

)
, (5.4)

Bz( p⃗) =
µ0

4π
∥m⃗∥

(
3 cos2 β − 1

∥ p⃗∥3

)
, (5.5)

where β is the angle from the axis of magnetic dipole. Using Eq. (5.1) and the
geometry of the system we can get the torque between the two magnets (τint)
for a given angle of rotation:

τint =





2
3µ0∥m⃗∥2

8πr3 cos
(

θ − 3π

4

)
, sin

(
θ +

π

4

)
> 0

2
3µ0∥m⃗∥2

8πr3 cos
(

θ +
π

4

)
, sin

(
θ +

π

4

)
< 0 ,

(5.6)

where r is the distance between the centers of the magnets. When sin(θ + π
4 ) =

0, τint is undefined due to the discontinuity as the magnets are parallel to each
other.

To get the total torque output from the motor (τmot) Eq. (5.2) is added to Eq. (5.6)
giving:
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τmot = τint + τext

=





23µ0∥m⃗∥2

8πr3 cos
(
θ − 3π

4

)
+ 2∥m⃗∥∥B⃗∥ cos θ,

sin
(
θ + π

4

)
> 0

23µ0∥m⃗∥2

8πr3 cos
(
θ + π

4

)
+ 2∥m⃗∥∥B⃗∥ cos θ,

sin
(
θ + π

4

)
< 0 .

(5.7)

The torque output from the motor is shown in Fig. 5.2 (e) alongside the
corresponding positions of the gears. This shows the repeating pattern of the
internal and external torques and the internal torque reversal at the point
where the magnets are parallel (θ = 3π

4 rad and θ = −π
4 rad).

This model can be used to optimise the design parameters of the motor for the
intended application. The main parameter to change is the distance between
the two magnets; this is a compromise between having close magnets to
maximise internal torque, but not so close that the internal torque is too great
for the external torque to overcome. Fig. 5.5 shows the effect of changing the
magnet spacing. Fig. 5.5 (a) shows how the torque profile of the motor
changes with the magnet spacing, for a magnetic field of 7mT. It can be seen
that, if the magnets are too close together, the torque can go negative,
meaning the internal torque is opposing motion and is too great to be
overcome by the external torque. Conversely, if the magnets are too far apart,
the total torque becomes very low at angles were there is little external torque
being applied. Fig. 5.5 (b) shows the effect of changing the magnet spacing
on the minimum torque produced by the motor at any point in the cycle, for a
range of applied magnetic fields. This shows how, by increasing the magnetic
field, the magnets can be placed closer together to increase the output
torque. Fig. 5.5 (c) shows the optimum magnet spacing to maximise output
torque for an applied magnetic field. This is found by taking the magnet
spacing at peak of each curve in Fig. 5.5 (b) and plotting this against the
magnetic field strength.

To operate the motor effectively, it is essential that the motor is correctly
orientated relative to the magnetic field. To achieve this, a system of magnetic
pose control has been developed using a sheet steel in the capsule which
acts as a soft magnet, aligning with the magnetic field. When in a magnetic
field the steel is magnetised with the magnetic moment (m) proportional to the
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Figure 5.5.: The effect of magnet spacing on the torque output of a motor using 3mm cubic
magnets. (a) The effect of magnet spacing on the torque profile of the motor for
a 7mT magnetic field, the spacing of 12mm used in this chapter is shown in yellow
(b) The output torque of the motor against the spacing between the magnets for
a range of magnetic fields. This is the minimum output torque from any point in
the cycle. (c) the optimum magnet spacing to maximise output torque for a given
magnetic field strength
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applied magnetic field (B). Using Eq. (5.1) the torque acting on a soft magnet
(τso f t) in a magnetic field can be given by:

τso f t = k∥B⃗∥3 sin α, (5.8)

where k is an empirical constant specific to the shape and material used, and α

is the angle between the major axis of the soft magnet and the magnetic field.
For the sheet used in this study k was found to be 380 × 103 Nm T−3 by placing it
on a torsional spring in a known magnetic field and comparing the deflection
with that of a known magnet. Supplementary Material 5.3.5 shows the details
of the experimental setup.
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Figure 5.6.: Torque of the motor against magnetic field strength, experimental and modelled.
There is no torque below the field strength required to overcome the internal torque.
It then increases with field strength up until the point where internal torque is the
limiting factor, then is constant with increasing field strength. Each data point is from
the motor run continuously for a length of time to demonstrate that it was capable
of continuous operation at this load.

Fig. 5.6 shows the output torque (τmot) against magnetic field strength. Each
data point is from themotor run continuously for a length of time to demonstrate
that it was capable of continuous operation at this load. The output torque is
considered to be the least torque produced at any point in the cycle, Section
5.3.5 shows the experimental setup. There is no torque below the field strength
required to overcome the internal torque of the motor. It then increases with the
field strength up until the point where the internal torque becomes the limiting
factor. From then on, the output torque remains constant. The model is a good
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fit for the experimental data where the magnetic flux density is low. There is,
however, some discrepancy between the model and the experimental data
around the region where the motor transitions from being limited by the external
torque (τext) to the internal torque (τint) being the limiting factor.

The angular velocity of the motor (ω) is proportional to the actuation frequency
( fa), up to the step-out frequency ( fso):

ω = 2π fa. (5.9)

When the actuation frequency exceeds the step-out frequency the motor
speed decreases as the actuation frequency, further increases. This has been
shown for both swimming [89] and rolling robots [88] and is given by:

ω = 2π( fa −
√

f 2
a − f 2

so). (5.10)

Fig. 5.7 shows the angular velocity increasing proportionally to the actuation
frequency, the model shows a good fit to the data. It can be seen that there is
no stepping out within the frequency range of the coil system used. Each data
point is the average angular velocity over multiple revolutions.
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Figure 5.7.: Angular velocity of the motor against actuation frequency, experimental and
modelled. The figure shows the speed increasing proportionally to the actuation
frequency. Themotor does not step outwithin the frequency rangeof the coil system.
Each data point is the average angular velocity over multiple revolutions.
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5.3.4 Fabrication

The main components of the capsule were manufactured with Form 3 SLA
printer using durable resin (Formlabs), durable resin was chosen as it exhibits
similar material properties to other resins produced by Formlabs which are
certified for medical use, but is more transparent, making the capsule
mechanism easier to see. The magnets used were 3mm cubic neodymium
iron boron (NdFeB) (Supermagnete). For the steel sheet to control the capsule
orientation, two low carbon steel sheets (RS, full hard, cold rolled) were used.
The ferromagnetic steel has no permanent magnetism, however, it becomes
magnetised when placed within a magnetic field. The capsule developed
weighs just 5.13g and measures 45mm in length and 20mm in diameter, and
the motor on its own weighs 3.7g, measuring 20mm by 20mm by 20mm.

5.3.5 Experimental Setup

The experimental setups used in this chapter to characterise the properties of
the motor and test the capsule are outlined in this section.

motor driver

coil 2

workspace

coil 1

200mm

125mm

200mm

Figure 5.8.: The coil system used for capsule demonstrations, with stomach model shown on
the workspace. Coils 1 and 2 are identical and parallel allowing a near uniform
magnetic field to be produced across the entire workspace.
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Capsule actuation by the electromagnetic coil system.

For the capsule demonstration, a horizontal magnetic field is required, to extend
the workspace, a pair of coils were used (Fig. 5.8). Magnetic fields of up to
14mT were applied horizontally from two square coils of 200mm side length and
125mmapart with a horizontal workspace along the center axis of the coils. The
coil system is designed to fit an infant with the stomach within the workspace.
The magnetic fields used are well below the static magnetic field strength of
0.046 - 8 T of MRI machines [90], this shows that these magnetic field can safely
be used in a medical setting. All coils were controlled using Sabertooth 2x32
motor drivers (Dimension Engineering).

Magnetic moment of a soft magnet

To find the constant of magnetism, k, in Eq. (5.8) torque acting on a
representative sample of steel sheet of the same dimensions as that used in
the capsule was experimentally measured.

The torque acting on the material for a given magnetic field and angle were
found by measuring the angular deflection of an elastomeric (Ecoflex 00-10,
Smooth-on) torsional spring. The properties of the spring were found by
applying a known torque using a known magnet in a known magnetic field.
The experimental setup is shown in Fig. 5.9.

magnetic material 
sample

torsional 
spring

coil 
system

Figure 5.9.: Figure of the experimental set up used to measure the torque acting on a piece
of magnetic material, showing details of the elastomeric torsional spring used to
measure torque.
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Torque measurements

The output torque of the motor was measured by winding a mono-filament
thread around the output shaft, passing it over a pulley, and down to a known
mass (Fig. 5.10). This applies a known torque as a load to the motor. The mass
was increased until the motor was unable to turn to get the stall torque for an
applied magnetic field. The magnetic field was created using a single,
horizontal, magnetic coil 200mm in diameter and 40mm below the work
surface. The internal torque was measured using the same set up, but without
applying an external magnetic field and measuring the angle of the magnets.

motor

mass

thread

pully

Figure 5.10.: Figure of the set up for measuring the torque of the motor showing the known mass
used to apply a load via amono-filament thread. The coil is below thework-surface

5.3.6 Battery type detection

The localisation and detection of the type of button battery are based on the
trilateration method, a common method for localisation [117]. An array of
Hall-effect sensors and a magnetic coil are placed below the workspace
where a button battery is placed. For button battery detection tests, a single
200mm diameter electromagnetic coil embedded 40mm below the
workspace, capable of magnetic fields of up to 9mT, was additionally used, as

76 Remotely Actuated Magnetic Motor for Unconstrained Capsule Robots



used in [117]. The magnetic coil produces vertical magnetic field to magnetise
the button battery. The hall-effect sensors read the magnetic flux density of the
magnetised button battery and then classify the type of the button battery
using the sensor readings. The Hall-effect sensors used in this setup are A1389
analogue linear Hall-effect sensors (Allegro Inc.). These sensors are arranged in
an array on a printed circuit board (PCB) which is positioned on a 2D plane.
The total sensing area provided by the PCB is 32.15cm2, allowing for accurate
detection and measurement of magnetic fields in the surrounding
environment. Three neighbouring sensors are arranged in an equilateral
triangle with a side length of 15mm. The magnetic field strengths read by the
three sensors are converted to distances to run the classification algorithm for
determining the button battery type.

Among the commonly used button batteries, three representative sizes of
batteries, LR621 (�7 × 2.2mm), LR44 (�11.4 × 5mm), and CR2032 (�19 × 3mm)
(Fig. 5.11 (b)) were selected. When a button battery is placed in the working
area above the Hall-effect sensor array, the magnetic coil produces vertical
magnetic fields to magnetise the button battery, and then the magnetic flux
density of the magnetised button battery is read by the three nearest
Hall-effect sensors. The nearest Hall-effect sensors receive higher magnetic flux
densities than the rest of the sensors, therefore by finding the largest three
sensor readings, the nearest three sensors can be determined. By using the
data reading from the nearest three sensors, the location of the button battery
can be calculated [117], and the button battery type can be detected. 90
sets of the data from the nearest three sensors were taken by placing three
different types of batteries above the sensor array and reading the sensor
data. The obtained dataset is the training set for the support vector machine
(SVM) classification algorithm which is used to classify the button battery type.
The dataset and the two classification surfaces are shown in Fig. 5.11 (a). It can
be seen that the accuracy of classification using the classification surfaces is
81% for LR621, 58% for LR44, and 72% for CR2032.

5.4 Results
The results of the experiments carried out are outlined in this section. They are
split into the results of the battery type detection and the success rate of the
capsule at encapsulating a button battery in different scenarios.
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Figure 5.11.: (a) The dataset for SVM classification algorithm and the classification surfaces. (b)
The batteries used for the tests.

5.4.1 Battery detection

For battery classification, three different types of batteries, LR621, LR44, and
CR2032 were placed in turn on the workspace and ran the SVM classification
algorithm to detect the button battery type. In our setup, there is a 6mm gap
between the workspace and the Hall-effect sensor array. It is possible to
increase this distance by generating stronger magnetic fields to magnetise the
button battery. However, the strength of the magnetic field that can be
produced is limited by the magnetic coil available in our system. In order to
improve the accuracy of the classification, the classification algorithm was run
five times for each button battery sample. The button battery type which is the
most frequent was chosen as the final detection result. The detection results
are shown in Fig. 5.12. The figure depicts the proportion of tests in which the
battery was accurately recognised, and in cases where the button battery
type was misidentified, the type that was identified instead. The LR621 was
correctly identified 93% of the time and it can only be misidentified as LR44; the
LR44 was correctly identified 72% with one third of the incorrect identifications
being CR2032 and the remainder being LR621; and the CR2032 was correctly
identified 89% of the time with 90% of misidentifications being as LR44. This
indicates that the average accuracy rate of the proposed classification
method is 85% across all battery types. In cases where mistakes occur, the
batteries are identified incorrectly as one of similar dimensions.
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Figure 5.12.: The accuracy of identifying the button battery type among five trials.

