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Abstract

Capsule robots provide an alternative route of entry to the gastrointestinal tract with minimal
discomfort to patients. There are many examples of therapeutic capsules, but a gap exists
in their capability in carrying out complex surgical functions such as manipulation in a
suitable capsule size. There are two major factors for that limit the size of capsules; small
scale actuators and on-board computation and communication required to control them.
Controlling soft actuation wirelessly with an on-board pneumatic source of pressure could
help with miniaturisation of efficient small scale actuators due to their scalability. An
untethered robotic capsule that can provide volumetric expansion using a chemical reaction
without on-board electronic components was designed along with a theoretical model for
predicting the inflation behaviour. The expansion is based on the reaction between chemicals
that are safe for ingestion, operated with thermal input provided by alternating magnetic fields
from outside the body. Additionally, a new amplifier design that can deliver power to simple
receiver circuits in parallel was presented. This allows the control of a wireless capsule that
can use the electrical power for applications such as heating a target location, powering small
motors bidirectionally and turn on LEDs without the use of a microcontroller. The design was
tested for up to 6 addressable components, and an analysis on the limitations of this approach
has been carried out. An example design of a capsule robot capable of anchoring itself to the
intestinal tissues, use its manipulator arm to target a specific location and heat the location to
patch wounds, or destroy pathogens or cancer cells was presented. Together, the wireless
soft actuator and the wireless powering method should benefit further miniaturisation of
therapeutic capsule robots capable of more complex in-vivo surgical functionality.
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Chapter 1

Introduction

1.1 Background

Gastrointestinal (GI) related diseases have a high morbidity and mortality rates, with col-
orectal cancer being the second most common cause of deaths by cancer [10, 11]. Many
advances have been made in the field of medical robotics from laparoscopic surgery robots, to
active catheters for improved minimally invasive GI operations, to fully untethered solutions
like capsule robots. Capsule robots have the unique ability to carry out operations without
any incision at all, but the current commercially available capsule robots are only used
for GI inspection [12–15]. There are many examples of capsules in active development
to add therapeutic functions like active drug delivery [10, 16–22], sampling [1, 2, 23–26],
anchoring [27–29], balloon expansion applications for anchoring [30], stopping haemosta-
sis [31], obesity treatment [4], prostate treatment [32], dilation of intestinal strictures [33]
and improve visuals during surgical operations [34, 35]. The key problem in improving
the functionality of capsule robot is the lack of small and efficient actuators [1], as well as
energy density and size efficiency of batteries [10]. This results in a capsule size outside
the limitations of sizes allowed to be self administered without assistance or anaesthetics
applied. There are two key areas that might help reduce the size of therapeutic capsules and
allow higher degree of complexity to the operations that may be carried out with them. One
is a method of wirelessly controlling on-board pneumatic sources [36] as electrochemical
approach for soft robotics may prove to be a good scalable solution to small actuators [37].
The second problem is in the wireless control itself, as even though Wireless Power Transfer
(WPT) can provide an unlimited supply of power [35] to the capsule, the capsule still needs
a separate data transfer method for controlling actuation which could lead to larger capsule
dimensions [38–40]. A method of control that does not require a microcontroller or data
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transfer but can still achieve addressable actuation of multiple components may solve this
issue and work well with scalable small scale actuators.

1.2 Aim

As a result of this study, the concept of a novel electronics-free volume-changing capsule
device using a mechanism of wirelessly regulating a chemical reaction to control the volume
of produced gas has been developed. The simulation of physical interactions that lead to the
inflation and deflation of the capsule that was validated with a comparison to the measured
results from the experiments provide a good platform for development of capsules using
wireless soft actuators for medical procedures. To address the problem of microcontroller-less
solutions to small scale actuator control, a new modular amplifier circuit called the Poly-
Sinusoidal Resonance Generator (PSRG) that can generate multiple sinusoidal magnetic
fields at different frequencies, achieving Parallel Wireless Power Transfer (P-WPT) has
been developed. It has been shown that up to 6 addressable components can be controlled
independently and concurrently using the PSRG system. The Transmission (Tx) and Receiver
(Rx) side analysis of WPT using the PSRG, a range of Tx coils and a range of Rx circuits for
various powering applications such as heating up a Surface-Mount Device (SMD) Resistor,
lighting up an LED, powering a motor with bidirectional control has been tested. The
analysis highlights the limitations of the new approach and provides guidelines for developing
capsules. A capsule robot design within endoscopic size requirements (11 mm diameter) that
shows how an ingestible surgical robot can use the 6 frequencies for a robot to navigate to
the site of surgery, anchor to the tissue, and use its manipulator and heater for a cauterization
application in the gastrointestinal system has been presented as an example. Together, the
two contributions may give rise to small scale therapeutic capsule robots capable of carrying
out more complex surgical functions.

1.3 Thesis Structure

The thesis has been written in a thesis by publication format where Chapter 2 is a general
literature review, Chapter 3 is a published journal paper converted to a single column thesis
format, Chapter 4 is an unpublished work written in a standard journal paper structure, and
Chapter 5 is a general conclusion. In the list of publications below, all publications due
to work undertaken during the PhD have been included, but only the first author papers
appear in the thesis where the entire contents of both of the works were conducted by myself.
The second author paper mainly contains work done by the first author, where I advised the
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Chapter 2

Literature Review

2.1 Overview

Gastrointestinal (GI) related diseases have a high morbidity rate [10], including colorectal
cancer, which is the second most common cause of death in both sexes, resulting in a high
mortality rate [11]. An open surgery is carried out by a surgeon if a high degree of access
is necessary for the procedure, but it is the most invasive method out of all the options. An
alternative method to surgical procedures in the GI tract can be performed with laparoscopic
instruments, which is relatively less invasive to open surgeries, but the patient still needs to be
put under general anaesthetic. The last two decades has seen rise in usage of surgical robots
to assist minimally invasive surgeries [41], providing no difference between open surgery
while causing less blood loss [42]. The operation times are longer, but earlier discharge time
from hospitals make up for it in the impact to hospital resources. Even though cost to benefit
ratio of robotic assisted minimally invasive surgery is high [43], general purpose robotic
surgery machines are still very expensive compared to single task robotic tools, therefore
less accessible to low-income parts of the human population. Additionally, regardless of how
innovative the surgical robots get, they still need re-training of staff to be operational [44].

Endoscopy provides a less invasive method of access to the GI system through the natural
orifices, requiring no incision and optionally some local anaesthetic applied. Endoscopic pro-
cedures include active inspection, microbiota sampling, biopsy, treatment for inflammation,
Crohn’s Disease and polyp removal, which is well suited for early stage cancer treatment.
Endoscopic procedures are also relatively quick where a colonoscopy inspection can take 20
minutes [45] and a surgical procedure like polyp removal can take 50 minutes [46]. Regard-
less of whether an endoscopy or colonoscopy is being carried out, the latter half of the small
intestine is difficult to access. A double Balloon endoscopy is usually used to access these
difficult to reach areas, but the duration required to carry out the procedure is longer [47]
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and general anaesthetics are needed, which can have complications and can be risky in some
demographic groups [48].

Untethered capsule endoscopy is a good solution to be able to reach all parts of GI
without any invasiveness or requirement for anaesthetic, but a gap exists between capabilities
of traditional endoscopy and wireless capsules [49–51]. Most capsules currently available
in public use are only used for inspection without a surgical function. Passive capsules
may not reach all parts of intestine if the patient’s peristalsis movement is slow and the
capsule does not have a large enough battery on board [10], given that passive transit via
peristalsis can take 0.5-1.5 hours in the stomach, 20-40 hours in the small intestine and 3-4
hours in the large intestine [14]. The longest time is spent in the small intestine, which can
have a length of around 5 m and the crawling speed of a passive capsule navigating through
peristalsis is around 1-2 cm/min [52]. A majority of the cases still require an endoscopy
after the capsule inspection and mostly are used for pre-screening [10]. The biggest limiting
factor for improving the capabilities of capsule robots is medical requirements such as the
dimensions of the capsule.

Similar to endoscopic requirements of up to 11 mm diameter, the largest FDA approved
capsule size commercially available is size 000, which is also 11 mm diameter and 26-28 mm
length [10, 53]. The esophagus diameter is around 20-30 mm in diameter [52], which may
allow larger capsules to be delivered with surgical assistance, but can be considered a choking
hazard for self-administration. The small intestine diameter is roughly 25-30 mm [27] and
large intestine diameter is around 48 mm [53], which should be considered when designing
the capsule robot function. A larger capsule may be suitable for a colonoscopic procedure,
but not endoscopic. The capsules should also be resistance to stomach acid, which can have
a pH of 1-3.5 [14]. For active control of wireless capsules, the distance to the peritoneal
cavity from neutral position, 30.9 mm [54], which should be considered as the minimum
distance the capsule can be controlled from outside the body. For destroying cancer cells
through hyperthermia, a temperature of 45 °C is needed to be applied [55, 56]. There are
many challenges to be overcome before therapeutic capsules that can fulfil the robotic capsule
surgeon concept can be commercially available [57][58].

2.2 Capsule Robots

2.2.1 Overview

There are commercially available wireless capsules like PillCam for small and large bowel
inspection [12, 13], which are currently only for passive inspection. Capsules devices can
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be broken down into active and passive devices in two aspects; navigation and therapeutic
functionality [14]. Devices that navigate passively will rely on peristalsis for locomotion,
and passive devices in terms of functionality will rely on mechanism that do not require
active control by the surgeon. One approach to active navigation is using a robotic arm
assisted control of capsule robots that include a permanent magnet inside for tethered [59] or
untethered [15] solutions, which could allow better visual control to the operator. Similar
results for magnetic manipulation can be achieved using electromagnetic coil systems in-
stead [60, 61]. Another option for active locomotion is using the electromechanical approach
by including a set of motor-actuated clamping mechanisms that work in a sequence to crawl
in the intestines [29, 62], or using a worm-like mechanism [63].

2.2.2 Drug Delivery

Drug delivery is a common field of capsule robot research due to the lack of site-specific
administration of drugs with traditional capsules, which can be difficult to rely on passive
dissolution of the capsule as peristalsis can vary from patient to patient [10]. A variety of
straightforward, mechanical or magnetically driven mechanisms has been tested for capsule
based drug delivery applications. A shape-programmable, bistable mechanism was tested
where the magnetically driven mechanism collapses to release the drug [16]. Another capsule
uses an energy stored in a capacitor to open a hatch to release the drug, triggered by a reed
switch in the presence of an external permanent magnet outside the body [17]. One approach
uses a state-switching mechanism that can wirelessly generate heat to trigger the release of
drugs and also be used for hyperthermia [18]. A soft magnet based mechanism has been
tested for drug delivery in addition to an inspection module and reported to be able to deliver
a volume of 0.78 ml, which is 26% of a conventional capsule endoscopy [19]. For a more
controlled approach, a magnetic piston has been developed that uses electromagnetic coils
inside the capsule that can actuate a permanent magnet based piston to release the drug when
powered from outside the body [20]. This capsule has been tested to release the drug in
regular intervals for over 5 hours. Some therapeutic functions such as active monitoring of
gut health status can be carried out without the need of actively moving mechanical parts,
resulting in a small form factor [21]. The gastric resident capsule can wirelessly communicate
to transmit diagnostic information from inside the GI tract and control delivery modules to
administer drug over time depending on internal conditions [22]. Apart from antibiotics,
helicobacter pylori (H. pylori) can be treated with visible light using Phototherapy [64].
A capsule with LEDs was developed for the treatment of H. pylori in the stomach, which
although was shown to be effective, it required at least 3 capsules at the same time [65].
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2.2.3 Sampling

Another therapeutic function that could benefit from targeted operation is sampling, as faeces
sampling is the most common method, but lacks site-specific information, and an open
surgery is invasive [66]. Avoiding cross-contamination is important for sampling for two
reasons; to avoid contamination of the sampled contents with samples from other areas and
to avoid spread of a diseases or pathogens, like cancer, from one area to others. The type
of tool that should be developed for the capsule depends on the type of sampling that needs
to be carried out. For microbiota sampling, a brush or an intake mechanism can be used
to collect viscous intestinal fluids. One passive solution to microbiota sampling uses an
osmotic capsule whose pump relies on the pressure differential for sample collection while
a permanent magnet from outside the body is used to keep the capsule fixed at the target
location [26]. Given that the capsule does not have active actuation mechanisms, the final
design was small enough to fit inside a capsule size 00 with an enteric coating for protection
against stomach acid. Another approach uses a Shape Memory Alloy (SMA) spring to
open a sampling hatch with 800 mN of force. The source of heat for the actuation of the
SMA is provided by a high drain current battery, driven by an IC controlled with a wireless
module [25]. The capsule was tested to confirm that the sealing works and enough sample
can be collected for analysis.

For biopsy, a sample of tissue can be acquired with a needle, gripper or cutter. A rotating
cutter was used with a torsion spring with a rotating permanent magnet based mechanism to
collect tissue samples [1]. A magnetically-driven biopsy gripper can be made with a gear
set [23] or with an extending piston mechanism [24], but the gripper being directly attached
to the gear set results in a very small reach area and the piston mechanism has to extend
towards the target by 9 mm since the gripping motion is tied to the extension. A biopsy needle
can be made with a purely magnet-driven mechanism where the magnetic force is used for
navigation, and a gradient magnetic field is used to control the rotation of a biopsy needle
that is used as a linear actuator to collect the sample and retract back [2]. In all the cases, the
range of the sampling mechanism cannot be controlled due to a lack of manipulators, which
means that capsule has to rely on being directly next to the sampling area where the entire
capsule body needs to be controlled to do the sampling.