5.4.2 Capsule encapsulation test

The proposed capsule was tested using an LR621 battery, (Fig. 5.13) in a model
of a child’s stomach (PLA). The capsule starts near the battery (Fig. 5.13 (a)).
When the alternating magnetic field is applied the arm begins to rotate
(Fig. 5.13 (b)) while the orientation of the capsule remains stable. It can be
seen that when the arm swings over the button battery (Fig. 5.13 (c)) the
button battery is attracted to the magnet and is picked up by the arm. The
arm then continues on its path into the body of the capsule, through the
battery entrance, with the button battery (Fig. 5.13 (d)), preventing it from
coming into contact with the tissue. The button battery is then trapped by the
narrower arm exit, preventing the arm from continuing out of the capsule. In
the figure the battery is horizontal, this is the position where the battery sits
naturally. If the battery were to be balanced on its edge, the battery would be
closer to the magnet as the arm passes over to it, making it easier for the
capsule to pick up. Fig. 5.14 shows a failed attempt at retrieving the button
battery, Fig. 5.13 (a) the capsule is in position ready to encapsulate the battery,
Fig. 5.14 (b) the capsule arm rotates to pick up the battery, Fig. 5.14 (c) the
battery is attracted to the motor magnets, Fig. 5.14 (d) the motor is jammed by
the battery connected to the motor magnets, preventing further operation of
the motor and the battery from being correctly encapsulated.

These tests were preformed on a hard plastic surface, which differs from the soft
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(a)

0s

(b)

6s

(c)

9s

(d)

10s

LR621
battery

Battery connected
to arm

Battery placed
in chamber

13cm

9cm

Figure 5.13.: A demonstration of the capsule encapsulating a button battery in a child-sized
stomach model. (a) In position ready to capture the battery. (b) Arm rotating to
sweep over the battery. (c) Battery connecting to the magnet on the end of the
arm. (d) Placing the battery in the storage area ready for transport out of the body.

and uneven surface of the inside of the stomach. The capsule as also been
tested on a rough surface (1000 grit silicon carbide paper, RS), it was found that
the increased friction made the angle of the capsule more stable, but it took
longer to rotate to the correct orientation. It is also possible that the capsule
would become stuck in a ridge in the surface of the stomach, and be unable
to correctly align with the magnetic field. The capsule would need to be sightly
modified by covering the exposed gears, to prevent pinching of the tissue.

The success rate of the capsule at encasing the button battery is summarised
in Fig. 5.15. Of the trials (15 trials) where the button battery was within 5mm of
the capsule 47% of times the button battery was successfully placed within the
capsule and 73% of times it was successfully picked up by the arm. Of the times
the battery was outside of the workspace (more than 5mm from the capsule)
(15 trials) the battery was successfully placed within the chamber 13% of times
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Battery connects
to motor magnets

Motor jammed
by battery

Figure 5.14.: The failure of the capsule to encapsulate the battery: (e) The capsule in position
ready to encapsulate the battery. (f) The capsule arm rotating to pick up the
battery, the battery moving towards the motor magnets. (g) The capsule with the
battery connected to the motor magnets. (h) The motor jammed by the battery,
preventing further motion of the arm.

and 27% of times it was picked up by the arm. This shows how the capsule can
be highly successful when it is close to the battery, however, the success rate
reduces significantly once the battery is outside of the area swept by the arm.

5.5 Discussion and Conclusion
In this study, a magnet motor rotated by an external alternating magnetic field
was developed, and its effectiveness was demonstrated by the ability of an
ingestable capsule to extend its arm and retrieve a button battery. The
capsule developed weighs only 5.13g, as it contains no electronic
components. It can turn the motor inside it without being turned by the
external magnetic field, due to the motor’s characteristic of zero net torque.
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Figure 5.15.: A summary of the success rate of the capsule at picking up a 5mmdiameter button
battery.

The motor can also rotate in the opposite direction by applying the magnetic
field from a perpendicular direction. As this approach does not rely on
transmission gears to minimise the net torque applied, it can be achieved
without reducing the speed of the motor, and a transmission gear can be
implemented if further torque increase is desired.

The current capsule design needs reducing in size by 50% to fit inside a #000
capsule. # 000 is the largest capsule approved by the Food and Drug
Administration (FDA) for human consumption, so this is necessary for the
capsule to enter clinical trials. The challenge associated with this is that the
torque of the motor (τmot) decreases as the scale of the motor is reduced,
necessitating the friction in the mechanism to also be reduced to allow the
arm to still rotate freely; the space within the capsule available to store
batteries would also be reduced.

The pose control system is capable of holding the capsule at an acceptable
angle to the magnetic field while the motor is operated, however, there is some
steady state error caused by the torque applied to the motor. If desired this
could be reduced by increasing the size of the steel sheet, or eliminated by
adjusting the angle of the steel sheet to the axis of the capsule.
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Larger sizes of battery cannot currently be encapsulated by the capsule, due
to the limited space within the capsule. It can, however, connect to the battery
with the magnet arm. This problem is likely to be limited, as if a child is unable
to swallow a large capsule, they would be unable to swallow the larger sizes of
battery. The battery detection and identification makes it possible to determine
whether the capsule is appropriate to use for a given patient, or if endoscopic
removal is required.

The capsule needs to be near to the battery to retrieve it. This problem could be
overcome by using external magnetic fields to navigate the capsule by making
it “walk" with a stick-slip motion [32] or roll [7, 107] to a position where the battery
can be reached by the arm. This can be achieved by adding additional coils
to the control system, to allow magnetic fields to be produced in any direction.
Future work includes the development of mechanisms to navigate the capsule
to a target location and further miniaturisation of the capsule.
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6.1 Control of multiple motors
One key advantage of using magnetic motors, driven by an alternating
magnetic field, over using a magnetic in a rotating magnetic field, is that
multiple motors can be operated in the same workspace. The alternating field
input means that the different motors can be in any orientation, so long as they
are on the correct plane, and all rotate in response to the same input. If a
rotating magnetic field is used then all the axes of rotation need to be parallel
and the direction of rotation the same, limiting the potential applications.

6.1.1 Implementation to mobile robots

A version of the magnetic motor presented in Chapter 4 was incorporated as
a mobile robot. The reduction gearbox was removed to increase speed of the
output and enabling two wheels to be connected directly to the output shaft
as shown in Fig. 6.1. The combined pawl and pawl spring for the second ratchet
(shown in Fig. 4.2) was made from low carbon steel (RS, full hard, cold rolled).

1cm

Figure 6.1.: The developed mobile robot equipped with the wireless motor: CAD and physical
realisation.

The robot is actuated using an alternating 0.11 Tm−1 magnetic field gradient with
a frequency of 2Hz allowing it to move (Fig. 6.2 (a)). The robot moves forwards
during the driving stroke of the motor, then stops for the recoil stroke. Fig. 6.2 (c)
shows how the robot speed increases with the frequency of the magnetic field,
derived both from an analytical model and experimentally. Once the step out
frequency of the motor is exceeded, the robot speed decreases exponentially
with increasing actuation frequency. When below the step-out frequency the
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Figure 6.2.: (a) The motor demonstrated in mobile robot actuation with a 2Hz magnetic
field (grid size 1cm). (b) Side view of the mobile robot. (c) The robot speed
against actuation frequency, showing how the speed increases proportionally to the
actuation frequency up until the step out frequency, before exponentially decaying.

speed given by:
v = γ faπd, (6.1)

where v is the robot velocity, γ is the angle the crank passes through eachdriving
stroke, f is the magnetic field frequency, and d is the diameter of the wheels.

0s

2.5s

5.0s
7.5s

Figure 6.3.: The robot operating under water (grid size 1cm).

The absence of electronic components in the motor’s body offers an
advantage that the motor can be used in an aqueous environment or inside
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the body. We demonstrated this feature by running the robot entirely
immersed in water in Fig. 6.3. The robot is actuated with a magnetic field of
0.14 Tm−1 at 2.5 Hz, and 2g extra mass was added to the robot in the form of
lead solder to improve the grip on the wet glass surface. It is presented that
the motor successfully wheels the body at a speed of 0.9cm/s under water.

0s 1s

2s 3s

Figure 6.4.: Demonstration of multiple mobile robots operating in the same work space with a
1.6Hz magnetic field. Images are at 1 s intervals on a 1cm grid.

Due to the simple magnetic field input it is possible to have multiple robots
operating within the same workspace, as demonstrated in Fig. 6.4, even if they
are travelling in different directions. If two mobile robots get within 10mm of
each other the attractive force between their magnets is too great to
overcome and they become magnetically attached to each other. This limits
the number of robots which are able to operate in a given area. It is also
possible to include multiple motors on the same robot rotating in opposite
directions. This means the input torques act in opposite directions, creating no
overall net torque. To be most effective it would be necessary to have the
motors set up so that the driving strokes occur simultaneously. The steering of
the robots was not considered, however, one possible method to achieve this
would be to implement a system of pose control similar to that demonstrated
in Section 5.3.2.
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6.1.2 Addressable Control

Being able to operate multiple motors simultaneously increases the potential
applications of magnetic actuation. It is, however, still limited by the fact that
all the motors are actuated simultaneously. To solve this, and further increase
the potential applications, it is necessary to have a method of individually
addressing the motor to be actuated.

One method of addressing motors is to design the magnetic actuation system
to be spatially selective, providing different inputs to different areas of the
workspace [101], or selectively anchoring individual agents [119]. This has the
limitation that the locations of the robots needs to be precisely known and a
specialist system for generating magnetic fields is required. Instead of this
certain characteristics of the motors can be exploited to allow the desired
motors to be operated while the others remain stationary. This allows the
control to be more versatile and work for motors which are near to each other,
or moving around more within the workspace. Table 6.1 summarises the
features which can be used to address a motor and which motors possess
these features, including two as yet undeveloped hypothetical motors which
would allows, by using different combinations of features, for four motors to be
addressed.

Table 6.1.: The features of a motor which can be exploited for addressability, showing two of the
motors presented and two hypothetical motors.

Motor

Low
frequency

(0Hz -
10Hz)

High
frequency
(15Hz -
20Hz)

Field
gradient

(0.05 T m−1 -
0.4T m−1)

Uniform
field

(3mT -
14mT)

Magnetic
Force Motor
(Chapter 4)

✓ ✓

Magnetic
Torque Motor
(Chapter 5)

✓ ✓ ✓

Hypothetical
Motor 1

✓ ✓ ✓

Hypothetical
Motor 2

✓ ✓
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One example of a feature which has been exploited previously is resonance
frequency [61]. This approach can be adapted for motors with different
step-out frequencies. By having two motors with different step-out frequencies,
both motors can be actuated at a low frequency, while at a higher frequency
only the motor with the greatest step-out frequency will operate. This is
summarised in Fig. 6.5 where the relationship between actuation frequency
and angular velocity is shown for two motors as described by Eq. 4.8 for the
magnetic force motor, and Eq. 5.9 for the magnetic torque motor. The
Magnetic Torque Motor (Chapter 5) is shown with a 4:1 reduction so that at low
frequencies it matches the angular velocity of the Magnetic Force Motor
(Chapter 4). The figure shows how above the step-out frequency of the force
motor the angular velocities rapidly diverge, allowing the torque motor to be
driven with little response from the force motor. This approach can be applied
to any pair of motors with significantly different step-out frequencies.
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Magnetic force motor
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Figure 6.5.: The frequency response of both the magnetic force motor, and magnetic torque
motor with a 4:1 reduction to match the angular velocities, showing how at high
actuation frequencies the response of the force motor is significantly reduced, while
the torque motor’s response remains high. This comes from Eq. 4.8 and Eq. 5.9.

Another feature which can be used to address motors is whether they rely on
magnetic field gradients to generate a force, or magnetic fields to generate a
torque. A magnetic dipole experiences a torque when placed at an angle to
a magnetic field. When placed in a magnetic field gradient a magnet
experienced a force acting on it. Having developed one motor which relied
on torque from a magnetic field and a second which relies on force from a
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magnetic field gradient it is possible to selectively control them by producing
either a magnetic field or a magnetic field gradient.

(a) (b) (c)

Coil
B

Figure 6.6.: A Helmholtz coil configuration with (a) a uniform magnetic field with no gradient
for the operation of magnetic torque based motors, (b) a uniform magnetic field
gradient with no magnetic field at the working platform for the operation of
magnetic force based motors, and (c) both a magnetic field and a magnetic field
gradient at the working platform for the operation of both kinds of magnetic motor.