2.2.4 Anchoring

The capability of anchoring is also an important feature for robotic capsule to have. In the GI
tract, the constant motion of peristalsis can make it difficult to carry out tasks that require
precision, which anchoring can help alleviate this issue. Anchoring can be achieved using
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mechanical legs [27], which can also help with other functions such as visual feedback and
drug release [28]. Potentially, robots that use a clamping mechanism [29] could be used to
also anchor using the same mechanism as the locomotion is based on fixing the robot in
place. Even though mechanical legs can achieve high anchoring forces, they are more prone
to tearing the intestinal tissues due to the smaller surface area of the legs providing a greater
pressure onto the tissue [27]. An alternative solution can be to use balloons instead that will
evenly spread the pressure to the intestinal tissue. Balloons can be used for applications like
controlling intestinal bleeding [31], dilation of prostate [32], intestinal stricture dilation [33],
obesity treatment [4] and improve visual feedback to the surgeon during an operation [34, 35].
Since balloons need a pneumatic pressure source, they also need a method of on-board gas
generation [36] which can be based on chemical reactions. A capsule robot for the treatment
of haemostasis uses a wirelessly powered and controlled micromotor to pump an acid into a
base to produce Carbon Dioxide (CO2) gas. It was reported that the capsule was deemed
effective in stopping the bleeding while providing a holding force of 1.46 N. It has also been
shown that changing the outer texture of a balloon can improve the anchoring force, reporting
a maximum of 2.1 N [30]. A ballooning capsule robot for the treatment of obesity also uses a
chemical reaction as a basis of inflation but also introduces a deflation module to manually
deflate the capsule [4]. Even though the maximum volume reached with this capsule is as
high as 300 mL, and the deflation can take place within 10 seconds, the final capsule size
ended up quite large with a diameter of 30 mm and a length of 80 mm.

2.2.5 Size Considerations

There are a range of commercially available wireless endoscopy capsules for inspection
that are typically around 11 mm diameter, 26 mm length [67, 68], but can go up to 12 mm
diameter and 32 mm length [10]. Most of these capsules are passive, some like ANKON
can be magnetically navigated using a robot-arm assisted device, but all lack a therapeutic
function outside of inspection. The type of therapeutic function and the degree of active
actuation it requires has a direct relationship with the final size of the capsule. Table 2.1
highlights that capsules that has both visual feedback and therapeutic function does not fit
into the capsule 000 dimensions. Individual inspection capsules and individual therapeutic
capsules can be within single 000 capsule size, but not both at the same time, which means
with the current technological limitations, they have to be deployed as separate capsules.
One solution could be to make multiple capsules [69] that can be individually swallowed
and self-assembled in the stomach [70], navigated in the intestinal tract without breaking
formation [71], docked and undocked at will [72] and form joints as a part of a 2-Degree of
Freedom (DOF) manipulator [3] for targeted therapeutic function with visual feedback. It
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should also be considered that as the number of components to be self-assembled increases, it
becomes harder to correctly self-assemble the device and the multi-joint modelling becomes
more difficult as the DOF increase [73]. Either way, lack of small and efficient actuators [1],
as well as energy density and size efficiency of batteries [10] could be considered the main
barrier in miniaturisation of capsule robots. As the scale of the robots get smaller, the
accuracy and precision of the tools decreases [74], which is why more research needs to be
carried out to improve mechanisms in the centi-to-millimetre scale.

2.3 Centi-to-millimetre Scale Mechanisms

2.3.1 Direct Magnetic Control

There are plenty of mechanisms in the centi-to-millimetre scale that can act as actuators
including magnetic actuation, electromechanical actuation, electrothermal actuation and
electrochemical actuation [10]. Direct magnetic force generated by an electromagnetic
coil system [75–77] or a robotic arm assisted permanent magnet [78, 15] can be used to
manipulate the rotation and position of capsule if a permanent magnet is included in the
robot [60, 61]. If the capsule also has a magnetically-driven mechanism for a therapeutic
function, the mechanism needs to be suitable to be used in conjunction with magnetic
navigation [1, 23, 24, 79, 80]. The benefit of using purely magnetically-driven mechanism
is that they are also scalable for further miniaturisation [1] as the fabrication and magnetic
control methods improve. One of the important advantages of electromagnetic coil systems
is that they can achieve more complex motion due to the fact that coils can be turned off,
but permanent magnet based systems usually have a stronger magnetic field. Inclusion of
a magnet also means that using a Hall-effect sensor array, the capsule’s position can be
localised [81] and navigated using a closed-loop control system [82]. There are other ways of
localisation such as using a Radio Frequency (RF) receiver (Rx), but the GI tissue movements
and non-uniform distance may prove challenging [58]. A Magnetic Resonance Imaging
(MRI) machine can be used to localise a capsule robot [18], but it requires large magnetic
fields and has limitations on the duration it can be used. Compared to RF, which can be used
to transmit gyroscopic sensor data from the capsule, magnetic localisation cannot provide
accurate rotational angle information, but it is unaffected by dielectric and frequency changes
from tissues as magnetic permeability through the body does not change and can provide
a higher accuracy of location [58]. The biggest limiting factor with magnetic navigation
and magnetically-driven mechanisms is that magnetic field is a global stimulus. It acts on
all devices in the working area which means it is difficult to achieve independent control
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or collaborative tasks between multiple robots [10]. If the capsule robot uses magnetism
both for navigation and therapeutic function, then the robot needs to be carefully designed to
either sequentially carry out the two tasks or use direct magnetic force for navigation and use
a magnetic gradient for the mechanism [2].

2.3.2 Material Based Intelligence

Apart from magnetism, there are smart materials that may prove useful in the centi-to-
millimetre scale actuation with electrical or thermal input. Electromechanical actuators,
such as dielectric and piezoelectric actuators, are durable, have a fast response and are
energy-efficient, but require high voltages to function while providing low force [37]. For
example, a dielectric soft robot with a reconfigurable foot design requires voltages of around
5-8 kV [83]. For dielectric actuators, even what is considered low voltages can be as high
as 300 V [84–86]. Piezoelectric actuators are similar to dielectric materials, but they can
provide sub-micrometer precision at lower voltages [37, 8]. A curved piezoelectric structure
can be used to create an insect-scale soft robot that can be operated at 8 V, but it was reported
that for significant locomotion speed, higher voltages from 60 to 200 V are needed [87]. High
voltages are still needed while providing a small range of motion [37, 8].

For controlling thermoresponsive materials, if you can supply electrical power, you
can also supply heat through a resistive element through Joule heating [88]. For some
materials, the Coefficient of Thermal Expansion (CTE) can be used as centi-to-millimetre
scale actuators. CTE can be used as a reversible actuator, but they have limited bending
angles and generate low forces [37]. When compared to dielectric actuators, CTE actuators
have a fast actuation speed, requiring voltages as low as 2 V, but they require a high actuation
temperature [86] which may not be suitable to be used in the body. Using silver nanowires
(AgNW) and programmable distribution of heat, a soft caterpillar-inspired crawler was
made that can be actuated using 10-30 mA, with a voltage range of 1-3 V and an actuation
temperature of 45 °C [7], which is suitable for biomedical applications. The actuation time
can be as low as 10 seconds if 30 mA is applied. Despite the advantages over dielectric
materials, CTE based systems like Fibre bot which uses 4 thermally actuated wires as an
active catheter, requires high temperatures of 80 °C for achieving good precision [8]. Most
of these actuators are wired solutions [86, 8, 7], but it may be possible to implement them as
untethered actuators using Wireless Power Transfer (WPT).

Another option of thermoresponsive materials that are suitable to be used as actuators
are Shape Memory Materials (SMM) such as Shape Memory Polymers (SMP) and SMAs.
SMMs are materials that can be shape-programmed under high temperatures by deforming the
material into a fixed, pre-determined shape, which can be used as actuators under temperature
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changes [89]. There are many factors that affect the choice of SMM to be used as an actuator
such as working temperature range, bending angle limit, torque, deformation ratio, actuator
size, biocompatibility, magnetic field requirement, material fatigue and reversibility, which
makes it hard to choose a single SMM for a biomedical robot actuator [89–91]. SMPs have
higher shape deformability with a higher recoverable strain than SMAs [89, 91], but they
require high deformation temperatures above 100 °C [88]. SMAs take longer to deform but
can generate higher forces with a larger work capacity than SMPs [37]. Most important
benefit of SMAs for being used as a robotic actuator is that they are reversible, while SMPs
are usually not, and they require reprogramming between actuation cycles [37, 88, 91].
SMAs such as Nickel Titanium based ones are good for biomedical applications due to their
excellent biocompatibility, but they permanently deform due to fatigue after multiple cycles
which is not ideal to be used as robotic actuators [89]. There is an example of a reversible
SMP, but it needs a temperature of 33-39 °C to shape change and 0 °C to reverse its shape [92].
SMMs results in environmental heating and the actuation has a delayed response due to the
heating and cooling cycles [58]. A big challenge for using SMMs for biomedical applications
is limitation that comes from the usable temperature range as the chosen SMM needs to not
actuate at body temperature of 37 °C, but also the actuation temperature should not exceed the
limits of cell necrosis of 45 °C to avoid tissue damage during actuation. There is only a very
limited amount of SMAs that fits within this range, which majority of thermally activated
SMAs do not fit criteria [90]. There are Magnetic SMAs (M-SMA), which under a specific
working temperature, can be magnetically actuated instead of thermally, however they require
large magnetic fields of around 1 T for actuation which may go beyond biomedical limits of
<100 mT [90].

Poly(N-isopropylacrylamide-co-polyacrylamide) (PNIPAM) is a biocompatible [93]
thermoresponsive hydrogel that can be used as an actuator by contracting due to dehydration
under certain thermal conditions via releasing its water contents to the environment [94].
It can also reabsorb water from its environment as it cools down to expand, making it a
reversible actuator. The transition temperature which is used for PNIPAM based actuators is
called the lower critical solution temperature (LCST), which is usually between 30-35 °C [95],
but it can be tuned to 40 °C while working in slightly acidic pH of 5.5 [96]. PNIPAM has been
previously used in drug release and hyperthermia studies [93, 96, 97] by including the drug
in the hydrogel and using its contraction to release the drug with the water. Relying on the
environmental temperature for the actuation of PNIPAM results in a slow actuation time [98],
but by embedding magnetic particles directly inside PNIPAM, heat can be generated directly
inside PNIPAM [99]. This actuates PNIPAM faster and fully dehydrates it from the inside,
resulting in a higher degree of contraction as when heated with environmental conditions,
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some water gets trapped inside. The de-actuation however cannot be controlled as it relies
on passively cooling down [98] and addressability is hard to achieve with particle heating.
Compared to other soft material actuators, hydrogels provide the slowest actuation speed and
lowest force output amongst soft material actuators, and they need to be submerged in water
for full reversible actuation and prevent the hydrogel from drying out, which limits robotic
application potential [37].

Light can be used as source of actuation in applications such as self-folding polymer
sheets [98, 100]. This would be impractical in the context of in-vivo medical applications as
light cannot reach inside the body, but could be interesting to study their uses with wireless
LED devices [101, 65].

2.3.3 Electrochemical Solutions

A potentially scalable solution could be the electrochemical approach to centi-to-millimetre
scale actuators, where gas generation for pneumatics can be used to control soft elements
on a robot [37]. A major challenge of soft robotics is that they require heavy, bulky and
tethered sources of pneumatic pressure. There are a range of chemical reactions that can be
used for generating a gas which becomes an on-board source of pneumatic pressure [36].
One option is using the reaction between citric acid [34] or acetic acid [31] and sodium
bicarbonate, which produces CO2 in gas form as a by-product, which can be used to inflate a
balloon or a soft actuator. The chemical reaction could be triggered by removing the barrier
between the two chemicals [4, 34] or a piston mechanism can be used to control the amount
of one chemical being pumped into the other one to control the gas generation [31]. An
electrically driven mechanism can be used to open a hatch for quick deflation [4] or wait for
the actuator to deflate by itself as CO2 gets absorbed into water to form carbonic acid over a
long duration [102] without requiring any extra mechanism.

Electrolysis of water can also be used as a source of rapid gas generation, producing
oxygen, which can be used as a reversible source of actuation [36, 37, 103]. Combined with
a hydrogel, liquid metal electrodes can be used to make up a fully soft bubble actuator which
uses a relatively low voltage of 15 V with an actuation speed of 14 seconds [103]. It could
potentially be used reversibility if air vents are introduced and the hydrogel is submerged in
water, but runs into the same limitations of hydrogels in biomedical applications.

Pneumatic pressure can also be generated by using the liquid-to-gas phase transition
of low boiling point chemicals such as acetone or flourine-based engineered fluid Novec
7000 [37], which has a boiling point of 34 °C. Engineered fluids have been used previously
to make artificial muscles [104], soft actuators [6], small pouches that can expand [105]
and expanding intravascular capsules [5]. The heat can be generated in iron oxide particles
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distributed in the fluid under strong alternating magnetic fields [104, 105, 5] or with an
Rx coil and WPT [6]. The soft actuator controlled with a Rx coil reported an actuation
speed of 10 seconds when receiving a power of 1.33 W at a separation distance of 2 mm.
A big challenge of using low boiling point fluids for transition is that they are not suitable
to be used in the body if the boiling point is below the body temperature. Additionally,
there is an extra challenge as more of the fluid transitions into a gas, the pressure inside
increases which in turn increases the boiling point. The intravascular expanding capsule has
reported that the boiling point has increased to 53 °C and can only keep inflated for up to 3
minutes [5]. Chemofluidic phase transition as a source of pneumatic pressure can have large
energy densities [35, 5] and are easy to miniaturise, but they generally have a slow actuation
speed [37], and it is difficult to control force with phase transition [5].

2.3.4 Structure Based Intelligence

Apart from advances made directly in the materials used for the robot, miniaturisation could
also benefit from structure based mechanisms that could help in fabrication and control of
centi-to-millimetre scale robots. Origami is the traditional art of folding paper to make 3D
structures from flat-foldable structures. An advantage of flat foldability is that fabrication
methods like photolithography can be used for fabricating microscale details on flat surfaces
which can help decrease the scale of the robot [106]. Origami pattern generation is already
a matured field with software like Origamizer that can use a tucking molecule design to
generate a 2D flat foldable origami crease pattern from any given 3D model [107, 108].
The crease pattern can be designed to make continuos curved folds [109] and increasing
the resolution of the pattern increases the accuracy of the generated shape[110]. The curve
pattern of the origami can be generated to actively change the shape and therefore the function
of the device [111]. If the robot is not made out of soft or foldable parts, any crease pattern
can be converted into a rigid origami version by adding creases and removing panels from the
design [112]. Rigid origami has already been shown to be effective in applications that require
efficiently packed deployment size such as solar panels of satellites [113]. A limiting factor
in using origami as a part of an actuator is that as the complexity of origami pattern increases,
the computation needed to calculate the precise action necessary to control each fold also
becomes harder [114]. Origami patterns can be auto generated and optimised through a
genetic algorithm when given a fitness function, which can help optimise the generated
structure for a specific actuation [115], which may help reduce the actuation complexity.
Origami structures can be used to make metamaterials capable of shape, volume and stiffness
control [116]. Using multiple units of cells, multi-DOF actuation can be achieved, which can
be important for designing actuators for robotic joints. Origami structures have already seen
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uses in robotic applications such as creating a pop-up origami that is capable of multi-DOF
manipulation from flat-foldable sheets [74] and an octopus-like origami arm design which
is omnidirectional and magnetically controlled [117]. Origami can be made to self-fold
using induction heating if copper is included as one of the flat layers [118]. It can be made
degradable while also allowing robotics functions such as walking and swimming [60, 119].
Origami structures can also be paired well with centi-to-millimetre scale mechanisms such as
SMAs to carry out tasks such as addressable self folding with Frequency Modulation (FM)
and WPT [9, 120]. The same concept has been used to make a wireless small scale origami
manipulator with 3 addressable components [121].

Similar to origami, Lamina Emergent Mechanisms (LEMs) are fabricated from planar
materials [122]. They have motions that emerge out of the fabrication plane, providing
compact and cost-effective devices, but the tasks are pre-determined at the fabrication
stage and are tied to the fabrication process. Multilayer LEMs (MLEMs) can be used
for achieving complex motions with a simple topology and low manufacturing cost while
keeping a flat initial state, which can potentially be used for energy transform applications,
converting electrical energy to thermal, then to mechanical energy [123]. For both origami
and LEMs, repeated actuation may be a problem as the hinges of the creases are susceptible
to damage [124]. The damage depends on the type of hinge used, but flexible hinges may be
a solution.

A way to improve the use cases of structure based intelligence such as origami is by
implementing technologies that can provide a form of embedded computation and sensing
that can allow the structure to better interact with their environment [114]. Inkjet printing can
be used to print electroactive tracks and carbon based electrothermal actuator that can self
fold [125, 126]. Some electronic components can also be printed or made in a flexible thin-
film form such as capacitors [127], transistors [125], matrix displays, microprocessors [128].
Mechanical memory can be embedded into origami design to perform bit operations, which is
useful for embedded computation [129]. Origami structures can be used for creating resistors,
capacitors and inductors, but the electronic characteristics are tied to the origami geometry
which can change during actuation [130]. There is also flexible Printed Circuit Boards
(PCBs), but they are prone to breaking or cracking under continuous actuation [131], which
might not be favourable if they are meant to be part of an actuator. Thin-film electronics
can also be made degradable, called transient electronics, using magnesium or magnesium
oxide based components printed on silk [132]. The electronics can be wirelessly heated with
a printed Rx coil and resistor, which dissolves the silk and oxidises the magnesium, which
shows potential for in-vivo applications as magnesium oxide is safe for consumption [133].
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Mixed with structure based intelligence, flexible electronics may provide a high degree of
complexity in control of centi-to-millimetre scale biomedical robots.

2.4 Wireless Technologies

Many mechanisms in the centi-to-millimetre scale are either electrically or thermally con-
trolled, which will need a method of wireless thermal generation and WPT techniques
for untethered capsule robots. Heat can be generated using alternating magnetic fields in
centimetre scale and above through eddy currents, in microscale through hysteresis and in
nanoscale through Néel and Brownian relaxation [55], but this method is not addressable as
all the particles in the vicinity will be heated. Since thermal energy can also be generated by
resistive elements through joule heating with an electric current passing through [88], and can
be made addressable through FM [9, 120], any improvements to WPT technologies should
benefit both electroactive and thermoresponsive materials, which helps overcome energy
challenges of robotics, especially in the centi-to-millimetre scale [134]. In the context of
capsule robots, relying on batteries for power is considered a limiting factor for the duration
that the capsule can be used for, on the quality of the visual feedback due to higher frame rate
and resolution requiring more power, and also for including tools that consume additional
power [10, 135]. Size limitations and battery technology cannot allow for inclusion of larger
or higher energy density batteries on board, which is why WPT can be a good solution that
can provide an unlimited supply of power [35]. A standard inspection capsule can have a
power rating of 20 mW at 3 V, which can last 8-10 hours with a battery [58]. Some capsule
robots however have shown up to 100-400 mW of power consumption, which is possible to
be delivered using WPT systems [135, 35, 39]. There are a few methods of WPT suitable for
in-vivo capsule applications. One of these methods is using Resonant Inductive Coupling
(RIC) with Rx coil and a capacitor with a resonant frequency matched to the frequency of the
applied magnetic field for maximum Power Transfer Efficiency (PTE) [136]. Additionally,
RIC can also be used for sensing through the capacitive element of a sensor changing the
resonant frequency [137]. This change can be detected from the included RF coil during
in-vivo applications for diagnostic purposes during surgical operations any may even allow
closed-loop control of surgical tools if included in a capsule robot. One of the drawbacks to
RIC is that it is prone to parasitic elements affecting the resonant frequency such as patient’s
movements during operation as the body or the presence of inductive materials [35], which
may affect the power delivery and require extra self-tuning circuits. Magnetic Resonant
Coupling (MRC) is another WPT method that uses extra coils on the transmission (Tx) side
and optionally on the Rx side as well, to create a stronger coupling between the Rx and Tx
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by strengthening the magnetic field [136, 138]. MRC can achieve higher PTEs compared to
RIC and are less affected by misalignment conditions [138]. A 9 mm diameter Rx coil can
receive 300 mW of power at a 70 mm separation distance using a 4 coil MRC setup [139].
Even though MRC can provide power at much larger distances compared to RIC, MRC
usually requires higher operational frequencies that are harder to produce and need careful
consideration of their Specific Absorption Rate (SAR) [136]. Apart from requiring more
complex circuitry and optimisation variables on the Tx side, the Rx circuit might need more
complex circuitry as well, especially if a 4 coil configuration is being used instead of 3,
increasing the size requirements for on-board circuits. In either case, RIC and MRC are
still the most suitable method for WPT for medical devices. When designing the Tx and
Rx coil geometries, the WPT system can be optimised for maximum PTE [140], including
for possible misalignment conditions [141]. Another solution to misalignment conditions is
using 3D Rx coils [142–144] that can receive power in each rotation. They can be made into
a size as small as 8 mm square [145], which should fit into a size 000 capsule, but the PTE of
3D coils decrease when one of the Rx coil is not in parallel with the Tx coil, because two
diagonal Rx coils receive less power than one parallel Rx coil [142].

In most cases of WPT applications, a Class-E amplifier is used to supply the Tx coil with
power due to its high efficiency [136]. Class-E amplifiers also need tuning and optimisation
to adjust for the non-conducting gate voltages and to improve amplifier efficiency [146, 147].
Best efficiency can be achieved in zero voltage switching (ZVS) conditions, which can be
reached by resonant frequency tuning the Tx side inductor as well [146]. If FM is being
used for the application and the frequency of transmission needs to be actively changed, the
capacitance needs to be actively switched as well, which is impractical in fast switching
applications and can cause large voltage or current spikes in the circuitry. Another method
is by adjusting the inductance which could be done with a saturable DC-feed inductor and
can be digitally controlled. Using a resonant tank tuned class-E amplifier is also sensitive
to parasitic elements like big metal objects around the surgical area or coil deformation can
also affect the power transfer efficiency [143]. It was determined that 7 A through the Tx coil
was enough to deliver power for a wireless endoscopy application, where the amplifier was
provided with 120 V and the tuned resonant tank built-up a voltage of 4 kV.

Wireless power and data can be transferred at the same time by mixing two frequencies
together in the same system [148] which has its own set of optimisation parameters as
well [149]. The lower frequency acts as a carrier wave for power delivery, whereas the
higher frequency wave acts as a binary form of communication through inducing noise,
which is picked up on the receiver side and computed on the Rx side. The problem with on-
board computation is that there needs to be extra space for communication and computation
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circuitry while also requiring additional power to be supplied to the rest of the functionality
of the robot [40]. Bluetooth could provide communication for distance of up to 85 mm for
in-vivo applications, but the PCB necessary to be present on board could be around 15 mm
width and 40 mm height, which is outside capsule dimensions. A slightly smaller example
of a Bluetooth module on board a capsule robot has a dimension of 11.6 mm length and
13.5 mm width, which is still outside the requirements [39]. Even without Bluetooth, an
RF bidirectional communication circuitry could take up space that ends up with a capsule
of 14 mm diameter and 31 mm length [38]. The diameter of the capsule is the biggest
limiting factor as an active inspection capsule with camera feedback, LEDs and wireless
communication can take up to 115 mA current and 2.5-3.3 V voltage consumption [39],
which not only requires suitable circuitry to allow the functionality but also need space for a
WPT Rx coil.

An alternative approach would be to use mechanisms that do not require computation and
specific communication circuitry to be controlled, such as directly controlling SMA actuation
with frequency matched Rx circuits and an FM WPT system to adjust the frequency being
transmitted [9, 120, 121]. This method has only been shown to work up to 3 addressable
components and addressability is only achieved here as SMA actuators have a delayed
response [58], which is not comparable to the number of addressable components that can be
achieved with digital computation. Superposition of multiple sine waves instead of FM is
also possible to allow actuation at the same time, but it causes high peaks [121], which may
be more difficult to produce. Multiple amplifiers and Tx coils could be used instead to create
superposed magnetic fields, but this causes issues as each Tx coil will have mutual coupling
between each other [150]. This is an issue for a resonant frequency based application because
self-inductance of an inductor has a non-linear relationship with current, which means that
the current passing through each Tx coil needs to be measured and actively tuned for the
transmission of correct frequency, resulting in the complexity of the problem increasing with
each added addressable component.

2.5 Conclusion

As summarised in Fig. 2.1 A, there is a range of options for performing surgical operations
with varying degrees of invasiveness. Untethered capsule robots provides an alternative
route of entry into the GI tract with minimal discomfort to the patient. Although most of the
commercially available capsule robots are used for inspection, there is a range of therapeutic
functions that can be found in the literature. The usual size of the capsule is correlated to the
therapeutic function, as described in Fig. 2.1 B, where the more complex the function is, the
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Fig. 2.1 Overview of capsule robots for the GI tract. (A) Shows a range of operations carried
out in the GI tract in order of more to less invasive. (B) Shows a range of capsule robot
applications in order of usual capsule size it can be achieved with.

bigger the usual size of the capsule. Capsules with mechanical movements that powered by
electric motors seem to be the bigger capsules whereas inspection capsules with no moving
parts or drug delivery capsules that rely on simple mechanisms tend to be the smallest.

Mechanisms whose function depends on magnetic force similar to the ones shown in
Fig. 2.2 A and B can achieve a smaller size for a mechanical task due to the scalable nature
of magnetism. Magnetic force can also be used to self-assemble multiple capsules into one,
shown in Fig. 2.2 C, which may reduce the diameter of the capsule by splitting the internal
components into multiple capsules that are ingested individually and self-assembled in the
stomach. Even though magnetic force is useful for a single task and navigation, multiple
mechanisms are difficult to control due to the magnetism being a global factor.

Pneumatic actuation may also be a good option that can be scalable and also useful
for soft robotic applications for better tissue compliance in the GI tract. The source of
pneumatic actuation may be a chemical reaction, but the release mechanism that relies on
electromechanical components similar to Fig. 2.2 D may result in a large capsule size. An
alternative approach is to use the liquid-to-gas boiling point transition to source the pneumatic
actuation shown in Fig. 2.2 E, where the heat is provided by heating magnetite particles with
an alternating magnetic field. However, this approach is not selective either given that the
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Fig. 2.2 Examples from the literature. (A) Magnetically actuated biopsy cutter [1]. (B)
Magnetically actuated biopsy needle [2]. (C) Magnetic self-assembling capsules [3]. (D)
Chemical reaction based inflating capsule [4]. (E) Liquid-gas transition based inflating
capsule [5]. (F) Liquid-gas transition based inflation triggered by inductive coupling [6]. (G)
CTE based caterpillar robot [7]. (H) CTE based precise surgical instrument [8]. (I) Selective
inductive coupling with FM allowing addressable actuation of SMAs [9].
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alternating magnetic field is also a global factor. Providing the heat with inductive coupling,
as shown in Fig. 2.2 F, may enable addressability of a soft and scalable pneumatic actuation.
One drawback of relying on the boiling point transition temperature is that it is difficult to
control the force output of actuation. Using heat as a method of controlling the amount of
chemicals released into a solution may be a good combination of the two directions.

Another approach with thermoresponsive control could be to use CTE. The traces can be
programmable to control the heat distribution of the CTE element for robotic tasks, shown in
Fig. 2.2 F, or multiple CTE elements may be used to make surgical instruments with high
precision for targetted tasks, shown in Fig. 2.2 H. Both of these examples are wired, but WPT
may enable untethered control.

RIC with FM enables multiple thermoresponsive components to be selectively controlled,
shown in Fig. 2.2 I. This example uses the SMA actuator as part of the circuit, but since
WPT can be converted into heat with any resistive element, it can be used to control other
thermoresponsive mechanisms as well, including pneumatic actuation. One drawback of
the FM approach is that even though it can allow addressability, the power transfer is not
concurrent and independent. This means that only one component can be powered at a given
time, limiting the power transfer capabilities.

To address this gap in literature, the first technical chapter of this thesis investigates a
method of wireless pneumatic control using a dissolution medium for controlled release
of chemicals, where the heat input is controlled with an alternating magnetic field outside
the body. The second technical chapter investigates WPT with superposition using a new
amplifier design, to allow concurrent and independent of RIC elements with a minimal
electronics on-board. This could prove useful in closing the gap between capabilities
of microcontroller-less solutions and digital computation, eventually leading to smaller
scale mechanisms that can be used in therapeutic capsules. Eventually, combining the
two technologies may lead to wireless control of centi-to-millimetre scale soft robots with
multiple pneumatic actuators.



Chapter 3

Wireless Control of Chemical Reaction
Driven Pneumatic Systems for Soft
Robotics

Chapter source: Kaan Esendag, Mark E. McAlindon, Daniela Rus, Shuhei Miyashita and
Dana D. Damian, "A Chemical Reaction Driven Untethered Volume Changing Robotic
Capsule for Tissue Dilation", Transactions on Medical Robotics and Bionics, 20 September
2024.