A Helmholtz coil is a system of two identical coils positioned coaxially one coil
radius apart; they can be used to produce either a uniform magnetic field, or
a uniform magnetic field gradient. When both coils are producing a magnetic
field of equal strength in the same direction the area between the coils has a
uniform magnetic field, and hence no magnetic field gradient (Fig. 6.6 (a)). This
can be used to actuate amagnetic torquebasedmotor while amagnetic force
based motor will be unaffected. By reversing the current in one of the coils such
that they produce magnetic fields in opposite directions a constant magnetic
field gradient is produced across the area between the coils (Fig. 6.6 (b)). At
the centre point between the coils the absolute magnetic field is zero; at this
point amagnetic torque basedmotor will be unaffectedwhile amagnetic force
basedmotor will operate. The exact point of zero magnetic field can bemoved
by adjusting the relative magnetic field strengths of the two coils; similarly, a
magnetic field and a magnetic field gradient of any ratio can be produced
allowing both kinds of motor to be operated simultaneously (Fig. 6.6 (c)).

The combination of both the use of field gradient and frequency allow for four
motors to be addressed. When themotors are being drivenwith a low actuation
frequency, the high frequency motor of the relevant kind (magnetic torque or
force) will also operate, which may be a limitation in certain circumstances.
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6.2 Comparison of Motors
Fig. 6.7 shows the motors presented in this thesis, including a reduced size
magnetic torque motor measuring 1cm by 1cm by 1cm and using 1.5mm
cubic magnets (6.7 (f )). Tab. 6.2 summarises their properties alongside the
published data for the motor presented by Hong et al. in [50] and a 6V DC
motor (RS 752-2005). The key characteristics for each motor are shown,
including their torque, speed and power as well as the kind of input they need
to operate.

2cm

(c)
(d)

(e)

(f)

(a)

(b)

Figure 6.7.: Acomparison of themotors presented in this thesis. (a) original concept for the crank
motor, (b) Magnetic Force Motor (Chapter 3), (c) Magnetic Force Motor (Chapter 4)
with reduction gear box, (d) original torque based motor, (e) Torque Motor (Chapter
5), and (f) reduced size torque based motor using 1.5mm cubic magnets.
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6.2.1 Actuation methods

Magnetically actuated motors have a number of advantages compared to
conventional electrical motors. The greatest advantage is that magnetically
actuated motors receive the energy to operate from the applied magnetic
fields, while electrical motors need a supply of electricity. This electrical supply
could come in the form of wires to an external power source; this gives an
essentially unlimited supply of energy and the power is only limited by the
cross-section of the wires, however, this restricts the potential for remote
applications and in-vivo medical applications where a route for the wires to
reach the motor would need to be made, increasing the invasiveness of any
medical procedure. The alternative to wires is to have batteries onboard the
robot to store the electrical energy. The use of batteries allows the robot to be
untethered, making it highly suited for remote control and use in enclosed
spaces, such as within the body.

Magnetic motors also offer a number of advantages over existing magnetic
actuation techniques. One key advantage is the ability to have multiple
motors operating simultaneously within the same workspace with different axes
of rotation; this is made possible by removing the rotation magnetic field,
required for conventional magnetic control of a rotating part, and replacing it
with a simple oscillating magnetic field or field gradient. This simpler actuation
means the coil systems used to actuate the robots can be simplified; to create
a rotating magnetic field, for a conventional system, requires a minimum of
three coils, often more are used in practice.

The approach of usingmagneticmotors presented requires only a single coils, or
two in a Helmholtz configuration if addressable control is required. Having two
different types of magnetic motor, one using magnetic field gradient and the
other using magnetic fields, allows for addressable control of two motors, this is
difficult to achieve using a conventional rotating magnetic field approach.

When a rotating magnetic field is used to apply torque to a robotic system a
net torque inevitably acts on the whole system. By using a magnetic motor it is
possible to counteract this either by using a magnetic pose control system to
align the robot with the magnetic field, or by using two counterrotating motors.
Tab. 6.2 shows how the magnetic torque based motor is always able to make
use of a pose control system, however, it is only sometimes possible with a
magnetic force based motor. This is because the pose control system
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presented in Chapter 5 relies on a magnetic field to create the torque
countering that applied to the motor, such a magnetic field is always present
for a torque motor. If a magnetic force based motor is rotated using a
magnetic field gradient with no magnetic field at the point of the motor the
pose control won’t be able to generate the required torque. In order to use a
magnetic field to drive a mechanism on a robot which is free to move within its
environment, such as a capsule endoscope, it is essential to have a system like
this to prevent the entire robot moving. This makes a magnetic motor the only
option for driving mechanisms in applications where electronics would be
unsuitable.

The ability to run magnetic motors in reverse limits their potential for use in some
applications. The force based motor cannot be operated in reverse, while the
torque based motor can be reversed by changing the angle the magnetic
field is applied by 90◦. The use of the magnetic pose control system, however,
prevents the torque based motor from being reversed by making the motor
align with the new magnetic field and continue to rotate in the same direction.

Magnetic motors open up possibilities not possible with either a conventional
electric motor, or magnetic actuation using rotating fields. With magnetic
motors it is possible to have wireless control of mechanisms which are free to
move without applying an net torque to the robot body, addressably control
multiple motors within the same workspace, while also having unlimited
operating life due to not having to rely on onboard batteries.

6.2.2 Output torque

The main function of a motor to to apply torque to a gear or shaft, and so
transmit power as rotational motion. The power of a motor is the torque
multiplied by the angular velocity, the ratio of these can be adjusted while the
power kept constant by using gears.

Magnetic motors also have a number of limitations when compared to the
alternatives. The speed and torque are limited by the strength of the applied
magnetic field or magnetic field gradient. In the case for the magnetic force
motor this is 4.7 mNm (1.3 Nm kg−1) at 0.2 Tm−1 without a gear box, and the
magnetic torque based motor presented is limited to 0.07 mNm (0.019 Nm kg−1)
at 8.4 mT.
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Magnetic Force Motor (Chapter 3) can be seen to have a much lower output
torque compared with Magnetic Force Motor (Chapter 4), despite using the
same working principle and the same size of magnets. This is due to
refinements of the design to remove unnecessary moving parts that caused
significant frictional losses, reducing the output torque. The Torque Motor
(Chapter 5) has significantly lower torque compared with the Magnetic Force
Motor (Chapter 3), this makes it less suited to applications where large torques
are required, unless it is combined with a reduction gear box to increase the
output torque. The conventional DC motor (RS 752-2005) offers greater torque
than any of the magnetic alternatives, if large torques are required and the
necessary wires or batteries are not prohibitive for the application.

6.2.3 Speed and power

The angular velocity of a motor is important as, when multiplied by the torque,
it gives the overall power of the motor. The step-out frequency of a motor is
the maximum actuation frequency which can be used to actuate it. Above
this frequency the motor is unable to rotate fast enough to keep up, and so the
angular velocity no longer increases with the actuation frequency. The step-out
frequency of Torque Motor (Chapter 5) is greater than that of Magnetic Force
Motor (Chapter 4) due to the lowermoment of inertia of themotor parts, this was
achieved by eliminating the crank from the design and having themagnets, the
heaviest component, rotating about their centre line. The force based motor
does not rotate a full revolution for each cycle of the magnetic field, further
reducing the output angular velocity to 18% that which the torque basedmotor
was tested up to.

The Hong et al. Motor [50] is tested up to a higher input frequency compared
with the Torque Motor (Chapter 5). This is because the input magnetic field
was a permanent magnet connected to a motor to generate the rotating
field. The Hong et al. Motor [50] produced 13% of the power of the Torque
Motor, however, when considered per unit mass it produced 36 times more
power. The 6V DC motor produced 552 times more power than the torque
motor, but only 55 times more when considered per unit mass. This is greater
than any of the magnetic motor alternatives, making the DC motor the best
option for applications where electronics are possible.
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6.2.4 Size and scalability

The size of the motor is important for many applications where space or weight
are critical. For implants, reducing the size of an implant, such as that
presented in Chapter 4, allows it to be used in younger children [87] or so the
motor takes up less space within a capsule, allowing more room for payload or
mechanisms. In order to free an electrical robot from its tether and make it
wireless batteries can be added to provide an onboard energy source.
Batteries add significantly to the bulk and mass of a robot, especially as the
scale is reduced or long operating times are required. They also have a finite
life, meaning a compromise has to be made between the size of the robot
and the bulk they provide, this need to be carefully considered to avoid
running out of stored energy before all the tasks are completed. Magnetic
actuation gives the unlimited operating times and energy available to
tethered robots, as well as the low mass and small body size removing the
power supply form the robot makes possible, while having the untethered
operating of a battery powered robot. The magnetic torque motor presented
have a mass of 37% of that of the DC motor shown in Tab. 6.2, before the mass
of batteries is taken into consideration.

The simple construction of magnetic motors makes them low mass; the majority
of components are lowmass plastic parts with themajority of theweight coming
from the magnets themselves. This simple construction also makes them low-
cost to produce. No significant wear of components has been found during
experiments, however, for applications with prolonged use at high loads harder
materials may need to be specified.

To further reduce the size, the principle of the magnetic motor can be easily
scaled, with the torque produced reducing proportionally to the volume of the
magnets and for magnetic force based motors, the length of the cranks.
Compared with using a single rotating magnet, magnetic motors have
complex mechanisms. This makes them more challenging to manufacture at
small scale and leads to friction and wear between components. This is,
however, no worse than if a reduction gear box was used with the rotating
magnet as in [50].
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6.2.5 Motor efficiency

The efficiency of a motor is the ratio of the energy put in to the system, to the
useful work produced. For a magnetic motor the input energy can be
considered to be the electrical energy input to the magnetic coil system.
Magnetic coil systems rely on a large amount of electrical power to operate;
to run the motors at full power around 240 W of electrical power is used. For the
1.05mW output of the torque motor this gives an efficiency of 0.44%. This is
compared with 57% for the 6V DC motor.This comparison is of a wireless motor
to a wired one, so to be more comparable it is necessary to consider the extra
inefficiency of a method of wireless power transmission to the DC motor. If this
were to be done using inductive power transfer with a receiver coil connected
to the motor an extra 25% power loss would need to be included, reducing the
overall efficiency to 43% [120] [121]. This is assuming there is good alignment
between the transmission and reviewer coils for the wireless power transfer; if
there is poor alignment this efficiency can be significantly impacted. Magnetic
motors are significantly less efficient than conventional DC motors, and so
should only be used in applications where their other unique characteristics
make them desirable, or in low power applications where the extra energy
consumption is less significant.

6.2.6 Safety

The safety of any medical device is paramount to ensure the device does not
cause any additional harm to the patient who is potentially already suffering
as a result of a medical condition. Magnetic motors are safe for use in most
applications, the magnetic fields used are well below the static magnetic field
strength of 0.046 - 8 T of MRI machines [90], this shows that these magnetic field
can safely be used in a medical setting. There are no electrical components
to become hot or create sparks. The only components which are not
biocompatible are the magnets, which can be coated in a biocompatible
material, meaning toxicity isn’t a problem. Magnetic motors are limited in the
torque they can output by the input magnetic field, this prevents them from
applying excessive force, leading to tissue damage when used for medical
applications.

The mechanisms in the motors could potentially be trap tissue, injuring it, or
become jammed with debris; this would be an issue with any mechanism, and
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is not limited to the motors presented. Due to the torque of the motor being
limited by the magnetic field the extent of any damage would be limited, the
problem would also be completely resolved by surrounding moving parts with
a housing. Despite this, before clinical use there will need to be standards
written to regulate the safe use of this kind of device. Standards would need to
encompass, among other things, the materials used, alongside existing
regulations covering this, maximum allowable forces, and endure designs are
such that they don’t risk causing unwanted damage to tissue. This means that
if the robot is designed appropriately a magnetic motor is safe to be used in
medical applications.

6.2.7 Applications

Owing to their individual characteristics, different motor design are best suited
to different applications. The 6V DC motor provides the most torque, at the
greatest speed to give the most power, while also being more efficient than
driving a magnetic motor using a coil system. This makes it best suited to
applications where speed and torque are required and it is possible to use
electrical cables or position batteries near to the motor. This would include
general mechatronics applications and conventional robotics.

Applications where wireless power transfer is required, or electronics are
infeasible due to space or safety constraints, such as some ingestible or
implantable robots, will be best served by a magnetically actuated motor.
Where it is necessary to have a single motor driving a mechanism on a free to
move robot the only option is a magnetic torque motor (Chapter 5) combined
with a pose control system, as this is able to balance the torque applied to the
motor. This would include applications such as capsule robots. If more torque is
required, but the mechanism is capable of anchoring to its surroundings, this
could be combined with a reduction gearbox, or a magnetic force motor
motor uses instead. An example of this would be a robotic implant for applying
forces to tissue, as demonstrated in Chapter 4.

Where size or weight are critical for the application then a rotating magnet
approach as used in [50] may be best suited due to the simplicity of the design
making size reduction less complex. This would be applicable to milli and
micro-robots where addressable control is not necessary and the robot is
stable enough to not spin with the applied magnetic field. Where multiple
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motors with addressable control is needed then it is necessary to use both a
magnetic force motor and a magnetic torque motor, or the two hypothetical
motors proposed in Tab 6.1. This would be applicable to scenarios such as a
single robot with multiple manipulators, or for multiple simple robots to allow
them to collaborate on a task.

In conclusion, the best motor depends heavily on the task it is required to
perform. It is necessary to consider how the motor will be powered, how much
power is required from it, any space or weight limitations, as well as the number
of motors which will be required for the task and how they will be addressed.

6.3 Conclusions
Magnetic motors open up a number of new capabilities which have not been
achieved using existing approaches. Being wirelessly powered means that
they can run indefinitely with no cables tethering them, unlike electric motors
which are limited by either bulky batteries with finite lives or tethers connecting
them to an external power source. Compared with existing magnetic control
techniques magnetic motors have simplified control and offer additional
degrees of freedom by allowing for multiple addressable motors to operate
within the same workspace. When combined with a magnetic pose control
system, magnetic motors allow for actuators on a robot to be actuated
independently from the main robot body, which would be impossible with a
conventional rotating magnetic field approach.

As with any actuator, the potential uses for magnetic motors are limited by the
available torque and maximum angular velocity. However, by selecting a
motor with properties most suited to the application the effect of these
limitations on the final application can be minimised. These advantages mean
magnetic motors can be used in situations where conventional motors would
be unstable such as long term medical implants or capsule robots.

100 Discussion



Chapter7
Conclusions and future work

7.1. Chapter Contributions . . . . . . . . . . . . . . . . . . . . . . 102
7.2. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

7.3. Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

101



7.1 Chapter Contributions
This section outlines the contributions of each chapter in this thesis.

Chapter 3, Magnetic Force Driven Wireless Motor:

• A new concept for a magnetically actuated motor driven by an
alternating magnetic field gradient is presented

• The output torque of the motor through its cycle was modelled

• The torque model was used to investigate the effect of scaling the design

• The motor was prototyped and provisional experiments carried out to
indicate the validity of the torque model

Chapter 4, Wirelessly Magnetically Actuated Motor for Tissue Regeneration
Robotic Implant:

• The motor concept from Chapter 3 is further developed to simplify the
design, reducing the size, and increase the torque output

• The maximum speed of the motor is modelled

• The speed and output torque of themotor are experimentally investigated,
validating the models

• The motor is presented in an implantable robot for tissue regeneration
therapies for conditions such as long gap oesophageal atresia, or short
bowel syndrome

• The performance of the implant is experimentally verified through ex-vivo
trials

Chapter 5, Remotely Actuated Magnetic Motor for Unconstrained Robotic
Capsule:

• A second novel concept and design of a magnetic motor, utilising
magnetic torque instead of magnetic force, is demonstrated
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• The torque output of themotor through its operating cycle is modelled and
experimentally verified

• A novel system for controlling the pose of a robot using the motor
independently from the actuation of the motor, allowing for more
degrees of freedom, is presented

• The motor and pose control system are presented in a capsule robot for
retrieving ingested button batteries from a patient’s stomach

• The success rate of the capsule robot at retrieving button batteries from a
phantom stomach is experimentally investigated

7.2 Conclusions
The available degrees of freedom in magnetically actuated robots is a critical
challenge for expanding the applications they can be used for. Currently they
are limited to five degrees of freedom: x, y, z translation, and rotation about
two axes. The current systems of control are limited to manipulating robots as a
single object and are unable to be used to drive mechanisms within a robot
without moving the entire body. Hu et al. used a soft robot to add the
potential to change the robot shape [51]; however, this is not capable of
driving mechanisms.

Chapter 3 introduced a new concept of a magnetically actuated motor. The
motor developed in this chapter used magnetic force to actuate a crank
mechanism and relies on a pair of ratchets to convert this oscillating motion to
a continuous rotation. Having two magnets with opposite orientation means
the motor experiences no net force from the magnetic field. The motor has
simplified actuation compared to existing magnetic control techniques;
instead of relying on a rotating magnetic field it uses an alternating magnetic
field gradient which can be produced using a single coil. This motor has two
main disadvantages: firstly its size is excessively large, greatly limiting its
potential applications; secondly the output torque is low due to large losses in
the drive train.

The concept of the magnetic force based motor is expanded upon in Chapter
4, with an improved motor design solving the limitations of the first design. The
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motor design is simplified by reducing the number of moving parts. This has two
effects; firstly the size and mass of the motor are reduced, and, secondly, the
losses in the motor are reduced because the reduction in moving parts
reduces the sliding friction in the system. The output torque is also magnified for
certain applications by the addition of a reduction gearbox. This motor is
demonstrated in both a mobile robot and a robotic implant capable of
elongating tubular organs for the treatment of long gap oesophageal atresia
and short bowel syndrome.

A new motor design relying on magnetic torque is explored in Chapter 5. This
motor design eliminates the reciprocating crank and the ratchets of the other
motors. This increases the step-out frequency and means it does a full
revolution for each cycle of the magnetic field, further increasing the angular
velocity of the motor. A magnetic pose control system to control the
orientation of the robot independently of the operation of the motor is
developed; this has the effect of adding a degree of freedom to the
operation of an unconstrained magnetic robot. The motor and magnetic pose
control system are demonstrated in a capsule robot capable of picking up
and encasing an ingested button battery.

These present new capabilities for magnetic actuation, introducing the
possibility of actuating mechanisms within a magnetically actuated robot,
while also independently controlling the pose. They also have potentially to be
used for ingested or implanted medical robots where it is necessary to power
them for long periods of time.

7.3 Future work
Future work for this research is necessary to improve its level of technological
readiness and allow it to be applied to a wider range of applications. Work is
being done to investigate methods of making the force based motor shown in
Chapter 4 reversible. Potential methods being investigated include a gear box
used to select between forwards and reverse gears. This would make the motor
more versatile in the applications where it can be used.

Another area of future work is to reduce the size of the motors so they can be
used in micro scale robots. Both motors show promise to be reduced in size; the
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use of magnets for the power transfer allows the scaling down of the designs,
and how this affects the torque output has been investigated. The
components can be reduced in size using either photolithography and soft
lithography techniques, or two photon lithography. It may be beneficial to
reduce the part count of the force based motor to make it easier to assemble
at the smaller scale, and adjust the part geometry to suit the different
manufacturing techniques. This would allow the implant and capsule to be
reduced to a size more acceptable by medical regulators.

As the magnetic torque based motor relies on magnetic fields, where as the
magnetic force based motors rely on magnetic field gradients, this opens up
the potential for addressable control of two motors within the same
workspace. By using a Helmholtz coil system magnetic field can be produced
with no gradient, or field gradients produced with a point without any
magnetic field, meaning only one of the two motor styles is actuated at a time.
This adds another degree of freedom to a magnetically actuated robot using
this system. Addressable control needs further investigation into additional
criteria which can be controlled to allow for more degrees of freedom. This
would involve designing additional motors meeting the criteria of the two
hypothetical motors proposed in Tab. 6.1. The motors should be combined in a
application to effectively showcase the potential for addressable control.
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Abstract. A wirelessly actuated motor has wide potential application
in in-vivo mechatronic devices, due to the absence of power and control
cables from outside the device. This paper presents a magnetically actu-
ated wireless motor with no net force acting on the device. The developed
motor has a double crank; each connecting rod accommodates a 5mm
neodymium magnet, actuated using a magnetic field produced by an
electromagnetic coil system located nearby. The magnetic field aligned
parallel to the direction of the magnet produces a magnetic force. The
magnets are oppositely oriented, so experience attraction and repulsion
forces, the crank converts this into a rotational motion. By altering the
direction of the magnetic field, these forces are switched, and by using a
ratchet a rotational motion in a single direction is produced.

Keywords: Magnetic control · Wireless motor · Dual-crank mechanism.

1 Introduction

Recent advances have been made with implantable medical robots. These im-
plants often have electrical connections to the outside of the body [2], or in the
case of soft robots pneumatic or hydraulic connections are used [6]. Magnetic
induction based wireless power transmission is a promising approach, however,
it necessitates the presence of electronics and a receiver coil within the device
[1]. Magnetic direct drive mechanisms, where magnetic force or torque are trans-
mitted in a non-contact manner, offer an alternative to on-board energy source
or tethers. Small magnet on-board microrobots are one of the examples, where a
magnetic field provided by an electromagnetic coil system directly actuates the
robot [5]. Locomotion of magnetically controlled robots involves the entire body
moving. Hu et. al. developed a soft robot that exploits multiple modes of ac-
tuation including, rolling, walking, and swimming [3]. The method removes the
energy source from the robot, allowing them to be smaller and lighter. However,
this approach does not allow for the driving of mechanisms within the robot as
a net torque is applied to the robot body, causing it to rotate [4].

? Supported by the Department of Automatic Control and Systems Engineering, The
University of Sheffield.
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2 C. Duffield et al.

This paper presents a novel magnetic drive mechanism using a double crank.
A magnet in each connecting rod is directly actuated by a magnetic field, pro-
ducing a rotational motion. Thanks to the opposed directions of magnetic forces,
the motor experiences zero net force, thus minimising the impact on the local
environment where it is situated.

2 Method

The developed motor consists of two counterweighting cranks, with 180° phase
difference, on each of which is a 5 mm cubic neodymium iron boron (NdFeB)
magnet at the end (Fig. 1).
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First ratchet

Crank arm
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(c)
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Fig. 1: The developed magnetic force driven wireless motor. (a) CAD section
view and (b) Photograph. (c) Force analysis.

The magnets are vertical, with opposite orientation, this ensures there is
no net magnetic force acting on the motor from the external magnetic field.
The magnetic field gradient (0.14 T m−1) is applied vertically from a 200 mm
diameter electromagnetic coil embedded 40 mm below the workspace, and can
periodically switch the orientation. A crank converts the linear motion of the
crank arm to rotary motion. To remove the singularity at top dead centre the
crank is designed to oscillate 45° either side of horizontal. A double ratchet
mechanism is used to convert this oscillating rotation to rotation in a single
direction and prevent the load back-driving the motor. The first ratchet consists
of four pawls within a saw-tooth ring gear. The second ratchet uses a combined
pawl and pawl spring against the involute tooth driving gear.

For the driving stroke the magnetic field gradient is applied in the negative z
direction, moving the crank clockwise. The geometry of the design prevents the
crank from rotating past θ = 135°. The field gradient is then reversed, the first
ratchet disengages and the crank moves counter-clockwise for the recoil stroke.
The maximum torque is given when the crank is horizontal (θ = 90°) and the
minimum is at the two extremes of motion (θ = 45°, θ = 135°). The control of
the magnetic field is open loop. The angular position of the output shaft can
be calculated for open-loop position control from the number of driving strokes
performed.
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The magnetic force on a magnet with moment ~m, ~Fm, in a magnetic field ~B
is given by

~Fm = (~m · ∇) ~B

=

(
∂ ~B

∂x

∂ ~B

∂y

∂ ~B

∂z

)T

~m.
(1)

Referring to Fig.1 (c) which shows the relation of a free body diagram of the
system, with (1), The producible torque about the output shaft, τ , is

τ = 2 n
∂ ~B

∂z
~m R sin θ − Fr, (2)

where the coefficient 2 represents the use of two magnets, n is the used gear
ratio, R is the crank radius, and Fr is torque loss to friction in the mechanism.

The housing parts were laser cut from 3 mm, and the connecting rods from
2 mm, sheet acrylic using a CO2 laser cutter. The gears and ratchet parts were
manufactured from Formlabs clear resin using a Form 2 SLA printer. The 3mm
diameter shafts were cut from brass (CZ121/CW614N) rod and 2mm diameter
stainless steel rod. Small pieces of Ecoflex 00-10 were used for the pawl springs
in the ratchet mechanism. The second ratchet was cut from a 0.1 mm thick steel
sheet (full hard, cold rolled, low carbon 1008-1010) and bent to shape. The
mechanism was assembled using acrylic adhesive and cyano acrylate.

3 Results

The experimental setup for the measurement of torque is shown in Fig. 2 (a).
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Fig. 2: Measurement of torque. (a) The experimental setup, (b) Theoretical and
experimental plot of torque τ .

The output torque of the motor was measured using a simple hoist mecha-
nism. A length of mono-filament nylon thread was secured to the shaft, passed
up over a pulley, and down to a known mass to provide the load. The friction in
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the mechanism was measured by removing the crank arms, winding the thread
around the output shaft and adding mass until the mechanism rotates. This gave
Fr = 0.15×10−3±0.01×10−3 Nm. Fig.2 (b) shows the measured and calculated
motor torque for a given magnetic field gradient. The maximum line represents
the point when the crank is horizontal and torque is greatest, while the minimum
line shows where the crank is at its lowest or highest point (45° from horizontal)
and the torque is at its minimum. The experimentally measured values are the
greatest load at which the motor could complete the full cycle, so correspond
to the minimum torque line. The provisional experimental results in Fig. 2 (b)
show the model being a reasonable fit for the data.