3.1 Abstract

Robotic capsules provide an alternative route of entry to the gastrointestinal tract with
minimal discomfort to patients. As capabilities of milli to micro robots progress, the potential
of using robotic capsules not just for inspection, but for surgical procedures increase. To
aid operations in the intestine, the capsule could be used to expand the site of surgery and
anchoring to the intestinal walls to keep itself in place. This paper presents an untethered
robotic capsule that can provide volumetric expansion using a chemical reaction without
on-board electronic components. The expansion is based on the reaction between chemicals
that are safe for ingestion, operated with magnetic fields and temperatures that are within
safe limits. The capsule was able to expand greater than the diameter of the small intestine
for 44 minutes and provided 0.27 N of anchoring force. A theoretical model of the reaction
process was built and simulated to predict the behavior of the capsule expansion and validated
through the experiments. The design and the simulation presented in this paper can be used
for fabricating capsules to specific clinical needs. The work also opens up the possibility of
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untethered technologies that are remotely and chemically programmed for in-vivo surgical
applications.

3.2 Introduction

Robotic capsules provide alternative methods to minimally invasive procedures in the gas-
trointestinal tract such as endoscopy, colonoscopy and laparoscopy, which can further re-
duce the invasiveness. While the current state-of-the-art for robotic capsules fulfills the
need for inspection [12], sample collection [2, 14] and targeted local drug administra-
tion [27, 68, 22, 97, 151], a gap still exists between the capabilities of robotic capsules and
tethered surgical solutions [50, 49, 51]. Inclusion of small scale tools such as cutters [79],
forceps [80], manipulators [74] and biopsy needles [2] in robotic capsules could enable
untethered surgical procedures to be performed in the gastrointestinal tract. In order to use
these tools in the small intestine, a capsule needs to dilate the site of surgery greater than the
diameter of the small intestine (25-30 mm [27]), and anchor to the tissue for long periods of
time as inspection can take around 20 minutes [45] and surgical procedures can take around
50 minutes [46].

As a method of dilation, robotic capsules featuring mechanical legs have been devel-
oped [28, 27]. The small contact surface area provided by the legs greatly increases the
local pressure applied on the anchored tissue with the risk of tissue puncture. Capsules
which dilate and maintain a compliant interface are safer in this regard. An example of
an untethered inflatable ballooning mechanism is presented in [4], which uses a chemical
reaction as its source of pressure, however little consideration is given to the controllability
of the changing capsule volume. Moreover, inclusion of electronic components, motors or
batteries generally results in large and overweight capsules. A completely electronics-free
volume changing soft actuator was developed using the phase transition of low-boiling point
liquids [104, 5], but the operation temperature goes beyond the limits of cell necrosis which
is around 45 ◦C [56, 55] and the actuator can only be inflated for brief periods of time.

As contributions, this paper presents:

1. Concept of a novel electronics-free volume-changing capsule device using a mechanism
of wirelessly regulating a chemical reaction to control the volume of produced gas.

2. Modeling of the chemical reaction process which causes the inflation and deflation of
the capsule.

3. Validation of the performance in experiments and comparison with simulation results.
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3.3 Methods

3.3.1 Design Concept and Specification

The overview of the capsule operation is shown in Fig. 3.1. In stage 1, the capsule is navigated
to the surgical site, using a magnet attached inside it. The capsule remote navigation was
demonstrated using an Ankon AKC-1 [78] and an electromagnetic coil system. The capsule
holds reactants for the gas-generating chemical reaction in gelatin rings, isolated from
each other. The capsule also has a copper sheet wrapped around the gelatin rings and
contains water which acts as a solvent. In stage 2, the capsule’s inflation is wirelessly
controlled through magnetic induction which generates thermal energy in the copper sheet
and dissolves the gelatin. The release of reactants lead to the chemical reaction which
produces carbon dioxide (CO2) gas for capsule inflation. The reactants chosen for the
chemical reaction are citric acid (C6H8O7) and sodium bicarbonate (NaHCO3), which are
safe for consumption [152, 153]. The alternating magnetic field used in induction heating
has a peak amplitude of 5mT oscillating at 27kHz which is considered to be low frequency
and amplitude when compared with similar methods [104, 5, 136, 142]. The induction coil is
located 4 cm below the capsule which is a similar distance compared to literature given that
the peritoneal cavity from the neutral position is 30.9 mm [54, 77]. In stage 3, the capsule
undergoes deflation. As the capsule cools down, the produced gas is absorbed into the water
and the capsule deflates to its original volume. The inflation is controlled by a magnetic
field below the Brezovich limit [55]. The proposed method hence provides a safer, novel and
promising alternative for surgical in-vivo operations, especially those that require prolonged
usage.
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3.3.2 The Volume Changing Mechanism

This section investigates the magnetic induction driven chemical reaction used to actuate
the capsule and identify the underlying control variables. To control the rate and timing of
the chemical reaction, each of the reactants is stored separately in solid rings of gelatin to
prevent their mixing. When thermal energy is generated in the copper sheet, the gelatin rings
slowly dissolve in water inside the capsule, gradually releasing reactants into the aqueous
solution. The deflation of the capsule is due to the CO2 gas being slowly reabsorbed into
the water and broken down into carbonic acid (H2CO3). The interactions between these
variables, separated into three aspects: temperature, chemical reaction and gas production,
are explained in Fig. 3.2. In the following model, some parameters were determined, as
specified below, from empirical measurements (see Fig. 3.8, Experiment A). The resulting
model was then used to validate experimental results of Experiment B in Fig. 3.8.

Temperature

When alternating magnetic fields are applied to the capsule, eddy currents are produced in
the copper sheet inside the capsule, which generate thermal energy by Joule heating. The
energy generated by the eddy currents per unit mass of conductor, Qe (J kg−1), is [154]:

Qe =
π2σBp

2h2 f
6ρc

, (3.1)

where σ is the conductivity of the copper sheet (5.95×107 Ω−1 m−1), Bp is the peak magnetic
flux density applied (T), h is the thickness of the copper sheet (m), f is the frequency of the
magnetic waves (Hz) and ρc is the density of the copper sheet (8960 kg m−3).

This energy can be multiplied by the frequency and the mass of the copper sheet to get
the power input to the system, Pin (W), at any given time is:

Pin =
π2σBp

2h2 f 2mc

6ρc
, (3.2)

where mc is the mass of the copper sheet (kg).
The power input to the system is multiplied by the duration the magnetic field is applied

for. When the temperature of the capsule is T (◦C), the temperature increase caused by eddy
currents when there is no heat dissipation, ∆T (◦C), can be described as:

∆T =
Pin∆t

mccp(c)
=

π2σBp
2h2 f 2∆t

6ρccp(c)
, (3.3)



3.3 Methods 29

where ∆t is time (s) and cp(c) is the specific heat capacity of the conductor (389 J kg−1 ◦C−1).
The system dissipates a portion of excess heat to the environment. While there exists

many factors that affect the rate of heat loss, the rate was taken as a constant with reference
the experiments. The change of temperature due to heat dissipation to the environment over
∆t is:

∆T = T −Tenv − (T −Tenv)e−2.80×10−4∆t , (3.4)

where Tenv is the environmental temperature (◦C). The decay value was determined by
applying induction heating to the capsule, recording the thermal loss, then curve fitting to the
measured results (see Fig. 3.8, Experiment A conditions).

Chemical Reaction

Thermal energy input is needed to dissolve gelatin and the reactants it contains from a solid
into a liquid. The dissolution rate of gelatin relies on the diffusion coefficient which is
a function of its temperature, viscosity of solvent and hydrodynamic radius of the solute,
where the latter two variables also depend on temperature. The Stokes-Einstein equation was
used with the hydrodynamic radius of gelatin [155] and viscosity of water [156] at different
temperatures, to calculate the diffusion coefficient of gelatin for a range of 35 ⩽ Tn < 60 ◦C.
The results were curve-fitted to get the diffusion coefficient of gelatin, Dgel (m2 s−1), which
is defined by:

Dgel = 3.07×10−12e0.0369T . (3.5)

Applying the Noyes-Whitney equation of dissolution, the dissolution rate of gelatin in
water [157] was obtained. The mass of gelatin that will dissolve in water, mgel (g), can be
described as:

∆mgel =
AgelDgel

dgel

(
Cs −

mgel

VH2O

)
∆t, (3.6)

where Agel is the surface area of the dissolving gelatin in contact with water (cm2), Dgel is in
cm2 s−1, dgel is the diffusion distance between gelatin and water (cm), Cs is the saturation
concentration of gelatin (g ml−1) and VH2O is the volume of water inside the capsule (ml). dgel

and Cs were computationally determined to be 1.5×10−4 cm and 0.067g ml−1 respectively,
by incrementally changing dgel and Cs, and comparing theoretical results with measured
values from Fig. 3.8, Experiment A conditions, until the curves match.

When the gelatin dissolves, the reactants are released into the solvent, the amount of
which can be determined using the ratio of ingredients that was used to make the gelatin
rings. The gas-producing chemical reaction between NaHCO3 and C6H8O7 can be described
as:
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C6H8O7(aq)+3NaHCO3(aq)→ Na3C6H5O7(aq)+3H2O(l)+3CO2(g) , (3.7)

where Na3C6H5O7 is trisodium citrate. The release of CO2 increases the pressure inside the
capsule which in turn expands the soft membrane, increasing the volume. Using the amount
of NaHCO3 that would be released through the gelatin ring dissolution, the number of moles
of CO2 gas inside the capsule, nCO2 (mol), that will be produced as a product of the chemical
reaction is derived as:

∆nCO2 =
mNaHCO3

3MNaHCO3

, (3.8)

where mNaHCO3 is the mass of NaHCO3 released from the gelatin ring dissolution (g),
MNaHCO3 is the molar mass of NaHCO3 (389 g mol−1).

The chemical reaction also releases water, so the released water can be added back to the
water already in the capsule:

∆VH2O =
mNaHCO33MH2O

3MNaHCO3

, (3.9)

where MH2O is the molar mass of H2O (18 g mol−1).
Even though the formation of CO2, H2O and trisodium citrate (Na3C6H5O7) is exother-

mic, the dissociation of Na3C6H5O7 into sodium and citrate ions as well as gas evolution
from the formation of CO2 are endothermic, which results in the overall chemical reaction to
be endothermic.

The decrease in temperature due to the energy absorbed per mole of reaction can be given
by:

∆T = Qr
mNaHCO3

MNaHCO3 cp(H2O)ρH2OVH2O
, (3.10)

where Qr is the resulting energy loss per mole of reaction (J), cp(H2O) is the specific heat
capacity of water (4182 J kg−1 ◦C−1) and ρH2O is the density of water (1 g ml−1). Qr was
experimentally measured to be approximately 40kJ by mixing the reactants and measuring
the temperature drop.

Gas Production

As the nCO2 increases, the pressure and volume increases. The change in product of absolute
pressure and volume inside the capsule chamber, PV (Pa m3), can be calculated using the
ideal gas law:

∆PV = ∆nCO2R∆T , (3.11)
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where R is the ideal gas constant (8.31 J K−1 mol−1).
The following formula describes the relationship between absolute pressure, P (Pa) and

volume, V (m3), that is valid for the current capsule design:

P = 102.3e7.71×10−7V −1.12e−0.548V . (3.12)

The values were obtained by curve fitting to the data collected by applying a known volume
of gas into the capsule for a range of 0 ⩽V < 30 ml and measuring the pressure.

In the capsule deflation stage, some of the CO2 released is absorbed into the solution as
H2CO3, which can be described as:

CO2(g)+H2O(l)⇌ H2CO3(aq) , (3.13)

which is a reversible reaction that is dependent on temperature, pressure and concentration
gradients. The rate of CO2 reabsorption can be described as:

∆nCO2 = nCO2 −nCO2endecay∆t , (3.14)

where ndecay is a variable that determines the reabsorption rate of CO2. The formula for
ndecay was estimated to be:

ndecay =−739e−0.630T −8.63×10−4e−2.54×10−2T . (3.15)

This relation was drawn experimentally by monitoring volume, temperature and pressure of
the capsule during deflation which were used to estimate the number of molecules of CO2

for a range of 25 ⩽ Tn < 40 ◦C (data is presented in Experiment A in Section 3).

Time

In Fig. 3.2, the sequence of interactions in the simulation are represented between time Tn

{n ∈ 1,2, ...} and Tn+1, where the ∆t is Tn+1 −Tn. The ∆t used was 60 seconds. The output
temperature at time n+1 can be defined by:

Tn+1 = Tn +Tinc −Tdec −Tdec2 , (3.16)

where Tinc is the temperature increase due to eddy currents, Tdec is the heat loss to the
environment and Tdec2 is the heat loss due to the chemical reaction.
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Fig. 3.3 Simulation results of the volume changing capsule reacting to a range of applied
magnetic flux densities for 30 minutes of induction heating.

The number of moles of CO2 inside the capsule at time n+1 can be defined by:

nn+1(CO2) = nn(CO2)+ninc −ndec , (3.17)

where ninc is the increase of CO2 due to reaction, and ndec is the CO2 decrease due to
reabsorption.

The theoretical model can be used to simulate the volume output of the capsule actuation
to optimize the design parameters. For example, with increasing temperature, the rate of CO2

production increases whereas the rate of CO2 reabsorption decreases. Fig. 3.3 shows how
the capsule actuation changes with applied magnetic flux density for a range of 0 to 10 mT
which highlights how one variable can change the output considerably. For example, the
melting point of gelatin is lower than the body temperature, which results in the capsule still
reaching a peak of 6 ml of volume increase without any external heat input, but it reaches
this volume in 1 hour. Comparing this result with 10 mT input, the peak volume increases
to 14 ml and happens at around 17 minutes, but the time spent at this peak is also reduced
as well. Given that thermal input is an external, post-fabrication variable into the system, a
single capsule design can be used for a range of clinical needs.



3.3 Methods 33

3) Magnet

1) Rigid body

2) Gelatin ring with
NaHCO3

4) Gelatin ring with
C6H8O7

5) Copper sheet 8) Water inlet
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16 mm

6) Rigid cap 7) Soft membrane

Fig. 3.4 Exploded view of the capsule showing the order of assembly.