4 Conclusion

A magnetically actuated wireless motor driven by a magnetic force has been
presented. Because of the force and weight countering mechanism, the device
experiences net zero force and thus exhibits stability in operation. Initial values
for output torque were measured. Future work includes further data collection
and improvement of the design to reduce the torque lost to friction.
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Wirelessly Magnetically Actuated Motor for Tissue Regeneration
Robotic Implant

Cameron Duffield1, Abigail F Smith1, Daniela Rus2, Dana Damian1,3, and Shuhei Miyashita1,3

Abstract— In biomedical engineering, robotic implants pro-
vide new methods to restore and improve bodily function, and
regenerate tissue. A significant challenge with the design of these
devices is to safely actuate them for weeks or months, while they
are residing in a patient’s body. Magnetic, and other force-at-
distance actuation methods, allow mechanisms to be controlled
remotely and without contact or line of sight to the device. In
this paper, we present a novel magnetic field driven wireless
motor. The motor drives a robotic implant for the treatment of
long gap esophageal atresia and short bowel syndrome. The
motor is equipped with two oppositely oriented permanent
magnets which experience forces in opposite directions when a
magnetic field is applied tangential to the magnets’ directions.
The implant can produce a force of 2N. It is demonstrated with
an ex vivo porcine esophagus.

I. INTRODUCTION

Wirelessly controlled robots show great potential to be
used for biomedical applications [1]. Telesurgery robots are
widely clinically approved and are used to improve the
outcomes of surgical interventions [2], [3]. Tethered crawlers
have been shown to improve the effectiveness of certain med-
ical procedures, such as colonoscopies [4], [5]. Untethered
robots [6], [7] provide a new solution to gastrointestinal (GI)
diseases, incorporating drug release and wireless actuation
techniques. Medical robots in vivo have also shown promise
in foreign matter retrieval [8], [9], targeted drug delivery [10]
and ophthalmologic procedures [11]. Another area of interest
is the implementation of robotic implants for long-term
therapies. Such devices are able to reside in the body and
achieve effective functions and therapies. Examples include
supporting heart function [12], performing as an artificial
pancreas [13] and tissue regeneration [14].

One of the significant challenges with designing robotic
implants is power delivery and control [15]. Conventional
motors require a source of electricity to run which could
be provided by wires passing into the body or batteries.
Alternatively, magnetic control can be used as a form of
force-at-distance actuation. Magnetic fields are used to apply
forces and torques to a magnetized robot [16], [17], [18],
[19], [20]. Using magnetic fields to control devices wirelessly
has been shown to be a plausible solution [21]. Magnetic
fields are able to pass through common materials, includ-
ing biological tissue, making magnetic actuation a suitable

1Automatic Control and Systems Engineering Department, University of
Sheffield, Sheffield S1 3JD, UK. cduffield1@sheffield.ac.uk
2Computer Science and Artificial Intelligence Laboratory, Massachusetts
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Fig. 1. The developed wirelessly powered robotic implant. (a) Shows the
control coils and where the device would be positioned in a patient. (b)
Shows details of parts of the robotic implant

method for robots purposed for biomedical applications as
magnetic fields of up to 7 T are approved for use in MRI
machines with no adverse effects on a patient.

Existing robots using magnetic control move the entire
robot as a solid body by changing the orientation of the
magnetic field [22] [23]. One of the recognized approaches
is to apply a continuously rotating magnetic field, requiring
a complex arrangement of coils that are capable of creating
a magnetic field of any orientation [24].

This paper continues on our previous work [25] to present
a magnetic wireless motor that produces zero net torque
and net force powered by electromagnetic field from a pair
of coils. As extension of our previous work, this paper
introduces a motor with improved torque, more than a 60%
reduction in body size and integrated in a robotic implant
capable of stimulating tissue growth through mechanical
therapy. The single pair of coils used to drive the motor
greatly simplifies the equipment required and control of the
robot compared to the existing magnetic control approaches.

This motor is incorporated into a device to lengthen
tubular organs by applying a uniaxial force, advancing pre-
vious work [26]. The device could be used to improve the
treatment of esophageal atresia or short bowel syndrome.
The treatment of esophageal atresia traditionally requires
multi-week sedation and ventilation. Sutures attached to the
esophagus are manually pulled from outside
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II. METHODS

A. Robotic implant

The implant (Fig. 1) consists of two rings sutured to the
esophagus. The first ring is connected to the main housing,
while the second is connected to a rack. The rack is driven
by the magnetic motor with a worm gear with a 2mm pitch.
All moving parts are contained within a shroud to prevent
damage to surrounding tissue. The rack has a travel of 45mm
with the force being unaffected by the extension. A force of
2N has been shown to stimulate growth in porcine esophagus
in vivo. The 20mm length of tissue grew an average of
2.5mm per day [14]. Magnetic control makes the implant
design inherently safe. Magnetic control is forced based;
unlike position based control it is impossible to apply greater
force than intended, reducing the risk of damage to the tissue.
The elongation of the implant can be detected using an array
of hall effect sensors outside the body, as demonstrated in
Liu et al. [9], to allow the position to be detected without any
electronics being in the implant, or wires passing through the
body.

B. Wireless motor

X
Y

Z

Pawl spring

Second ratchet

Output 

shaft 2

First ratchet

First ratchet pawl

Magnet

5 mm

ÑB
(a)

(b)

Second ratchet 

pawl

Reduction 

gear box

Output shaft Reduction

gear

Fig. 2. The developed magnetic force driven wireless motor showing the
double ratchet mechanism. (a) Photograph and (b) CAD section view.

For a magnetic motor to convert a magnetic field into ro-
tary motions about a different axis, a magnetic field gradient
that periodically reverses direction was chosen as the control
power input. This allows for a reduction of net torque of the
device or operation of multiple motors. This applies a force
to any magnet in the field. A crank mechanism is used to
convert this force to a torque. The developed motor uses
two counter-weighting cranks, with 180° phase difference.
At the end of each cranks is a magnet, the two magnets face
in opposite directions (Fig. 2). This ensures that the system
is balanced, and gravity does not affect the operation. This
means when one has an upwards force from the magnetic

field, the second has a downwards force, ensuring there is
no net force acting on the motor.

A crank converts the force acting on the magnet to rotary
motion. When the cranks are vertical (top dead center),
the magnets are perpendicular to the magnetic field. This
means there is no magnetic force, leading to a singularity.
To remove this singularity the cranks’ oscillation is limited to
45° either side of horizontal, this also keeps the motor near
the maximum torque region where the cranks are horizontal.
A double ratchet mechanism converts this oscillating rotation
to rotation in a single direction and prevents the load back-
driving the motor. The output torque is increased by a 1:290
reduction gear box.

The first ratchet consists of two pawls within a saw-tooth
ring gear, Fig. 2 (b). The pawl carrier is free to rotate on
the shaft, while the output gear is fixed to the shaft to
transfer the torque. The two pawls are offset by half a tooth,
meaning only one engages at any one time. This doubles the
number of engagement point to 20, reducing the backlash.
The second ratchet uses a combined pawl and pawl spring
against the external saw tooth gear required to prevent back-
driving, this has 15 engagement points. This means the motor
only rotates in a single direction and can hold an unlimited
load even without any magnetic field.

Fig. 3 shows the main stages of the motion of the motor.
The cycle begins with the cranks inclined by 45° (θ = 45°)
(Fig. 3 (a)). A downwards magnetic field is applied, applying
opposing forces to the two magnets, rotating the cranks
clockwise. This engages the first ratchet, rotating the shaft
and disengaging the second ratchet. When the cranks is
horizontal (Fig. 3 (b)) the magnets are aligned with the
magnetic field, giving the motor the maximum torque. When
the cranks are declined by 45° (θ = 45°) the magnet hits the
end-stop, ending the driving stroke. When a magnetic field
is then applied upwards this applies an opposite force to the
magnets, causing the cranks to rotate anticlockwise (Fig. 3
(c)). The first ratchet disengages, disconnecting the cranks
from the output shaft, while the second ratchet engages to
prevent the load from back-driving the motor. This recoil
stroke returns the cranks to the starting position, completing
the cycle.

C. Model

To understand the properties of the motor, a model is
presented for the output torque and speed of the motor. The
motor is driven by the force of a magnetic field on the magnet
at each end of the crank. The magnetic force on a magnet
with magnetic moment ~m, ~Fm, in a magnetic field ~B is given
by

~Fm = (~m · ∇) ~B

=

(
∂ ~B

∂x

∂ ~B

∂y

∂ ~B

∂z

)T
~m.

(1)

When the magnet is out of alignment with the magnetic
field gradient, the force is reduced. To calculate this reduced
force the vector component of the magnetic field gradient
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parallel to the magnetic moment is taken. Using the free
body diagram of the system, shown in Fig. 4 with Eq. (1),
the torque produced about the output shaft, τ , is

τ = 2 n

∥∥∥∥∥
∂ ~B

∂z

∥∥∥∥∥ ‖~m‖R cos θ − Fr, (2)

where the coefficient 2 represents the use of two magnets; it
is assumed that the magnetic field gradient is constant across
the work space and so both magnets experience a force of
equal magnitude. n is the ratio of the gear box, R is the
crank radius, and Fris an empirical friction term. As there
are two magnets of equal mass, the system is balanced and
so weight does not affect torque.

The force from the robotic implant is given by:

F = η
2 τ π

P
(3)

where P is the worm screw pitch, and η is an empirical
efficiency term.

The implant extension velocity, v, is given by

v =
α

2πn
pf, (4)

where v is the rack speed, p is the pitch of the rack, n is the
ratio of the gearbox, f is the magnetic field frequency, and
α is the angle the crank passes through each driving stroke.
For the motor presented α = π

2 radians.
This is based on the assumption that the motor completes

a full cycle is with each cycle of the magnetic field. If the
actuation frequency, or load, is high then the motor will “step
out” in a similar manner to a stepper motor.

When the motor is not subject to any load, the frequency
is limited by the angular velocity. The time taken to reach
angle θ from the initial position is given by:
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T =

√
2I(θ − c)

K I cos(θ)− 2L
, (5)

where c is the initial angle of the crank, L is the load on the

motor, K =
2 ∂ ~B

∂z ||~m|| R
I and I is the moment of inertia of

the rotating parts,
I = 2ρV R2, (6)

where ρ is the density of the magnet (ρ = 7516 kg m−3)
V is the volume of the magnets (125 mm3), and R is the
radius of the crank (10 mm). This assumes the mass of the
crank arm is low compared to the mass of the magnets.

By making θ equal to α/2, to give the time for the crank
to travel a full stroke, the step out frequency can be found
using,

fso =
1

2T
, (7)

for the motor demonstrated, the model gives a no-load
step-out frequency of 13.15 Hz.

Above the step-out frequency, the motor speed decreases
with increasing actuation frequency. For both rolling [27]
and swimming [28] robots, the velocity of the rack for the
implant is given by:

v =
α

2πn
p(fa −

√
f2a − f2so), (8)

where fa is the actuation frequency, and fso is the step-out
frequency. The net torque acting on the system is given by:

Στ = Σ ~Fm ~P , (9)

where ~Fm is the force from a magnet, and ~P is the position
vector for where the force is acting, perpendicular to the
force. All forces are parallel to the magnetic field, meaning
all position vectors are in the xy plane. This shows that for
a single motor, a net torque will act on the system, if two
motors are used, with opposite orientation, there will be no
net torque acting on the system.

D. Motor fabrication and electromagnetic coil system

The robot body was cut from 2 mm cast acrylic sheet.
Ratchet parts were manufactured using Form 2 SLA printer
using clear resin (Formlabs), clear resin was chosen as it
exhibits similar material properties to other resins produced
by Formlabs which are certified for medical use. Small pieces
of Ecoflex™ 00-10 (Smooth-On) were used for the pawl
springs in the ratchet mechanism. The second ratchet was
cut from a 0.5 mm thick low density polythene and bent
to shape. The magnets used were 5 mm cubic neodymium
iron boron (NdFeB) (Supermagnete). The reduction gear
box is a commercially available unit with 1:290 reduction
(Pololu). The mechanism was assembled using an acrylic
adhesive (RS) and cyanoacrylate adhesive (Loctite). The
worm gear was FDM printed (Mojo) using ABS, using
a different material to the rack reduces friction compared
with manufacturing both parts from the same material. All
components are contained within a protective shroud made

from photo-curable resin (Formlabs) meaning the device can
be made bio-compatible.

Two electromagnetic coil systems were used. Magnetic
field gradients of up to 0.37 Tm−1 were applied vertically
from two square coils of 200 mm side length. For tests
requiring a greater magnetic field gradient a Helmholtz coil
of 180 mm diameter was used to provide a magnetic field
gradient of up to 0.37 Tm−1 and a field strength of up to
15 mT. This is well below the static magnetic field strength
of 0.046− 8 T of MRI machines [29].

E. Scalability

In this section, we investigate the impact of scaling down
the motor on the output torque. Eq. 2 shows how the torque
is proportional to the magnetic moment (m); this is given by
m = 1

µ0
BrV where µ0 is vacuum permeability (4π × 10−7

Hm−1), Br is the residual flux density (1.2 T), and V is the
volume of the magnet. For a cubic magnet this means the
magnetic moment, and motor torque, are proportional to the
edge length cubed, as shown in Fig. 5.

Scaling down the device is also limited by the practical
minimum feature resolution which can be made by a given
manufacturing technique. The smallest components are the
pawl springs in the first ratchet, and the finest details are
the gear teeth. These components could be made half the
current size without significantly changing manufacturing
techniques. The maximum size of the motor may be limited
for in vivo applications. The equivalent magnetic dipole for
a cubic magnet passes through its center, meaning as the
magnet size is increased the dipole moves closer to the center
of the crank, reducing its effective radius. This leads to a
compromise between maximizing the volume of the magnet
and the crank radius. Eq. 5 gives the torque of the motor of
width w and a cubic magnet of edge length l

τ =
∂ ~B

∂z

1

µ0
Br l

3 (w − l) cos θ. (10)

Fig. 5 shows the affect of increasing the magnet size for
both a fixed overall width of the motor, and for a fixed
crank length. The plot shows that the magnet size greatly
influences the output torque of the motor, meaning that the
largest magnets possible should be used. For experiments in
this paper the width was fixed at 25 mm and 5 mm cubic
magnets were used as these are the greatest stock size of
magnet that clears the ratchet mechanism.

III. EXPERIMENTAL RESULTS

A. System characterization

Experiments were conducted to characterize the perfor-
mance of the magnetic motor. A hoist mechanism was used
for the experimental torque measurement. A length of mono-
filament nylon thread was attached to the shaft, passed up
over a pulley, and down to a load. A known mass (±0.001
g) was used for the load, and the magnetic field gradient
gradually increased until the motor was able to lift the mass.

Fig. 6 shows the measured and calculated motor torque
for a given magnetic field gradient. The experimentally
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measured values shown in the graph are the greatest load
at which the motor could complete the full cycle, meaning
they represent the minimum torque at any point in the cycle,
which occurs where the crank is at ±45°. From these results
it was determined that the friction term for the motor is
Fr = 0.03 Nm.

The model for the motor torque is proportional to the
magnetic field gradient (Eq. 2) with a peak torque where
the cranks are horizontal, and a minimum torque where they
are inclined at 45°. Fig. 7 Shows how the angular velocity
of the motor increases proportionally to the input magnetic
field frequency, up until the step-out frequency where the
angular velocity rapidly decays. It can be seen that at 6 Hz
the angular velocity briefly decays before again becoming
proportional to the input frequency.
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1) Robotic implant characterization: The force from the
implant was characterized using a similar method to torque,
by hanging calibrated weights from the mounting ring ad
reducing the magnetic field until it was unable to lift the
mass. The modeled and predicted values for the force are
shown in Fig. 8. The efficiency term was determined to be
η = 0.2.

When implanted it is possible the robotic implant won’t
be perfectly positioned within the coil system. It is necessary
that this does not pose any risk to the patient. The implant
continues to operate when rotated 30° horizontally and 43°
vertically from the ideal position. If the implant is moved
from the center position, the force from the implant is
reduced, making it a fail safe system.

The force from the implant on a phantom esophagus (made
from Ecoflex™ 00 − 30, Smooth-On) was measured using
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Fig. 8. Plot showing the implant force against magnetic field gradient.
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Fig. 9. The force from the implant on a phantom esophagus against time,
showing how once the input power is stopped the implant maintains a near-
constant force, for multiple days if required, due to the mechanism being
non-backdriveable. The coils were turned off after 40 minutes, once the
implant reached the target force demonstrating the force holding capability
of the implant. 2N of force has previously been shown to stimulate tissue
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a compression force sensor (Fig 9). The coils were activated
until the target force was reached after 40 minutes, before
being turned off. The implant can continue to hold the
desired force for extended periods of time without requiring
any energy input, as the mechanism is non-backdrivable. For
the clinical application the magnetic field would only need
to be applied for short periods at regular intervals with no
no nead for the patient to remain in the coil system between
these. To prevent to coils overheating, the data was collected
across multiple runs.

The implant was demonstrated using an ex vivo porcine
esophagus. The esophagus was sutured, with simple inter-
rupted sutures, to the attachment rings of the implant Fig. 10.
The esophagus measured 11 mm in diameter when relaxed.
The distance between the two attachment rings was 75 mm
before stretching. The implant was able to stretch the tissue
5 mm in 10 minutes 42 seconds (6% extension) with a force
of 2 N. These results show that the robotic implant is able
to successfully apply the forces required to stimulate tissue
regeneration to ex vivo esophageal tissue.

IV. DISCUSSION AND CONCLUSIONS

This paper presents a wirelessly actuated robotic implant
for tissue regeneration. The implant has been demonstrated
to produce 2N of force and hold the force without continued
energy input. This has been demonstrated with both phantom
and ex vivo porcine esophagi. 2 N of force have previously
been shown to stimulate tissue growth, during animal trials.

The implant shown is driven by a novel magnetically
actuated motor. The magnetic motor is driven by an ex-
ternally applied uni-axial magnetic field gradient, and has
been characterized for torque and speed. The motor experi-
ences net zero force due to the magnetic force and weight
countering mechanism, which was difficult to achieve with
conventional approaches with magnetic field. The uni-axial

magnetic field application means the direction of torque
producible from the motor depends on its orientation, hence
versatile combinations of multiple motors in a single body
are possible. The presented mechanics showed a promising
scalability in the motor size down by 15% keeping the output
torque above 1 mNm, and also showed a tolerance to water
given there are no electronic parts.

The motor is operational when fully submerged in water
due to the absence of any electrical components which is
ideal for operation within the body. Future work aims to
scale down the body size using photo lithography methods.
Alternating magnetic field could be used to allow multiple
motors to operate with different orientations.

Future work includes implementing position detection
using hall effect sensors and scaling down the device by
half.
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Remotely Actuated Magnetic Motor for Unconstrained Robotic Capsule

Cameron Duffield1, Jialun Liu1, Yuqi Zhang1,2, George Ashton1

Daniela Rus3, Dana D. Damian1,4 and Shuhei Miyashita1,4

Abstract— The realization of ingestible robots for use inside
the body, has long been hampered by the limitations of mecha-
tronic components, including battery life, motor power and
computational power. With the advent of capsule endoscopes
guided by an external magnetic field, it is expected that an
ingested mechanical capsule, will be able to perform clinical
treatments utilizing magnetically actuated motors. However,
the conventional method of transferring magnetic torque to
a remotely located magnetic body, by applying a rotating
magnetic field, merely results in rotating the entire body, not
the desired mechanism. In this study, we solved this problem
by applying a magnetic field to a newly developed magnetic
motor with a special magnet arrangement, allowing the body
of the motor to remain stationary, while the output shaft rotates.
The magnetic motor is lightweight (3.7 g) and has two magnets.
When an external magnetic field is applied, the magnets rotate
and align with it, before continuing to rotate, and aligning, due
to their interaction with each other, to achieve a half rotation.
A further half rotation is achieved by the magnetic field being
applied in the opposite direction and the magnets’ interaction,
resulting in continuous drive of the motor. We investigated the
characteristics of this motor and integrated it in a capsule
that retrieves an accidentally ingested button battery from
the stomach. The entire robotic capsule does not rotate due
to this motor’s characteristic of zero net torque. Instead, it’s
able to extend its arm, and sweeps it around itself, successfully
retrieving a button battery under certain conditions. This study
demonstrates how a capsule without electronics could achieve
a series of mechanical functions within the body, opening up
new possibilities for small-sized battery-less robots, together
with the possibility of their further miniaturization and the use
of biodegradable materials.

I. INTRODUCTION

Despite the recent advancements towards the realization of
a small autonomous robots that can move inside the human
body for non-invasive medical treatments, various technical
obstacles must still be overcome to ensure their clinical
viability. One of the most notable issues is the limited battery
capacity due to the small size of the robot, which rules out the
use of conventional electric motors. The alternative to using
such motors is the use of external magnetic fields to directly
apply torque to a ferromagnetic material in the robot. Such a
driving magnetic field is either produced by electromagnetic
coils [1]–[3] or permanent magnets [4] positioned outside the
body. This method provides a means of wirelessly supplying

* This work has been supported by the EPSRC ERC DTP
Scholarship. 1Automatic Control and Systems Engineering
Department, University of Sheffield, Sheffield S1 3JD, UK.
shuhei.miyashita@sheffield.ac.uk +44 (0) 114 222 5662
2Faculty of Robot Science and Engineering, Northeastern University,
Shenyang, China. 3Computer Science and Artificial Intelligence Laboratory,
Massachusetts Institute of Technology, Cambridge, MA, USA. 4Insigneo
Institute for in silico Medicine, University of Sheffield, UK.
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Fig. 1. Arrangement of the magnetic motor, (a) photograph, and (b) CAD
model. (c) Capsule incorporating the motor.

power to the robot while inside the body and removes
the necessity for electronics within the robot [5]–[11]. The
targeted applications include capsule endoscopes navigating
using either rolling [12], swimming [13], or self propelling
using vibro-impact [14], [15], and used for biopsy [16],
[17] and drug delivery [18], [19], medical implants [20],
encapsulation and transportation [21], cutting with scissors
[22], accessing constrained environments [23], and tissue
penetration [24].

While a free-floating rigid object has six degrees of
freedom (DOF), three translational and three rotational; five
navigational DOF of a magnet have been achieved with
eight electromagnetic coils to enable any magnetic field
or field gradient to be produced in the workspace, allow-
ing for translation in three axes and rotation in two [25],
and a sixth DOF have been achieved by having a non-
uniform magnetization to act as a moment arm on the micro
robot [26]. If further DOF are required on a free-floating (or
an unconstrained) body beyond the navigational function, a
method of applying a further mode of magnetic field and an
additional mechanism that can be driven by this field must
be devised. For example, in [16], [27], a technique is used
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Fig. 2. Diagram showing the operation of the motor. (a) First, the magnets align with the magnetic field in the negative Y direction. (b) next, as the
magnetic field is reversed, the internal torque causes the magnets to align with each other. (c) then the magnets align with the magnetic field in the positive
Y direction. (d) finally, as the field is again reversed, and the magnets align with each other. (e) A graph of the motor torque through the operating cycle,
showing internal, external, and total torque, both modeled and experimental values. (f)-(i) The motion of the motor running in reverse; by applying the
magnetic field from the side the motor can be made to run in reverse.

in which a permanent magnet in the capsule is moved using
the gradient of the magnetic field. In [28], the extra DOF is
achieved passively by the chemically-induced deployability
of an origami structure in the presence of surrounding fluids.
The previously developed magnetically actuated motors such
as the device in [4], however, experience a net torque on the
whole motor from the external magnetic field, resulting in
the motor’s posture being unstable without the robot being
secured by reaction forces from its surroundings [29], [30].
It is therefore required that a robot using this motor is either
fixed in its environment or has a wide enough base to provide
stability; in the case of [30] it is possible to use two counter-
rotating motors to balance the torque and provide stability.

Taking these challenges into consideration, in this paper,
we present a centimeter-scale magnetically-actuated motor to
enable extra degrees of freedom in an unconstrained capsule.
The motor, shown in Fig. 1 (a) in a photo and (b) in a CAD
model, utilizes a periodically reversing external magnetic
field to apply torque to a pair of permanent magnets. The
motor consists of three meshing gears, the outer two of
which have identical shapes and incorporate cubic permanent
magnets (3 mm NdFeB) in specific orientations, called input
gears. The output (central) gear is connected to the output

shaft, delivering the total output torque to the desired load.
The motor primarily rotates due to the torque applied by
the external magnetic field, with the interaction between the
two magnets In our system, the endoscopic capsule shown in
Fig. 1 (c) is equipped with a ferro magnetic steel sheet that
is magnetized by the applied magnetic field. As a rotating
magnetic field is not being used to induce rotational motion, a
ferromagnetic body can be integrated to align to the external
magnetic field and stabilize the posture. When at an angle
to the external magnetic field a torque acts on it, acting to
align it with the magnetic field. This cancels the external
torque acting on the motor, thereby achieving zero net torque
applied to the capsule. This results in the capsule remaining
stationary while the motor shaft is rotating.