3.3.3 Capsule Design

The solid components of the capsule and the assembly order is shown in Fig. 3.4. The
inner component of the capsule is the rigid body, which limits the capsule to only expand
radially. The hollow section in the center allows passage of food or surgical tools through. A
neodymium magnet of 12.7 × 3.2 × 1.5mm length, width and height respectively, is glued
offset towards one side of the capsule on the rigid body for navigation.

For the fabrication of both the gelatin rings, two mixtures of gelatin and water were pre-
pared according to the gelatin ring ratios described in Table 3.1. The ratios were determined
through systematic experimentation to yield a correct consistency that retains the reactants.
The mixtures are heated in an oven at 60◦C until they are fully melted. Then the reactants
are added to their respective mixtures and poured into ring-shaped molds separately. After
refrigerating for about 10 minutes, the gelatin rings are inserted around the rigid body. A
0.1mm thick copper sheet is wrapped around the rings. Then the rigid cap is glued on the
other end of the rigid body with cyanoacrylate. Both the rigid body and rigid cap are made
of PLA using FDM printing.

The soft membrane that forms the ballooning body outside the capsule is made out of 1
mm thick Ecoflex 00-30 (Smooth On Inc.). It is wrapped around the rest of the capsule and a
knot is tied around the circular edges. A thin layer of cyanoacrylate is applied between the
soft membrane and the rigid body while the knot prevents the membrane from slipping. The
same process is repeated for the other end. Ecoflex 00-30 is a biocompatible silicon [158–
160] that is chemically inert with weak acids like citric acid and carbonic acid. For the final
step, the capsule is filled with 2ml of water through the inlet in the rigid cap, then sealed
off. The capsule is kept frozen to avoid the gelatin from spoiling and can be defrosted before
deployment. The capsule has a diameter of 16 mm, a length of 28 mm, and a weight of 6.65 g.
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Table 3.1 Gelatin ring proportions by mass

Gelatin ring with reactant Gelatin Water Reactant
C6H8O7 (mg) 170 384 128
NaHCO3 Mass (mg) 102 460 153

3.4 Experimental Setup

An experimental setup that can provide an alternating magnetic field for at least 30 minutes
was needed to test the actuation of the capsule. To provide alternating magnetic fields,
a custom transmission coil was built for induction heating using braided litz wire, along
with a Zero Voltage Switch (ZVS) circuit to supply alternating current. The litz wire was
manufactured by winding 100 strands between two desk clamps and manually braiding them.
Then the insulation coating are removed from the tips using sandpaper and then soldered.
The specifications of the electronics design is shown in Table 3.2.

Table 3.2 Induction coil specifications

Description Value
MOSFETs used for ZVS circuit STP60NF06
Total capacitance of ZVS resonant tank 2.2 µH
Induction coil inductance 15.4 µH
Resonant frequency 27kHz
Target’s vertical distance from center of coil 4cm
Current buildup in the resonant tank 20A
Peak Magnetic Flux density measured at center 5.5mT
Induction coil inner diameter 27mm
Induction coil outer diameter 80mm
Litz wire individual strand diameter 0.2mm
Number of strands in litz wire 100
Litz wire diameter total 3mm
Number of turns in a single layer 12

Instead of using a solenoid coil design where the capsule needs to be through the solenoid
for high power transfer efficiency, a flat coil design shown in Fig. 3.5 (a) was chosen, where
all coil turns are on the same level, so the magnetic fields can be concentrated on a smaller
area. This means that the induction coil could be placed at the closest position to the capsule
in a more targeted manner to reduce the risk of non-specific tissue heating. The area of the
coil covered by the nth number of turns, An (m2) is:

An = π(rc +Ndw)
2 , (3.18)
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Fig. 3.5 (a) The induction coil for wireless heating. (b) The electromagnetic navigation coil
system. The black arrow points at the location under which the induction coil is located.

where rc is the inner radius of the coil (m), N is the number of turns equal to the n of An and
dw is the diameter of the litz wire (m). The inductance of a single layer coil, L (H), can be
given by:

L =
µ0(A0 +A1 + ...+An)

dw
, (3.19)

where µ0 is the magnetic permeability of free space (H m−1).
The temperature and volume variation of the capsule have been measured in experiments

in which two variables were changed: the environmental temperature of the capsule and the
dosage of reactants. The experimental setup is shown in Fig. 3.6.

Experiment A: The first set of experiments was conducted at room temperature of 24◦C
in Tank A, and the ratio of the gelatin rings was as in Table 3.1. Tank A, shown in Fig. 3.6, is a
water chamber made of PLA, designed to measure the volume expansion of the capsule. This
chamber has a ceiling fixed in place to prevent the capsule from floating after expansion. The
ceiling also has holes allowing liquid to rise, so the volume of gas released can be measured
via displacement of water. Measurement lines are displayed on a frontal panel of the chamber
to track the rise of the water level by a webcam. The coil is placed underneath the tank at a
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Fig. 3.6 (a) The experimental setup used in the trials, with a block diagram for the electronics.
(b) The photo of the experimental setup.
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distance of 4 cm. The temperature outside of the capsule, inside tank A was measured using
an LCD thermometer. The water was dyed with blue dye for visual clearance.

Experiment B: The second set of experiments was carried out at the body temperature of
37◦C and the reactants of gelatin rings were 183 mg of C6H8O7 and 220 mg of NaHCO3. The
amount of reactants were increaesed to test the validity of the simulated results, given that
the simulation uses values derived from the results of Experiment A. The tank A apparatus
was placed inside Tank B as in Fig. 3.6. Tank B is a water bath made from acrylic, insulated
with a layer of Ecoflex, and the water inside was heated with two electrically insulated
5W resistors of 22Ω, connected to a motor controller. A digital thermocouple was used to
measure the temperature of the water bath and an Arduino Mega microcontroller connected
to the motor controller was used to regulate the temperature of the water bath at around 37◦C.
An LCD thermometer was used to measure the temperature of the capsule inside tank A and
an additional one was placed inside the water bath as control. The same setup for Experiment
B was used for testing the time it takes for capsule inflation from frozen at body temperature
without any extra heat input, instead of defrosting the capsule back to room temperature
before the experiment like in Experiment A and B.

Another experiment was carried out to find out how the pressure and maximum diameter
of the capsule changes with volume. A syringe filled with air was connected to the capsule
and a pressure sensor (005PGAA5, Honeywell). The sensor collected the pressure data while
the maximum diameter of the capsule was measured using a caliper. All experiments above
consisted of five trials each. The data gathered was used to calculate the mean and standard
deviation.

The capsule navigation in a human intestine phantom was tested using an electromagnetic
coil system shown in Fig. 3.5 (b). This system is based on previous work carried out in the
lab [75, 76] The system consists of 4 diagonal electromagnetic coils with an iron core at
the centre of each coil and the induction coil used in the experiments is placed below the
workspace. The electromagnetic coils are connected to motor controllers (Sabertooth 2x32,
Dimension Engineering), controlling the current and therefore, the direction of magnetic
field applied to the magnet inside the capsule. The total peak magnetic field that can be
applied at the centre of the workspace is 10 mT when all motor controller outputs are set to
the maximum output. In order to navigate the capsule, a rotational magnetic field is applied,
shown in Fig. 3.7 (a), which is intended to roll the target. The capsule has an offset magnet,
shown in Fig. 3.7 (b), which reacts to the rotational motion by slipping the back of the capsule
outwards for the first half of the rotation. Then, the traction force holds the back of the
capsule, pushing the front forwards. The rotation of the magnetic field is flipped to complete
one full cycle of crawling.
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Fig. 3.7 Visual representation and demonstration of the capsule navigation. (a) Shows the
navigation coil system applying a rotational motion to the target. (b) Shows the drawing of
the capsule and the position of the magnet. (c) Shows the top view of the capsule during
navigation and (d) shows the front view.

The intestine phantom was made from Ecoflex-30 with a diameter of 25 mm. The speed
of navigation was derived from video tracking, shown in Fig. 3.7 (c-d). To carry out a
demonstration of the capsule functionality, the capsule was inserted from one end of the
phantom and navigated to the center. Induction heating was applied to the capsule for 30
minutes. After deflation, the capsule was navigated out again.

The navigation was also tested with an Ankon AKC-1 (Operated by Prof. Mark E.
McAlindon). The capsule was placed inside a stomach model used for training purposes,
filled with water, then the capsule was navigated to the exit using the magnetic guide.

Lastly, a single ex vivo trial was carried out in a sample of pig small intestine. The capsule
was placed inside the intestine and tied with a knot at the bottom to prevent the capsule
slipping out. The intestine was hung on an arm 4 cm away from the coil. The capsule design
was modified to have a hook attached to the bottom to hang weights. When the volume
reached maximum inflated size, the knot was removed and weights were incrementally hung
until the capsule slipped out to get an estimate of the anchoring force. The capsule was
placed back in position and left to continue with the deflation process. Both the phantom and
pig intestine trials were carried out at room temperature.
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3.5 Results and Discussion

Effects of temperature and reactant dose on capsule inflation

Fig. 3.8 shows the measured results from Experiment A and B while magnetic induction was
applied for the first 30 minutes. During both trials, temperature next to the capsule and the
change in volume of the capsule was measured.

The theoretical plots of temperature and volume from the simulation, generated with
the same corresponding experimental conditions, are also presented in Fig. 3.8 (a) which
show similar trends to their measured equivalents. The trials were carried out without a
temperature limit and the maximum mean temperature reached during trials from Experiment
B was 46.5 ◦C, which is slightly above hyperthermic limits. As the trials from Experiment
A show that the capsule can operate below 45 ◦C, the capsule functionality would not be
affected if a temperature limit was introduced.

The dilation profile of the capsule, measured across trials with both conditions in
Fig. 3.8 (b) suggests that the actuation pattern is repeatable, with a maximum standard
deviation of 1.67 ml for Experiment A and 2.36 ml for Experiment B. In particular, the
maximum volume reached for Experiment A and B were 11ml and 13.8ml respectively.
Temperature affects both the rate of dissolution and the rate of reabsorption, and the mass of
reactants directly affects the amount of CO2 produced. The theoretical plots of the volume
of the capsule follow the measured trends both during inflation and deflation across the
varying temperatures through the experiments. The results from this experiment validate the
performance of the simulation, with two variables, temperature and mass of reactants, being
tested. From the two trials carried out to test the capsule inflation at body temperature from
frozen, it resulted that it takes around 5 minutes for the capsule to start inflating, and around
18 minutes for the capsule to reach the diameter of human intestine (30 mm) without extra
heat input as opposed to 10 minutes with induction heating. This experiment suggests the
time that could be used to navigate the capsule to the site of inflation could be suitable for the
first half of the small intestine .e.g., alternative to double balloon endoscopy. Gelatin can be
replaced with another material that has a higher melting point than body temperature and is
insoluble in water to prevent any actuation before heat input. This comes at the cost of slower
response time or higher induction coil power requirements. The same methodology presented
in this paper can be used to characterize the inflation behavior with the new material.

Relationship between volume, pressure and diameter

Fig. 3.9 presents the relationship between pressure and volume of the capsule, measured at
room temperature. The results were used to derive Eq. 3.12, which is valid when the capsule
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is inflating without a constraint. The measurements show that the capsule needs around 1 kPa
at 5 ml of volumetric increase to overcome the resistance from the soft membrane, then levels
off for volumes within the tested range. Fig. 3.10 shows how the maximum diameter of the
soft membrane changes with volume of gas inside the capsule. Using the results, the diameter
of the actuator when the capsule is inflated, da, was curve-fitted for a range of 0 ⩽V < 30 ml
to derive the formula:

da = 34.37e9.74×10−3V −18.5e−0.112V , (3.20)

where V is the volume of gas inside the actuator (ml). The equation can be used to predict
the volume of gas necessary to reach the unconstrained diameter of a section of the gastroin-
testinal tract, which could be useful in the design of future models or in the implementation
of a closed-loop control system.

Navigation and capsule demonstration

The capsule navigation was tested in the human intestine phantom, which is shown in
Fig. 3.11. The offset magnet rolls the capsule and propels forwards as the center of gravity
and the magnetic potential causes one side of the capsule to raise up and down as the
capsule rolls. The crawling speed of the capsule in the phantom was determined to be
16.02 cm min−1 from 10 trials. A review of capsule robot crawling speeds [57] shows that
this speed is above average if the speeds of swimming robots are excluded. Fig. 3.11 (a-d)
shows the capsule demonstration. The capsule is navigated to the center of the phantom
where the induction coil is located. Induction heating is applied to inflate and anchor the
capsule. The navigation coils were used to confirm that the capsule has inflated above the
diameter of the phantom and anchored by trying to propel the capsule using magnetic fields
and show that it does not move at this state. After deflation, the capsule stops anchoring
and is moved further down the phantom using the navigation coils. The capsule navigation
through the stomach model was tested with Ankon AKC-1 which is shown in Fig. 3.12. The
capsule is navigated through the stomach model while it is filled with water. Ankon AKC-1
is capable of rotational movements to assists the inspection capabilities of its own inspection
capsule. Even though basic navigation functionalities worked well, rotational capabilities
were less effective, possibly due to the offset magnet that allows the traction force based
intestinal navigation. Functionally, basic navigation is sufficient if the target environment is
filled with water and if not, the electromagnetic coil can be used for navigation.
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Fig. 3.8 Two sets of measured trials showing (a) the temperature outside the capsule and
(b) inflation and deflation of the capsule. The capsule was heated for the first 30 minutes.
The plots show the mean measurements for trials with two sets of conditions. The measured
results are compared with the theoretical curve of the simulation when it is run with the same
conditions.
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Fig. 3.9 The pressure and volume relationship of the capsule actuation while unconstrained.
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Fig. 3.10 The diameter and volume relationship of the actuator.
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(a) (b) (c) (d)

Front View

Top View

Fig. 3.11 Demonstration of the capsule navigation and anchoring in an intestine phantom
from front view (top images) and top view (bottom images). (a-b) shows the navigation of
the capsule down the phantom. The red circles indicate the location of the capsule. (c) The
capsule is stationary. Induction heating is applied for 30 minutes to inflate and anchor the
capsule. (d) After deflation, the capsule is navigated out.