As a proof of concept, we chose to use this motor to
actuate an arm coming out of the endoscopic capsule to
“grab” and retrieve an accidentally ingested button battery
inside the body. Accidental ingestion of button batteries can
be highly harmful, as short circuits through the tissue can
lead to chemical burns in the GI tract from hydroxides
formed [31]. Over 3,000 people in the US alone accidentally
ingest button batteries every year, requiring medical imaging
techniques such as x-rays to identify the location [32] and
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potentially requiring endoscopy to remove the battery [33].
Alternatively systems for coating batteries with waterproof
quantum tunneling composite coatings to prevent them from
conducting when ingested have been developed [34], how-
ever, this has seen little uptake. Previous work has been done
to develop magnetically actuated robots for the removal of
ingested button batteries; however, these do not encapsulate
the battery, leaving the terminals exposed to potentially cause
further damage during removal [35], or focus on dressing the
wounds caused by the battery [36]. The proposed capsule,
alongside a method of remotely localizing a button battery
and identifying its type using an array of Hall-effect sensors,
building on the work presented in [37], acts as a first-of-a-
kind concept that would be able to augment the arsenal of
treatments available for this scenario.

II. METHODS

This section first details the mechanics of the motor,
followed by the mechanics of the capsule that houses the
motor and retrieves a battery. Since there is a limit to the
size of the button batteries that can be retrieved due to the
limited size of the capsule, a wireless identification method
for the type of button battery is subsequently presented.

A. Motor Design and Operation

The motor consists of two input (magnet) gears each
containing a 3 mm cube magnet, these magnets sit on a line
at π

4 rad to the axis of the magnetic field (Fig. 1). The magnet
gears have 12 teeth of 0.5 mm modulus. These gears mesh
with a central gear connected to the output shaft, allowing the
torque from both magnets to be transmitted to the load. The
center gear has 14 teeth, giving a gear ratio of 1:1.6667, the
non-integer ratio helps to reduce hunting by ensuring even
wear on the gear teeth. By changing the gear ratio of the
input gears and the output gear, it is possible to change the
output torque (or angular velocity) of the output shaft. All
results are shown as for a 1:1 gear ratio.

Fig. 2 (a)-(d) shows the operating cycle of the motor
in the forward (clockwise) direction. Initially the magnets
are aligned with each other due to the interaction of their
magnetic fields. Applying the magnetic field exerts a torque
on the two magnets, resulting in a rotation of 3

4 π radians to
align with the external magnetic field (Fig. 2 (a), θ = π

4 rad).
This is denoted as the “external torque” (τext ). The interaction
of the magnetic fields from the two magnets apply a further
“internal torque” (τint ) as the magnets move to align with
each other, resulting in an additional rotation of 1

4 π radians
(Fig. 2 (b), θ = π

4 rad). Applying the magnetic field in reverse
then results in the magnets rotating a further 3

4 π radians in
the same direction (Fig. 2 (c), θ = −π

2 rad). The magnets
align with each other, completing the last π

4 radians and
achieving a full revolution (Fig. 2 (d), θ = − 3π

4 rad), and
are ready for the cycle to restart. Repeating this alternating
external magnetic field results in a continuous rotation of the
output shaft.

Fig. 2 (e) shows the torques of the motor through the cycle.
The internal torque is the torque of the magnets acting on
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Fig. 3. Details of the parts of the capsule (a) CAD model. (b) Diagram
showing the region swept by the arm, illustrating an LR261 battery passing
through the entrance and being trapped by the narrow exit from the capsule.

each other, while the external torque is the torque from the
external magnetic field acting on the magnets. The two of
these sum to give the total output torque of the motor. It can
be seen how the internal torque reverses as the magnets pass
through parallel at 3π

4 rad and −π
4 rad, and how the negative

internal torque, from π
4 rad to - π

4 rad and from - 3π
4 rad to

-π rad and π rad to 3π
4 rad, reduces the total motor torque

compared with the external torque.

Fig. 2 (f)-(i) show how the motor can be reversed by
applying the alternating magnetic field from the side. θ
is transposed to become θ ′ which is clockwise from the
positive y axis to keep the angles consistent with the forwards
rotation. The magnets are initially aligned with each other
due to the internal torque (Fig. 2 (i)). The magnets align
with the external magnetic field due to the external torque
(Fig. 2 (h)). Internal torque makes the magnets align with
each other (Fig. 2 (g)). The magnets align with the external
magnetic field, ready to restart the cycle (Fig. 2 (f)).
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B. Capsule Design

We present a two-step approach consisting of battery
type identification and battery retrieval and encapsulation
using the capsule. An array of Hall-effect sensors are used
to determine the type and location of an ingested battery,
and thus confirm if it is a size that the capsule is able to
encapsulate. The capsule, powered by the novel magnetic
motor, is then used to encapsulate the button battery for safe
removal from the body. Fig. 3 shows the capsule for the
retrieval of ingested button batteries from the stomach with
Fig. 3 (a) an overview of the design and Fig. 3 (b) a top view
showing the area swept by the arm. The capsule is 45 mm
long and 20 mm in diameter, and the arm is 15 mm from the
center-line of the capsule. The capsule has a motor in the
base to keep the weight low and help the capsule naturally
sit in an upright position. The output shaft of the motor is
connected to an arm, initially within the capsule, with a 2 mm
cylindrical magnet on the end. When the motor is actuated
the arm rotates, sweeping a circular area. When the magnet
is close to a button battery it attracts the battery, connecting
it to the arm. The arm continues on its circular trajectory,
pulling the button battery in through the capsule entrance.
The button battery is captive in the capsule, as it is too large
to fit out through the arm exit from the capsule, while the
arm is able to pass through the exit if it is not connected to
a battery.

The capsule also incorporates the magnetic posture control
system for the capsule to rotate to the correct orientation.
This is achieved by two low carbon steel sheets, each mea-
suring 10× 5× 0.127 mm. Being a ferromagnetic material,
when in a magnetic field the sheet becomes temporarily
magnetized, causing a torque to act on the steel sheet, thus
making the entire capsule align with the magnetic field. This
generates a torque that cancels the external torque, thereby
achieving zero net torque applied to the capsule. This results
in the unconstrained (“free-floating”) capsule remaining sta-
tionary while the motor shaft is rotating. When the magnetic
field reverses the magnetization of the steel also reverses.
This ensures the capsule remains in the same orientation
as the magnetic field alternates. Due to the symmetry of
the capsule there are two possible orientations. The steel
is positioned π

4 rad to the axis of the capsule to correctly
orientate the motor relative to the magnetic field, while also
maximizing the space within the capsule by allowing the
motor to be along the center-line of the capsule. In Fig. 4 it
can be seen that within 2 s of the alternating magnetic field
being applied the capsule is correctly orientated relative to
the magnetic field. This is shown in Supplementary Video 1.
When the posture of the capsule is disturbed, it again returns
to the correct orientation and remains there until the magnetic
field is switched off. There is a small steady state error in
the angle of the capsule, well within what is acceptable for
the operation of the motor. This is caused by the torque of
the motor being applied to the capsule, the steel sheet needs
to be at an angle to the magnetic field to experience a torque
to balance this.

C. Model

A mathematical model was made to describe the torque
produced by the motor at a given angle and external magnetic
field. The external torque (τext ) is the torque from the external
magnetic field acting on the magnets in the motor, the
internal torque (τint ) is the torque from the two magnets
acting on each other, and the motor torque (τmot ) is the
sum of the two to give the total output from the motor. The
magnetic torque (⃗τ) on a magnetic dipole in a magnetic field
is given by:

τ⃗ = m⃗× B⃗ (1)

where m⃗ is the magnetic moment, and B⃗ is the magnetic
flux density. Eq. (1) is used to find the torque applied to the
motor by the external magnetic field (τext ), given by:

τext = 2∥m⃗∥
∥∥∥B⃗
∥∥∥cosθ , (2)

where θ is the angle of the magnet counter-clockwise from
the positive x-axis as defined in Fig 2. The 2 term comes
from the two magnets, with equal magnetic moments, being
subject to the same magnetic field.

The motor also has an internal torque from the interaction
between the two magnets. The magnetic flux density (B⃗)
from a dipole using the Ampère model [38] is given by:

B⃗(m⃗, p⃗) =
µ0

4π∥ p⃗∥3

(
3(m⃗ · p̂)p̂− m⃗

)
+

2µ0

3
m⃗δ 3(p⃗), (3)

where m⃗ is the magnetic moment (0.0258 Am2 for the
magnets used), µ0 is the permeability of free space (1.256×
10−6 NA−2), p is the distance from the magnetic dipole, p⃗
is the position vector, and δ 3(p⃗) is the three dimensional
dirac delta function. The Ampère model assumes a perfect
magnetic dipole, and can be used to approximate the field of
a permanent magnet at distances sufficient that the size and
shape of the magnet are not significant. This can be simpli-
fied to give the magnetic field parallel (Bz) and perpendicular
(Bx) to the axis of the magnetic dipole:

Bx(p⃗) =
µ0

4π
∥m⃗∥

(
3cosβ sinβ

∥ p⃗∥3

)
, (4)

Bz(p⃗) =
µ0

4π
∥m⃗∥

(
3cos2 β −1

∥p⃗∥3

)
, (5)

where β is the angle from the axis of magnetic dipole. Using
Eq. (1) and the geometry of the system we can get the torque
between the two magnets (τint ) for a given angle of rotation:

τint =





2
3µ0∥m⃗∥2

8πr3 cos
(

θ − 3π
4

)
, sin

(
θ +

π
4

)
> 0

2
3µ0∥m⃗∥2

8πr3 cos
(

θ +
π
4

)
, sin

(
θ +

π
4

)
< 0 ,

(6)
where r is the distance between the centers of the magnets.
When sin(θ + π

4 ) = 0, τint is undefined due to the disconti-
nuity as the magnets are parallel to each other.
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4 rad to the magnetic field,
allowing the motor to operate well. The capsule then remains in the desired position as the motor continues to run. There is some steady state error in the
angle of the capsule, this is small enough it doesn’t impact the operation.

To get the total torque output from the motor (τmot ) Eq. (2)
is added to Eq. (6) giving:

τmot = τint + τext

=





2 3µ0∥m⃗∥2

8πr3 cos
(

θ − 3π
4

)
+2∥m⃗∥

∥∥∥B⃗
∥∥∥cosθ ,

sin
(
θ + π

4

)
> 0

2 3µ0∥m⃗∥2

8πr3 cos
(
θ + π

4

)
+2∥m⃗∥

∥∥∥B⃗
∥∥∥cosθ ,

sin
(
θ + π

4

)
< 0 .

(7)

The torque output from the motor is shown in Fig. 2 (e)
alongside the corresponding positions of the gears. This
shows the repeating pattern of the internal and external
torques and the internal torque reversal at the point where
the magnets are parallel (θ = 3π

4 rad and θ =−π
4 rad).

This model can be used to optimize the design parameters
of the motor for the intended application. The main param-
eter to change is the distance between the two magnets; this
is a compromise between having close magnets to maximize
internal torque, but not so close that the internal torque is
too great for the external torque to overcome. Fig. 5 shows
the effect of changing the magnet spacing. Fig. 5 (a) shows
how the torque profile of the motor changes with the magnet
spacing, for a magnetic field of 7 mT. It can be seen that,
if the magnets are too close together, the torque can go
negative, meaning the internal torque is opposing motion
and is too great to be overcome by the external torque.
Conversely, if the magnets are too far apart, the total torque
becomes very low at angles were there is little external
torque being applied. Fig. 5 (b) shows the effect of changing
the magnet spacing on the minimum torque produced by
the motor at any point in the cycle, for a range of applied

magnetic fields. This shows how, by increasing the magnetic
field, the magnets can be placed closer together to increase
the output torque. Fig. 5 (c) shows the optimum magnet
spacing to maximize output torque for an applied magnetic
field. This is found by taking the magnet spacing at peak of
each curve in Fig. 5 (b) and plotting this against the magnetic
field strength.

To operate the motor effectively, it is essential that the
motor is correctly orientated relative to the magnetic field.
To achieve this, a system of magnetic posture control has
been developed using a sheet steel in the capsule which acts
as a soft magnet, aligning with the magnetic field. When in
a magnetic field the steel is magnetized with the magnetic
moment (m) proportional to the applied magnetic field (B).
Using Eq. (1) the torque acting on a soft magnet (τso f t ) in a
magnetic field can be given by:

τso f t = k
∥∥∥B⃗
∥∥∥

3
sinα, (8)

where k is an empirical constant specific to the shape and
material used, and α is the angle between the major axis
of the soft magnet and the magnetic field. For the sheet
used in this study k was found to be 380 × 103 Nm T−3

by placing it on a torsional spring in a known magnetic
field and comparing the deflection with that of a known
magnet. Supplementary Material IV-A shows the details of
the experimental setup.

Fig. 6 shows the output torque (τmot ) against magnetic
field strength. The output torque is considered to be the least
torque produced at any point in the cycle, Supplementary
Material IV-B shows the experimental setup. There is no
torque below the field strength required to overcome the
internal torque of the motor. It then increases with the field
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density.

strength up until the point where the internal torque becomes
the limiting factor. From then on, the output torque remains
constant. The model is a good fit for the experimental data
where the magnetic flux density is low. There is, however,
some discrepancy between the model and the experimental
data around the region where the motor transitions from
being limited by the external torque (τext ) to the internal
torque (τint ) being the limiting factor.