Anchoring on biological tissue

The anchoring capability of the capsule is demonstrated in Fig. 3.13. The capsule is wirelessly
inflated in a section of pig small intestine, whose average diameter is 20 mm [161]. This
diameter is smaller compared to human small intestine but should provide closer results
to using real human intestine as opposed to using the phantom due to the small friction
coefficient intestinal fluids provide and elastic properties of the tissues of human and pig
intestine being closer to each other than Ecoflex-30 is. The axial diameter of the capsule
increased from 18mm to 24mm, which is a smaller increase compared to the previous
unconstrained experiments. Since the capsule is in a section of pig intestine, the walls of
the intestine apply a reactive force to the capsule. Once the intestine diameter is reached,
the constraining force of the intestine will end up increasing the pressure inside the capsule
as well rather than mostly increasing its volume. While constrained, the added pressure
increases the anchoring force which means volume increase beyond the diameter of the
intestine can be interpreted as where the capsule starts anchoring. It is unlikely that the
capsule will be able to build up pressure levels that could cause a burst due to the large
elongation ratio of Ecoflex-30, which can stretch up to 900% before breaking, as well as the
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Fig. 3.12 (a) The capsule navigation was tested with an Ankon AKC-1. (b) Ankon’s imaging
capsule (left) next to the capsule robot presented in this work (right). (c) Close-up of the
capsule being navigated through a stomach model used for training (sequence from left to
right).
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Fig. 3.13 Shows an ex vivo trial carried out using a section of pig intestine. (a) The capsule
was placed inside the intestine with a knot at the bottom to prevent slipping. (b) After 20
minutes of wireless heating, the capsule reaches maximum expansion. Weights were hung
on the capsule to test anchoring force. Then the capsule was heated for 10 more minutes and
(c) left to deflate.
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increased pressure also increasing the rate at which CO2 is absorbed into the liquid. There is
also a limited supply of reactants. The results of this trial has shown that the capsule was able
to inflate enough for dilating the tissue and the anchoring force was measured to be around
0.27N. This result is in line with a tethered capsule with a similar design, tested with an ex
vivo pig intestine where a smooth balloon was quoted to provide around 0.2 N of anchoring
force, which can be increased up to 2.1 N with a textured balloon [30].

3.6 Conclusions

In this paper, an untethered inflatable robotic capsule was presented for tissue dilation. The
magnetic induction driven chemical reaction used for the inflation mechanism provides a
novel method for controlling inflatable robots. The designed capsule provides volumetric
expansion that can be sustained for 44 minutes above 30 mm axial diameter and can operate at
temperatures below 45 ◦C. The study of the mechanism provides different control parameters,
which can be used for simulating the actuation behavior and design capsules of varying sizes
for different applications. The model developed for the capsule’s volume change showed
accuracy and can be used to refine the capsule’s control. With the parameters chosen for this
study, the volumetric expansion of the capsule can be sustained for 44 minutes greater than
the axial diameter of an intestine. The chemical actuation of the fabricated capsule as a result
of this study achieved an expansion from 16 mm to 35 mm with 0.27N of anchoring force.
Capsule navigation was tested with an electromagnetic coil system and achieved a crawling
speed of 2.67 mm s−1 in an intestine phantom. The ex vivo trial carried out shows that the
force generated by the capsule is sufficient to dilate a section of pig intestine in order aid
surgical operations, and anchor the capsule body. The design and control of the capsule can
be deemed safe for in vivo applications, given that the method used for inflation carries a low
risk of harming the patient, the chemicals the inflation is based on are safe for ingestion in the
case of a burst, and the capsule has shown a relatively small error of 15.2% for Experiment A
and 17.1% for Experiment B. This error is mostly due to fabrication error of gelatin rings as
small changes in the reactant amounts can cause a large change in volume behavior of the
capsule.

When designing for different applications, the maximum expanded volume, the rate of
volume increase and the time the capsule stays above a certain volume threshold can be
adjusted. For example, for stent deployment or mild stricture treatment, the thermal energy
input can be increased to decrease the inflation time and increase the pressure output when
the capsule is constrained by the stent. The pressure output can be predicted using Eq. 3.12
and Eq. 3.20 if the target diameter is known.
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The chemical reaction based inflation provides the advantage of untethered devices which
open the potential of minimally traumatic surgical treatments. The inflation can be controlled
on site by a priori design of the capsule, e.g., amount of reactants, volume of water, and
thermal input via induction heating. A limitation of the current actuation approach is that the
current chemical reaction is not reversible, thus the inflation cannot be repeated. If multiple
inflation-deflation cycles are needed, then a reversible chemical reaction, or alternative
methods should be sought [36, 5]. If the distance of the induction coil from the capsule
needs to be increased depending on clinical needs, the current provided to the induction coil
can be increased such that the amplitude of the magnetic field received by the capsule stays
constant. To improve biocompatibility, the rigid body and rigid cap can be replaced with
any biocompatible rigid material and cyanoacrylate can be replaced with a medical grade
one. The capsule should be miniaturised by reducing the diameter by 31.3% to fit a standard
capsule size “000”. The first few steps in reducing the size could be removing the hollow
section of the capsule and increasing the amplitude and/or frequency of the applied magnetic
field to account for the reduced copper sheet diameter. Future work will look at adjustment
of the design to fit clinical requirements and its evaluation in animal trials.
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Chapter 4

Addressable Parallel Wireless Power
Transfer for Capsule Robots

4.1 Abstract

Capsule robots provide untethered access to the gastrointestinal system with minimal inva-
siveness. There are many examples of therapeutic capsules, but a gap exists in their capability
in carrying out complex functions such as manipulation. The major limiting factor is the
size requirements for on-board computation and communication, along with capabilities of
efficient small scale actuators. This work presents a new amplifier design capable of deliv-
ering power to capsule robots and control 6 addressable components with parallel wireless
power transfer, which was confirmed by wirelessly lighting up LEDs, independently and
concurrently. Additionally, a range of receivers were tested for heating that can be used for
thermoresponsive actuators or cell necrosis, and controlling 2 DC motors bidirectionally at
the same time for 2-DOF manipulation. Using these mechanisms, a capsule robot design
capable of anchoring, manipulation and cauterisation was presented. The wireless power-
ing method presented should benefit developments in electrothermal actuators for further
miniaturisation of therapeutic capsule robots.

4.2 Introduction

Medical procedures in the gastrointestinal tract may require a laparoscopy, which is minimally
invasive but still requires an incision, or an endoscopy, which is without an incision but may
have difficulty reaching some parts of the small intestine. A double balloon endoscopy can be
used to access the remaining parts, but will require multiple procedures to do so and require
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general anaesthetics. Wireless capsule robots can provide access to the entire gastrointestinal
system via oral delivery. Some potential benefits wireless capsule robots may provide are
reduced invasiveness, increased patient comfort, reduced procedure time and ability to be
used under conditions where general anaesthetics is not preferred or considered dangerous
due to the possibility of complications [48]. There are many examples of wireless capsules
for inspection of the gastrointestinal system [10, 12–15], active drug delivery [10, 16–22],
sampling [1, 2, 23–26], anchoring [27–29]. However, there are not many therapeutic capsule
robots that are capable of complex tasks as manipulation which is important for surgical
functions. There are many examples of therapeutic capsule robots, as shown in Table 2.1,
some provide visual feedback, some provide a single therapeutic function, but the ones that
try to include both do not fit into the largest allowed capsule size 000.

Miniaturisation of therapeutic capsules could be achieved using many scalable methods
of control that can be used for actuation [10]. One example is manipulation of magnets
using external magnetic force. Using magnetic force with a permanent magnet equipped
robotic arm [15] or an electromagnetic coil system [75–77] can achieve complex motions
with a single object. The robot can be localised with hall effect sensors [81] and form a
closed-loop navigation system [82]. Additionally, magnetic systems are scalable, giving
them high potential of reducing the overall size of the robot [1]. The main drawback is that
magnetic force is a global stimulus, which makes the complexity of the design requirement
for implementing multiple mechanisms increase exponentially, either due to the interaction
between multiple embedded magnets based mechanisms, or due to the fact that the magnetic
field will affect both mechanisms at the same time [10]. Some multipurpose functionality can
be achieved by using magnetic force for navigation and magnetic gradient for the surgical
mechanism [2], but multiple actuation under a global magnetic field remains a challenge.

Another potential approach is using electrical power to carry out surgical tasks using elec-
tromechanical, electrothermal or electrochemical actuators [10]. The electricity from battery
power may take up too much space and run out of power eventually [10, 35]. Wireless Power
Transfer (WPT) solves this issue by powering the robot from outside the body, but comes
with the requirement of the power receiver being in good alignment with the transmitter [141]
and optimised [140]. Overall size is the general drawback of this approach [40, 39, 38] due to
requiring a microcontroller for on-board computation and a Bluetooth or a communications
IC and antenna for two-way communication. These components along with a battery or
wireless receiver take up enough space for an inspection capsule to be barely around the size
of a 000 capsule without any moving mechanical parts or therapeutic function.

There are many examples of actuators that do not require on-board computation such
as electromechanical actuators like dielectric [83, 85, 86] and piezoelectric [37, 8, 87, 37,
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8] materials, thermoresponsive actuators that use the Coefficient of Thermal Expansion
(CTE) [37, 86, 7, 8], Shape Memory Polymers (SMP) [88, 89, 91], Shape Memory Alloys
(SMA) [90, 89, 58], hydrogels like PNIPAM [93, 95, 96, 98, 99] and electrochemical
actuators that uses on-board pneumatic generation [37, 36, 31, 4], electrolysis [36, 37, 103]
and liquid-to-gas transition [104, 6, 105, 5, 6]. One promising approach is using WPT with
Resonant Inductive Coupling (RIC) using an Inductor-Capacitor (LC) combination with
a specific resonant frequency that is only powered when the correct frequency is being
transmitted to actuate the smart material without on-board computation [9, 120, 121].

In the literature, addressability through RIC was shown for up to 3 addressable com-
ponents. This has been achieved with a transmission system using Frequency Modulation
(FM) where the frequency of a pure sine wave is modulated to choose where to send the
power. This means that the power being transferred is not concurrent and instead is sequential.
For the majority of WPT applications, Class-E amplifiers are used for their high amplifier
efficiencies. To achieve high Power Transfer Efficiencies (PTE) the link between the Trans-
mission (Tx) coil and Receiver (Rx) coil needs to be optimised [140], the amplifier itself
needs optimisation [147] and need an active way of changing the inductance or capacitance
of the resonant tank as the frequency changes [146]. Relying on resonant matching has its
own drawback such as sensitivity to capacitive elements of the patient’s body [58, 136], and
inductive elements like large metal objects around the surgical area or coil deformations all
affect the PTE [143]. With FM, given that as the number of addressable components increase,
the amount of time that can be dedicated to transfer power to one location decreases, meaning
less power can be transferred overall. It also means that the load cannot be something
that requires direct powering at the same time. Superposition instead of FM could be an
alternative to improve the drawbacks of this approach, but it is difficult to produce mixed
frequency signals from an amplifier, especially because amplifiers are most efficient in zero
voltage switching (ZVS) conditions where the conduction angles between the threshold and
maximum gate-source input are used at their maximum potential [146, 147]. To address
some drawbacks of RIC with FM, this paper presents:

1. A new modular amplifier circuit called the Poly-Sinusoidal Resonance Generator
(PSRG) that can generate multiple sinusoidal magnetic fields at different frequencies
and superpose them at the Tx coil, achieving Parallel Wireless Power Transfer (P-
WPT). 6 addressable components has been shown, but further tests may increase this
value. Unlike with FM, the 6 addressable components are controlled independently
and concurrently using the PSRG system.

2. Tx and Rx side analysis of WPT using the PSRG, a range of Tx coils and a range of Rx
circuits for various powering applications such as heating up a Surface-Mount Device
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(SMD) Resistor, lighting up an LED, powering a motor with bidirectional control
without using a microcontroller or traditional communication methods.

3. A capsule robot design within endoscopic size requirements (11 mm diameter) that
shows how an ingestible surgical robot can use the 6 frequencies for a robot to navigate
to the site of surgery, anchor to the tissue, and use its manipulator and heater for a
cauterisation application in the gastrointestinal system.

Rx Inductors

Tx Inductor

Scissors

Cauterization
cable

Power Receiver Manipulator

Surgical Tools

A B

Biopsy
Needle

Fig. 4.1 Concept of modular wireless capsules. (A) Shows a CAD render of the Transmission
and Receiver coils that the capsule robot could use. (B) Shows the concept of capsule train
with a power receiver capsule, a manipulator capsule and interchangeable tools.

4.3 Methods

4.3.1 PSRG Working Principle

An amplifier takes a smaller input signal and amplifies it to a larger signal, which can be
voltage and/or current. Amplifiers made up of current controlled transistors amplify and
recreate a current signal while voltage controlled transistors amplify and recreate a voltage
signal. Both have a threshold input signal before allowing current to pass through and a
maximum input signal before the devices break. A sinusoidal wave can be recreated at the
maximum power when the peak amplitude of the input signal is equal to the maximum
as shown in Fig. 4.2 A (i). When multiple sinusoidal waves superpose, some parts of the
waveform add up to peak values that go beyond the maximum, like in Fig. 4.2 A (ii), which
will break the MOSFET. If the input voltage is clamped to the maximum, the waveform will
be distorted, which will reduce the power delivered across the receivers that are meant to
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Fig. 4.2 PSRG system block diagram. (A) Limitations of superposition at input signal for
traditional amplifiers. (i) A sinusoidal wave can be recreated at the maximum gate-source
voltage. (ii) Superposing multiple sinusoidal waves end up with peaks beyond the maximum
gate-source voltage. (iii) If the waveform is shrunk to fit the maximum, the power output will
be reduced and the waveform below the gate-source threshold voltage will not be recreated.
(B) A single PSRG module is used to generate one sinusoidal frequency. (C) Multiple PSRG
modules can be connected in parallel. Each PSRG module generates its own frequency.
Superposition only happens at the Tx coil current, which avoids high gate-source voltages at
the MOSFETs.

receive power and increase power delivered to the ones that are not. If the waveform is shrunk
to fit the maximum like in Fig. 4.2 A (iii), the power output overall is reduced. Additionally,
a larger portion of the waveform remains below the threshold gate-source voltage which will
not be recreated. Instead of trying to optimise the input to output signal performance, another
approach was taken with the PSRG system to skip the issues at the input stage entirely by
superposing at the output stage. This means that any configuration that allows for a higher
voltage supply to be used or improvements to transistor technologies at a material level for
higher current output will still benefit the design without suffering from the problems at the
input stage.

The modular design starts at a single PSRG module, shown in Fig. 4.2 B, which used to
generate one sinusoidal frequency. There are 3 main components that make up a module.
The CI-Arrays are capacitor-inductor arrays connected in series that act as an energy reserve
where potential energy is built up in the form of reactive power. The signal generator regulates
the MOSFETs to switch the CI-Arrays between the power-in line and power-out line. One
CI-Array charges while the other discharges and vice versa. The CI-Arrays are connected to
the power out in reverse forming both sides of the sine wave. Multiple PSRG modules can
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be connected in parallel where each PSRG module generates its own frequency as shown in
Fig. 4.2 C. The current supplied by each PSRG module only superpose at the Tx coil, which
avoids high gate-source voltages at the MOSFETs. The charging and discharging of the
CI-Array provides a stable source of current for each frequency and regulates the sinusoidal
waveform, which is important because the amplitude of the magnetic flux density depends
on current. Using a traditional MOSFET based amplifier with the same MOSFETs with the
same physical properties that determine the amount of amplification such as transconductance
and channel-length modulation, and the same input voltage used for the PSRG system, the
current delivered to the Tx coil will be larger when superposing mixed frequencies.

4.3.2 Transmission Circuit Design

MOSFET Routing Circuit

The main section that brings a PSRG module together is the MOSFET routing. The schemat-
ics are shown in Fig. 4.5 A, the PCB trace and the image are shown in Fig. 4.6 A. All
schematics and PCBs were designed in KiCad EDA. Each PSRG module has a total of 8
MOSFETs (IRFB4410ZPbF, Infineon), divided into two pairs for controlling each CI-Array.
Each pair has two MOSFETs that connects the power to the CI-Array to charge, and the two
that connects CI-Arrays to the Tx coil. While one CI-Array is being charged, the other is
discharged into the Tx coil. The CI-Arrays are connected in the same polarity to the power
supply, but in reverse polarity to the Tx coil, which provides both polarities of the sinusoidal
current output to produce the alternating magnetic field.

Signal Generator Circuit

A signal generator is needed to turn on and off the gates of the MOSFET routing circuit with
correct timing of the frequency that needs to be sent. A dedicated signal generator design
was needed to be developed for two reasons. The PSRG module needs a large potential
difference with opposite polarities to be provided to the MOSFET routing circuit, but the
signal produced for the two polarities should never overlap in a way that would keep both
sides of the MOSFET routing circuit open. The overlap would cause the circuit to be shorted
and break the MOSFET due to large peaks of currents.

The schematics of the signal generator are shown in Fig. 4.5 B, the PCB trace and the
image are shown in Fig. 4.6 B. The summary of the signal generator steps for one polarity
are shown as a block diagram in Fig. 4.3 A. The signal generation starts at a small signal
generator (AD9833, Analog Devices) generating a 1 V sinusoidal signal at the selected
frequency, shown as a green trace in Fig 4.3 B. The DC offset of the signal is removed with
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Fig. 4.3 Signal generator steps for one polarity of one PSRG module.(A) Shows a block
diagram of the signal generator steps from each component. (B) Shows the traces of the
signals from LTspice with colours matching the block diagram.

a capacitor, shown as the cyan trace. A voltage regulator (MIC29302WU, Microchip) is
used to supply voltage to the signal generator components, and cut the power off when not
in use. Two power OP Amps (TLE2141IP, Texas Instruments) are used to boost the signal
up to the voltage of the voltage regulator with opposite polarities and a MOSFET is used
to boost the current of the signal. Two MOSFETs for each polarity is used with an XOR
configuration that sinks the current if both the polarities are conducting at the same time. An
Arduino MEGA is used to control the signal generators (AD9833) as well as the Enable pin
on the voltage regulator (MIC29302WU, Microchip), thus controlling which frequency is
being sent by the PSRG system. Up to this point, the signal at each polarity is a half-rectified
square wave, given that the OP Amp boosts the signal past the peak voltage provided by
voltage regulator, which distorts the sinusoidal wave into a square wave. The signal output
from the OP Amp for one polarity is shown in Fig. 4.3 B as the blue trace.

Two inductors between the two polarities of the signal, connected to the voltage regulator,
boosts the voltage of the signal while also re-constructing the sinusoidal shape of the
waveform. The boosted signal output for one polarity is shown in Fig. 4.3 B as the red trace.
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Table 4.1 Boost Inductor Inductance for Frequency of Transmission

f (kHz) 10 15 18 20 30 40 50 60 70 80 90 100
LB (µH) 6300 3000 2100 1700 750 430 280 200 148 114 90 73

The inductance values chosen for the boost inductors need to be adjusted for the frequency
of the signal generated from the circuit, which was tested in an LTspice (Analog Devices)
simulation where one PSRG module was simulated. The simulation was carried out for
a range of frequencies, where a range of self-inductance of the boosting inductors were
tested for each frequency. An example of the simulation results at one polarity of the signal
generator output is shown in Fig. 4.4 A, its resulting effects on the Tx coil current is shown
in Fig. 4.4 B and the current passing through the boost inductor is shown in Fig. 4.4 C. For
the optimisation process, a range of inductance is chosen for the boost inductor. For 30 kHz,
this was a range of 1500 µH to 100 µH. The simulation was run with 50 µH increments, but
this was reduced to 100 for the plots for better visibility.

MOSFETs usually have a gate-source threshold voltage of 20 V. A half-rectified sinusoidal
signal has a Root Mean Square (RMS) of 0.5 times the original amplitude. Given that 15 V
supply voltage is boosted to half-rectified sinusoidal signal of around 40-45 V, the DC
equivalent voltage at the gate is around 20 V, which does not break the MOSFET. The first
step is to check that the peak voltage in Fig. 4.4 A is below 40-45 V. Then the peak currents
in Fig. 4.4 B and Fig. 4.4 C are inspected. The peak current generated at the Tx coil is 5.63 A
when the boost inductor is 550 µH, but the current is very close for the next few increments.
For example, at 750 µH the current across the Tx coil is 5.57 A. Inspecting the peak currents
for the boost inductor, the minimum currents are -0.27 mA and -0.18 mA and the maximum
currents are 0.23 mA and 0.14 mA for 550 µH and 750 µH respectively. For a small trade
off of the Tx coil current, the current drawn at the boost inductor is reduced, helping with
the stability of the signal generator. The simulation was repeated for each frequency while
adjusting the range and increment of the boost inductor’s inductance, the results of which are
shown in Table 4.1, where f is the frequency being tested and LB is the self-inductance of
the boost inductor.

CI-A Circuit

The CI-Array consists of two sets of capacitor and inductor in series matched to the intended
frequency. The schematics are shown in Fig. 4.5 C, the PCB trace and the image are shown
in Fig. 4.6 C. The CI-Array could be made with single components for the capacitor and
inductor, but were chosen to be in an array for practical reasons. As an array, the current
and therefore the heat is distributed amongst the individual components for better heat
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Fig. 4.4 An example of traces from LTspice simulations used for choosing the boost inductor’s
self-inductance for 30 kHz Tx frequency. (A) shows the voltage output of the signal generator
after the boost. The legend in the corner marked "S_l" shows the self-inductance. The first
light green for 100 µH is the smallest signal with a peak around 25 V. (B) Shows the resulting
current across the Tx inductor. (C) Shows the current draw in the boost inductor.
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B
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C

Fig. 4.5 PSRG schematics for a single module. (A) MOSFET routing circuit. (B) Signal
Generator. (C) CI-Array. There are two CI-Arrays for each PSRG module.
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B i) ii)
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Fig. 4.6 PSRG PCB trace and image of assembled product to make up one module. (A)
MOSFET routing circuit. (B) Signal Generator. (C) CI-Array.
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Fig. 4.7 Final assembly of 6 PSRG modules. (A) Side view. (B) Front isometric view. (C)
Back isometric view.
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management. It is also easier to match the frequency due to component tolerances. The
inductors used for this assembly have a DC resistance of 5 Ω, which is divided into 10 as
they are connected in parallel. The DC resistance in the CI-Array is a limiting factor of the
current that can be built-up by the PSRG system, which means that it should be kept to a
minimum. An important extra detail is that the frequency of one side of the array needs to
match the other for best WPT. To keep consistent thermals throughout the experiments, each
PSRG module had its own cooling fan which can be seen in the fully assembled images of
the PSRG system in Fig. 4.7.

4.3.3 Receiver Circuit Design

For microcontroller-less operation, passive components including inductor, capacitors, resis-
tors and diodes can be used to control a variety of different loads using the PSRG system.
The receiver design choice will depend on whether the load needs AC, DC, direction control
and whether the load is voltage driven or current driven. For heat generation, a resistor can
be used as an AC load in series with the LC like the circuit in Fig. 4.8 A, given that no power
is lost to the diodes converting the AC power to DC. To wirelessly turn on an LED, an LED
in parallel to the LC circuit with a resistor can be chosen, shown in Fig. 4.8 B, as the LED
will limit the current if it is connected in series to the LC. This circuit can also be used for
any other load that requires DC power, but has a high internal resistance that would limit the
power that could be built up by the LC tank. For such loads, a larger voltage is needed than
current, so a resistor is needed to improve selectivity between different resonant frequencies
of receivers. A DC motor can be driven by a series LC circuit, shown in Fig. 4.8 C, with
one diode in series with the motor and another diode in parallel with both the motor and
its diode to allow the reverse direction current to bypass the motor. If both directions of
current across the load is needed, the bidirectional control circuit in Fig. 4.8 D can be used.
Each bidirectional circuit has two series LC circuits matched to different frequencies where
each frequency is used for one direction of current. The diodes are connected similarly to
the single direction circuit, but one of the LC is connected in opposite direction to the load.
This circuit needs the smoothing capacitor to prevent the opposite diodes from bypassing the
motor. The circuit also benefits with separating the frequencies matched on the same circuit
further. The load on this circuit will be voltage limited to double of the breakdown voltage
of diodes used because higher voltages will pass through the diodes back into the receiver
inductor instead of the load. Also, the conduction time of the diode needs to be faster than
the frequency of the transmission. The circuits from Fig. 4.8 A-C are basic LCR circuits and
the circuit in Fig. 4.8 D was designed for this specific project. All the circuits were fabricated
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B C DA

Fig. 4.8 Receiver circuits. (A) Series LCR with AC load. (B) Parallel LCR with DC
Diode/LED Load. (C) Series LCR with DC Load. (D) Bidirectional control circuit with 2 Rx
coils and 1 DC Load.

by directly soldering components magnet together with magnet wire instead of using a PCB
to save space inside the capsules.

4.3.4 Tx/Rx Design

One of the advantages of the PSRG system is that it is suitable to be used with a single Tx
coil for a range of frequencies. This means that there is no need to account for the mutual
inductance between Tx coils for systems that utilize multiple Tx coils [150]. Multiple Tx
coils would not be a simple offset solution, given that the magnetic field produced from each
Tx coil mutually inducts with all the other Tx coils. The higher the current is, the higher
the mutual inductance, making the problem a non-linear one. If the frequencies need to be
independently controlled, there needs to be an offset for each combination of frequencies
to account for. This makes the problem increase exponentially with number of addressable
components. Having a single Tx coil solution gets rid of this problem entirely, but comes
with the limitation of selecting a suitable frequency range.

For the purpose of these experiments a frequency range of 30 kHz to 90 kHz was chosen
with 12 kHz increments. The range was started from the lowest frequency with the lowest
energy transfer potential possible for powering the capsule and then finding the smallest
gap that worked. These conditions should help to set the baseline as more frequencies and
number of addressable components are added. It was determined that 18 kHz did not deliver
enough power to turn on a motor compared to higher frequencies, so the starting frequency
was chosen to be 30 kHz. When 6 kHz increments were tested with an LED application,
the selectivity did not exhibit good results where minor positioning differences of Rx coils
would affect results. 12 kHz increments were chosen instead of 10 kHz to avoid the effects of
harmonic interference delivering power to the first harmonics of the fundamental frequency.
From initial tests in simulation, using 30 kHz and 66 kHz has reduced this effect and second
harmonics such as 30 kHz and 90 kHz does not exhibit as much interference in power delivery
as first harmonics.
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Fig. 4.9 Transmission coils used in the experiments. (A) Top View. (B) Side view. (i) L1. (ii)
L2. (iii) L3.

A range of Tx inductors were fabricated to test the performance of the PSRG system and
find an optimum Tx inductor for the chosen range of frequency. Inductors L1, L2 and L3 have
an inductance of 2.85, 5.44 and 18.56 µH respectively, the images of which can be seen in
Fig. 4.9 and further parameters are given in Table 4.2. They were all wound using a Litz wire
made with the same parameters.

For the Rx Coil, LRx, an off the shelf 8 mm diameter, 5 mm height unshielded inductor
with a ferrite core that has a self-inductance of 3700 µH was used (SDR0805, Bourns). To
match the Rx coil with the target frequencies, ft , a range of capacitors were chosen shown in

Table 4.2 Inductor Characteristics

Inductor L1 L2 L3 LRx
Inductance (µH) 2.85 5.44 18.56 3700
Number of Horizontal Turns 3 3 11 26
Number of Vertical Turns 2 3 2 16
Individual Wire Strand Thickness (mm) 0.2 0.2 0.2 0.1
Number of Strands 100 100 100 1
Total Diameter of Coil Wire (mm) 2 2 2 0.1
Inner Diameter of Coil (mm) 30 30 20 3.5
Outer Diameter of Coil (mm) 50 50 100 7
DC Resistance (Ω) <0.1 <0.1 <0.1 15
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Table 4.3. The resonant frequency, f0 can be calculated by using the formula:

f0 =
1

2π
√

LxCx
, (4.1)

where Cx is the capacitance and Lx is the inductance.
The inductance of LRx and the capacitance of the capacitors were measured using an LCR

meter (BM4070, PROSTER), but the Tx coils were too small to measure. Instead, they were
measured using a signal generator (SFG-1013, GW Instek), an oscilloscope (GDS-840C,
GW Instek), a known capacitor and a resistor. A series LCR is built with the inductor to be
tested, and a frequency sweep was applied. The lowest voltage measured across the LC is
the resonant frequency of the circuit, as the reactance of the LC will be the lowest. Using the
known f0, Cx and Eq. 4.1, the inductance was calculated. LRx has a DC resistance of 15 Ω

but the resistance of L1, L2 and L3 are too small to measure with an LCR meter and assumed
to be lower than the lead resistance of 0.1 Ω.