The angular velocity of the motor (ω) is proportional to
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Fig. 6. Torque of the motor against magnetic field strength, experimental
and modeled. There is no torque below the field strength required to
overcome the internal torque. It then increases with field strength up until
the point where internal torque is the limiting factor, then it remains constant
with increasing field strength

the actuation frequency ( fa), up to the step-out frequency
( fso):

ω = 2π fa. (9)

When the actuation frequency exceeds the step-out frequency
the motor speed decreases as the actuation frequency, further
increases. This has been shown for both swimming [39] and
rolling robots [40] and is given by:

ω = 2π( fa −
√

f 2
a − f 2

so). (10)

Fig. 7 shows the angular velocity increasing proportionally
to the actuation frequency, the model shows a good fit to the
data. It can be seen that there is no stepping out within the
frequency range of the coil system used.
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Fig. 7. Angular velocity of the motor against actuation frequency, experi-
mental and modeled. The figure shows the speed increasing proportionally
to the actuation frequency. The motor does not step out within the frequency
range of the coil system.

D. Fabrication

The main components of the capsule were manufactured
with Form3 SLA printer using durable resin (Formlabs),
durable resin was chosen as it exhibits similar material
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Fig. 8. The coil system used for capsule demonstrations, with stomach
model shown on the workspace. Coils 1 and 2 are identical and parallel
allowing a near uniform magnetic field to be produced across the entire
workspace.

properties to other resins produced by Formlabs which are
certified for medical use, but is more transparent, making the
capsule mechanism easier to see. The magnets used were
3mm cubic neodymium iron boron (NdFeB) (Supermag-
nete). For the steel sheet to control the capsule orientation,
two low carbon steel sheets (RS, full hard, cold rolled) were
used. The ferromagnetic steel has no permanent magnetism,
however, it becomes magnetized when placed within a mag-
netic field. The capsule developed weighs just 5.13 g and
measures 45 mm in length and 20 mm in diameter, and the
motor on its own weighs 3.7 g, measuring 20 mm by 20 mm
by 20 mm.

E. Capsule actuation by the electromagnetic coil system.

For the capsule demonstration, a horizontal magnetic field
is required, to extend the workspace, a pair of coils were
used (Fig. 8). Magnetic fields of up to 14 mT were applied
horizontally from two square coils of 200 mm side length
and 125 mm apart with a horizontal workspace along the
center axis of the coils. The coil system is designed to fit an
infant with the stomach within the workspace. The magnetic
fields used are well below the static magnetic field strength
of 0.046 - 8 T of MRI machines [41], this shows that these
magnetic field can safely be used in a medical setting. All
coils were controlled using Sabertooth 2x32 motor drivers
(Dimension Engineering).

F. Battery type detection

The localization and detection of the type of button battery
are based on the trilateration method, a common method
for localization [37]. An array of Hall-effect sensors and
a magnetic coil are placed below the workspace where a
button battery is placed. For button battery detection tests, we
additionally used, a single 200 mm diameter electromagnetic
coil embedded 40 mm below the workspace, capable of

LR621

LR44

CR2032

1cm

(b)(a)

Hall-effect sensor 1 output (mT) Hall-effect sensor 2 output (mT)H
al

l-e
ffe

ct
 s

en
so

r 3
 o

ut
pu

t (
m

T)

Fig. 9. (a) The dataset for SVM classification algorithm and the classifi-
cation surfaces. (b) The batteries used for the tests.

magnetic fields of up to 9 mT, as used in [37]. The magnetic
coil produces vertical magnetic field to magnetize the button
battery. The hall-effect sensors read the magnetic flux density
of the magnetized button battery and then classify the type of
the button battery using the sensor readings. The Hall-effect
sensors used in this setup are A1389 analog linear Hall-effect
sensors (Allegro Inc.). These sensors are arranged in an array
on a printed circuit board (PCB) which is positioned on a
2D plane. The total sensing area provided by the PCB is
32.15 cm2, allowing for accurate detection and measurement
of magnetic fields in the surrounding environment. Three
neighboring sensors are arranged in an equilateral triangle
with a side length of 15 mm. The magnetic field strengths
read by the three sensors are converted to distances to run
the classification algorithm for determining the button battery
type.

Among the commonly used button batteries, three rep-
resentative sizes of batteries, LR621 (�7× 2.2mm), LR44
(�11.4×5mm), and CR2032 (�19×3mm) (Fig. 9 (b)) were
selected. When a button battery is placed in the working
area above the Hall-effect sensor array, the magnetic coil
produces vertical magnetic fields to magnetize the button
battery, and then the magnetic flux density of the magnetized
button battery is read by the three nearest Hall-effect sensors.
The nearest Hall-effect sensors receive higher magnetic flux
densities than the rest of the sensors, therefore by finding
the largest three sensor readings, the nearest three sensors
can be determined. By using the data reading from the
nearest three sensors, the location of the button battery can be
calculated [37], and the button battery type can be detected.
90 sets of the data from the nearest three sensors were taken
by placing three different types of batteries above the sensor
array and reading the sensor data. The obtained dataset
is the training set for the support vector machine (SVM)
classification algorithm which is used to classify the button
battery type. The dataset and the two classification surfaces
are shown in Fig. 9 (a). It can be seen that the accuracy
of classification using the classification surfaces is 81% for
LR621, 58% for LR44, and 72% for CR2032.
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III. RESULTS

A. Battery detection

For battery classification, three different types of batteries,
LR621, LR44, and CR2032 were placed in turn on the
workspace and ran the SVM classification algorithm to detect
the button battery type. In our setup, there is a 6 mm gap
between the workspace and the Hall-effect sensor array. It
is possible to increase this distance by generating stronger
magnetic fields to magnetize the button battery. However, the
strength of the magnetic field that can be produced is limited
by the magnetic coil available in our system. In order to
improve the accuracy of the classification, the classification
algorithm was run five times for each button battery sample.
The button battery type which is the most frequent was
chosen as the final detection result. The detection results are
shown in Fig. 10. The figure depicts the proportion of tests
in which the battery was accurately recognized, and in cases
where the button battery type was misidentified, the type that
was identified instead. The LR621 was correctly identified
93% of the time and it can only be misidentified as LR44;
the LR44 was correctly identified 72% with one third of
the incorrect identifications being CR2032 and the remainder
being LR621; and the CR2032 was correctly identified 89%
of the time with 90% of misidentifications being as LR44.
This indicates that the average accuracy rate of the proposed
classification method is 85% across all battery types. In cases
where mistakes occur, the batteries are identified incorrectly
as one of similar dimensions.

B. Capsule- encapsulation test

The proposed capsule was tested using an LR621 battery,
(Fig. 11) in a model of a child’s stomach (PLA). The capsule
starts near the battery (Fig. 11 (a)). When the alternating
magnetic field is applied the arm begins to rotate (Fig. 11 (b))
while the orientation of the capsule remains stable. It can
be seen that when the arm swings over the button battery
(Fig. 11 (c)) the button battery is attracted to the magnet
and is picked up by the arm. The arm then continues on
its path into the body of the capsule, through the battery
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Fig. 10. The accuracy of identifying the button battery type among five
trials.
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by battery

(a)

0s

(b)

6s

(c)

9s

(d)

10s

LR621
battery

Battery connected
to arm

Battery placed
in chamber

13cm

9cm

Fig. 11. A demonstration of the capsule encapsulating a button battery in
a child-sized stomach model. (a) In position ready to capture the battery.
(b) Arm rotating to sweep over the battery. (c) Battery connecting to the
magnet on the end of the arm. (d) Placing the battery in the storage area
ready for transport out of the body. The failure of the capsule to encapsulate
the battery: (e) The capsule in position ready to encapsulate the battery. (f)
The capsule arm rotating to pick up the battery, the battery moving towards
the motor magnets. (g) The capsule with the battery connected to the motor
magnets. (h) The motor jammed by the battery, preventing further motion
of the arm.

entrance, with the button battery (Fig. 11 (d)), preventing it
from coming into contact with the tissue. The button battery
is then trapped by the narrower arm exit, preventing the arm
from continuing out of the capsule. In the figure the battery is
horizontal, this is the position where the battery sits naturally.
If the battery were to be balanced on its edge, the battery
would be closer to the magnet as the arm passes over to it,
making it easier for the capsule to pick up.

Fig. 11 (e)-(h) show a failed attempt at retrieving the
button battery, Fig. 11 (e) the capsule is in position ready
to encapsulate the battery, Fig. 11 (f) the capsule arm rotates
to pick up the battery, Fig. 11 (g) the battery is attracted to
the motor magnets, Fig. 11 (h) the motor is jammed by the
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Fig. 12. A summary of the success rate of the capsule at picking up an
LR621 button battery.

battery connected to the motor magnets, preventing further
operation of the motor and the battery from being correctly
encapsulated.

The success rate of the capsule at encasing the button
battery is summarized in Fig. 12. Of the trials (15 trials)
where the button battery was within 5 mm of the capsule 47%
of times the button battery was successfully placed within
the capsule and 73% of times it was successfully picked
up by the arm. Of the times the battery was outside of the
workspace (more than 5 mm from the capsule) (15 trials)
the battery was successfully placed within the chamber 13%
of times and 27% of times it was picked up by the arm.
This shows how the capsule can be highly successful when
it is close to the battery, however, the success rate reduces
significantly once the battery is outside of the area swept by
the arm.

IV. DISCUSSION & CONCLUSION

In this study, a magnet motor rotated by an external al-
ternating magnetic field was developed, and its effectiveness
was demonstrated by the ability of an ingestable capsule to
extend its arm and retrieve a button battery. The capsule
developed weighs only 5.13 g, as it contains no electronic
components. It can turn the motor inside it without being
turned by the external magnetic field, due to the motor’s
characteristic of zero net torque. The motor can also rotate
in the opposite direction by applying the magnetic field from
a perpendicular direction. As this approach does not rely on
transmission gears to minimize the net torque applied, it can
be achieved without reducing the speed of the motor, and
a transmission gear can be implemented if further torque
increase is desired.

The current capsule design needs reducing in size by 50%
to fit inside a # 000 capsule. # 000 is the largest capsule
approved by the Food and Drug Administration (FDA) for
human consumption, so this is necessary for the capsule to
enter clinical trials. The challenge associated with this is that
the torque of the motor (τmot ) decrease as the scale of the
motor is reduced, necessitating the friction in the mechanism

to also be reduced to allow the arm to still rotate freely; the
space withing hte capsule available to store batteries would
also be reduced.

The posture control system is capable of holding the
capsule at an acceptable angle to the magnetic field while
the motor is operated, however, there is some steady state
error caused by the torque applied to the motor. If desired
this could be reduced by increasing the size of the steel sheet,
or eliminated by adjusting the angle of the steel sheet to the
axis of the capsule.

Larger sizes of battery cannot currently be encapsulated
by the capsule, due to the limited space within the capsule.
It can, however, connect to the battery with the magnet
arm. This problem is likely to be limited, as if a child is
unable to swallow a large capsule, they would be unable
to swallow the larger sizes of battery. The battery detection
and identification makes it possible to determine whether
the capsule is appropriate to use for a given patient, or if
endoscopic removal is required.

The capsule needs to be near to the battery to retrieve it.
This problem could be overcome by using external magnetic
fields to navigate the capsule by making it “walk” with a
stick-slip motion [42] or roll [16], [27] to a position where
the battery can be reached by the arm. This can be achieved
by adding additional coils to the control system, to allow
magnetic fields to be produced in any direction. Future work
includes the development of mechanisms to navigate the
capsule to a target location and further miniaturization of
the capsule.
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SUPPLEMENTARY MATERIAL

A. Magnetic moment of a soft magnet
To find the constant of magnetism, k, in Eq.(8) torque

acting on a representative sample of steel sheet of the same
dimensions as that used in the capsule was experimentally
measured.

The torque acting on the material for a given magnetic
field and angle were found by measuring the angular deflec-
tion of an elastomeric (Ecoflex 00-10, Smooth-on) torsional
spring. The properties of the spring were found by applying
a known torque using a known magnet in a known magnetic
field. The experimental setup is shown in Fig.13.

magnetic material 
sample

torsional 
spring

coil 
system

Fig. 13. Figure of the experimental setup used to measure the torque acting
on a piece of magnetic material, showing details of the elastomeric torsional
spring used to measure torque.

B. Torque measurements
The output torque of the motor was measured by winding

a mono-filament thread around the output shaft, passing it
over a pulley, and down to a known mass (Fig. 14). This
applies a known torque as a load to the motor. The mass
was increased until the motor was unable to turn to get the
stall torque for an applied magnetic field. The internal torque
was measured using the same set up, but without applying
an external magnetic field and measuring the angle of the
magnets.

motor

mass

thread

pully

Fig. 14. Figure of the setup for measuring the torque of the motor showing
the known mass used to apply a load via a mono-filament thread. The coil
is below the work-surface
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