Table 4.3 Resonant Frequency for Receiver Circuits

Frequency ft(kHz) Cx(nF) f0(kHz)
f1 30 7.6 30.01
f2 42 3.88 42.01
f3 54 2.34 54.09
f4 66 1.57 66.12
f5 78 1.12 78.11
f6 90 0.842 90.17

4.3.5 Capsule Design

The capsule, shown in Fig. 4.10, has been designed within endoscopic dimension limits of
11 mm diameter to allow for oral delivery. The capsule could be delivered past the oesophagus
in an endoscopic procedure and released after entering the duodenum. The capsule robot
consists of 4 individual 000 capsule sized sections, within 28 mm length and 11 mm diameter.
A soft membrane connects the 4 capsules to allow navigation in the crevices of the small
intestine. A 3x3 mm neodymium magnet has been included at the tip of the robot to allow the
navigation towards a target location with the help of a magnetic or electromagnetic system.

The first two capsules contain 6 Rx coils to allow WPT. After the Rx coils are electrically
insulated, capsule 1 can be filled with an aqueous solution of chemical reactant A and capsule
2 can be filled with chemical reactant B. The two capsules are connected with a soft Ecoflex
membrane and the two reactants are separated by 3 gelatin layers acting as the dissolution
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Fig. 4.10 Capsule robot design proposed. (A) The capsule robot consists of 6 inductors for
6 addressable frequencies, an inflating soft membrane for anchoring, 2 motors for 2-DOF
manipulation, a heating resistor and a 3x3 neodymium magnet. (B) The mechanical design
allows the motors to control 2-DOF joints in (i) vertical and (ii) horizontal rotations.(C)
The anchoring mechanism of the capsule. (i) Capsule 1 and 2 are filled with reactants and
the dissolution layer is melted with an internal heating resistor. (ii) The chemical reaction
releases CO2 to inflate the soft membrane for anchoring.

medium. Upon application of heat to the gelatin layers using an internal SMD heating
resistor, the chemical reactants mix to produce a gas as a result of the reaction, which is used
to inflate the soft membrane of the capsule and anchor to the walls of the intestine. A more
detailed version of this mechanism has been studied in Chapter 3.

The last two capsules both contain a small DC motor and a mechanical design that allows
2-DOF rotation to navigate the capsule tip to a target location. After anchoring, the magnet at
the tip of the robot can be used for movement parallel to the walls of the intestine, adding an
extra DOF. Some space has been reserved for the bidirectional control circuit for the motors.
There is an external SMD heating resistor at the tip of the capsule which can be used to
apply heat to a target location to kill pathogens or cells by heating it beyond the limits of cell
necrosis (45 °C). It could potentially be used for cauterisation or patching up wounds. With
6 Rx receivers, 1 frequency is used for triggering the chemical reaction for anchoring, 1 is
used for heating the target location, and 4 are used for bidirectionally controlling 2 motors.
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Fig. 4.11 Experimental setup platform. (A) The experimental setup that was used to test
Tx/Rx performance at fixed vertical distances away from the Tx coil. (B) The top-down view
of the platform showing the radial distance away from the Tx coil.

4.4 Experimental Setup

4.4.1 Testing Platform

The testing platform shown in Fig. 4.11, was fabricated to fix the distances throughout the
experiments. On the Tx side, each Tx coil’s top acrylic layer starts on the same distance
regardless of the number of vertical turns they have. This is to capture a realistic scenario for
when the Tx coil needs to be placed as close as possible to the target, rather than fixing the
distance to the middle of the Tx coil. The 0 mm position starts from the first layer of the Tx
coil winding, the top acrylic sheet of the Tx coil has a thickness of 3 mm, the plastic screws
holding the coil together has a head height of 2.3 mm and the acrylic sheet holding the Rx
coils also has a thickness of 3 mm, making the shortest distance the Rx coils can be placed
away from the Tx coil 8.3 mm. For the Rx coil position, an acrylic sheet is used slid into
rows of 5 mm increments. The acrylic sheet the Rx coils are placed on also had markings on
it indicating the radial distance away from the Tx coil to be able to evenly spread the coils
along a radial distance.

4.4.2 Tx Coil Current Measurement

Since the magnetic flux density produced by an inductor depends on the current, the current
has to be measured first. To measure the current across the inductor, 0.1 Ω thick film resistor
(PWR220T-35-R100F, Bourns) was connected in series with the inductor to act as a shunt
resistor and the voltage drop across the resistor was measured with a PicoScope (2204A,



4.4 Experimental Setup 65

Pico Technology). According to Ohm’s Law, to get the peak current passing through the
resistor, and therefore the inductor, the peak voltage drop across the resistor is multiplied by
10. The samples were taken at 50 µs/div (micro seconds per division) at a sample rate of
12.5 MS/s (Mega samples per second).

A 0.1 Ω resistor was used as it is small enough to ignore the effect of the added series
resistance reducing the current, but large enough to cause a voltage drop that is readable by
an oscilloscope and distinguishable from noise. Most resistors are physically manufactured
using a coiled wire and will have a small amount of self-inductance. Also, oscilloscope
probes exhibit a small amount of capacitance between the leads (roughly 140 pF in 1x mode,
40 pF in 10x mode). This makes alternating current measurements difficult due to added
noise and unwanted oscillations. A thick film resistor was used to reduce this effect as the
resistance comes from thick films of resistive layers rather than coil windings (the model
used in this experiment guarantees maximum of 0.1 µH self-inductance). In the PicoScope
7 software used for the measurements, a software 500 kHz Low-Pass filter was applied to
remove the remaining noise without affecting the rest of the waveform when measuring the
RMS and peak values to only measure the energy of the fundamental frequency.

A Fast Fourier Transform (FFT) analysis of the waveforms in the frequency domain
was carried out in the PicoScope software as well. The low pass filter was not used for this
section of measurements. The decibel values of the voltage across the shunt resistor for the 6
frequencies were recorded for all 63 Tx states possible with the 3 Tx coils. The fundamental
Total Harmonic Distortion (THD) (% and dBu), as well as THD with noise (dBu) were
recorded for single frequency waveforms for 8 harmonics. These values should show how
deformed the waveform is from a pure sine wave and how much of it is due to noise, which
could be caused by the system or the measurement tools used.

4.4.3 Magnetic Flux Density Estimate

To get an estimate of the magnetic flux density produced by each Tx coil, the magnetic flux
density produced by each into individual loops of wire within the Tx coil was calculated
separately and then added up together. The magnetic flux density, B (T), produced by a single
loop of wire can be calculated using Biot-Savart Law:

B =
µ0IR2

2(x2 +R2)3/2 , (4.2)
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where µ0 is the magnetic permeability of free space (H m−1), I is the current passing through
the loop of wire (A), R is the radius of the loop of wire (m), x is the vertical distance of the
target from the centre of the loop of wire (m).

A python script was written that uses the coil geometry parameters (vertical and horizontal
number of turns, the wire cross-sectional diameter, the radius of the first inner loop of wire),
the measured peak current passing through the inductor and the vertical distance of the target
away from the coil, to calculate the field produced by each loop of wire, which is added
up to get the magnetic flux density estimate at target position. Since the majority of the
measurements were made with the Rx coil 18.3 mm away from the coil, the magnetic flux
density estimate was calculated for this distance.

4.4.4 Tx Error in Superposition

A new parameter was defined to get an estimate of how well the frequencies are being
superposed with different Tx coils. When different frequencies of sinusoidal waves mix,
they create a unique repeating patterns of peaks and trough. As the rate of change of
current increases, the reactance of the inductor increases. Due to the faster rate of change of
current resulting from the superposition, the increased reactance of the inductor will limit the
current passing through. If you measure the waveforms for single frequencies and manually
superpose them, you will get an ideal superposed waveform, which can be compared with
the measured waveform superposed at the Tx coil. The single frequency waveforms were
sampled from the PSRG output instead of defining a perfect sinusoidal wave because it is a
very analogue system where the output has some imperfections due to component tolerances.
Using the sampled waveform to construct the ideal superposed waveforms ends up with a
more fair comparison which ignores device fabrication errors. The RMS of a wave is often
used to convert an alternating or irregular wave into a statistical average value. Calculating
the RMS of the ideal, ITx(Id) (A), and the measured, ITx(M) (A), waveforms can give us an
estimate of the error in superposition, ET x (%), using the following formula:

ET x =
100(ITx(Id)− ITx(M))

ITx(Id)
. (4.3)

The PSRG system is controlled using an Arduino (Mega, Arduino). A code was written
to assume the 6 frequencies as bits, starting with 30 kHz as bit 1 and 90 kHz as bit 6, cycling
through all the possible combination of 63 Tx states (equivalent to the decimal value) which
are covered through binary counting for a duration of 1 second for each Tx state. The
waveforms are recorded using a PicoScope with the same settings as the single frequency Tx
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current measurements, but instead of just reading the peak values, the entire waveforms are
saved instead. These waveforms are extracted manually for each Tx state. An inspection of
the mixed waveforms has shown that the longest repeating pattern is 167 us. This value was
chosen as the waveform sample length to make sure that the RMS measurement covers at
minimum, 1 full repeating pattern. A python script automatically sorts the Tx states, samples
the single frequency waveforms to construct the ideal waveforms for each combination of
frequencies, then uses Eq. 4.3 to calculate the error in superposition for each Tx state. The
data was further processed by breaking down the Tx states into the number of frequencies
being mixed and an average is taken. This way, the effects of how the number of frequencies
being mixed affect all 3 Tx coils can be interpreted clearly.

4.4.5 LTspice Simulation

An LTspice model was built to test the Tx/Rx circuit in simulation. The simulation uses a
single PSRG module for transmission and an LCR circuit with a 1 Ω resistor as the load.
The frequency is cycled through from 12 kHz to 202 kHz with 12 kHz increments while the
capacitors on both Tx and Rx side are automatically adjusted to match the resonant frequency.
Each step is run for 3 ms and characteristic measurements are extracted.

For mutual inductance, the Tx/Rx link can be assumed as a transformer where a coupling
factor, kM, needs to be defined in addition to the self-inductance of both Tx and Rx coils.
Apart from the purely electrical properties like self-inductance, the coupling coefficient
depends on both the Tx and Rx coil geometries. The space both inductors cover in respect
to each other’s magnetic flux densities is the main factor of flux linkage. The more lines of
flux produced by the Tx coil cuts through the Rx coil, the more potential difference can be
generated in the Rx coil according to Faraday’s Law.

Instead of theoretically acquiring the kM values, a small set of experiments were carried
out to measure it instead. The Rx coil was matched to 30 kHz with a capacitor and a 1 Ω

resistor (PWR220T-35-1R00F, Bourns) is used as the load. The Rx coil was placed in the
centre 18.3 mm away from the Tx coil and the voltage across the Rx coil and resistor was
measured 3 times for each Tx coil. Then, the same LTspice simulation is used at a fixed
frequency, while kM is cycled through instead. The kM values with matching simulation
results are listed in Table 4.4. These results may have some inaccuracy due to the simulation
ignoring the inductors having an iron core. The material properties were not available in the
data sheet of the Rx coils which makes it hard to include necessary details in the simulation.
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Table 4.4 Coupling Coefficient Table

L1 L2 L3
0.0095 0.012 0.019

The results are curve fitted for a Tx inductance for a range of 2.85 < LT x < 18.56 µH to
derive the formula:

kM = 6.322981×10−3 +1.193062×10−3LT x − (2.748023×10−5LT x)
2 . (4.4)

Then Eq. 4.4 was used in the simulation that cycles through the frequencies and the
simulations were run to collect data for all 3 Tx coils.

4.4.6 Rx Coil Analysis Measurements

To characterize the power transfer of the Tx coils to the Rx coil, a set of experiments were
carried out using 2 different resistive loads. Both of the loads used are thick film resistors,
one 1 Ω and the other 20 Ω (PWR220T-35-20R0F, Bourns). 1 Ω load was chosen as a
representation of the power transfer without a high resistance affecting the results and 20 Ω

load was chosen as a closer comparison to the 22 Ω resistor that was used for the heating
experiments and 30 Ω of the motor. LRx was placed in the middle of the testing platform
18.3 mm away from the top of the Tx coil. To make a fair comparison, one Rx receiver was
used while switching the Cx for each of the 6 resonant frequencies, given that multiple Rx
receivers cannot occupy the exact same space. The circuit used makes up a basic series LCR
circuit. On the Tx side, the same Arduino code was used to cycle through the 63 Tx states
with 1 second intervals.

A PicoScope was used to record the results for the voltage across LRx and across the
resistive load using 5 us/div at a sample rate of 100 MS/s. The peak to peak (pk-pk) and RMS
measurements were recorded in logging mode. A python script was written to automatically
sort the collected data using the pk-pk LRx voltage with a threshold to define an ON Rx state
(when the Rx is expected to receive power because Tx is sending the f0 of the Rx circuit)
and OFF Rx state (when the Tx is sending frequencies that does not match the f0 of the Rx
circuit). The "ON" and "OFF" here refers to the Tx side, whether the specific frequency
in question is being transmitted or not. The terminology was chosen to be able to interpret
the analogue nature of power transfer values with an arbitrary digital threshold. There is
no digital or active component in the Rx circuit being switched, the state is "ON" when the
intended frequency is being sent and "OFF" when not. Then, the script takes an average of
the data collected for each Tx state. The measurements for L3 had an additional half a second
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pause between each transmission as the script was not able to tell apart ON and OFF Rx
States with a threshold for some combination of frequencies, which meant that the Tx state
changes had to be defined manually to sort the data.

This experiment was repeated for all 6 Rx f0, using all 3 Tx coils and 2 resistive loads, 5
trials each, for a total of 180 trials. An average of all 5 trials were taken for each condition.
Using the RMS values measured, each Tx state is separated by number of frequencies being
sent by the Tx coil and also by Rx state ON or OFF. From this point, the data can be inspected
in two ways. First is by taking an average of all Rx circuits with different f0 for ON and OFF
Rx state. This highlights how much the current or power is reduced across all Rx circuits
as the number of frequencies being sent increases. The second way is to take each number
of frequencies and take an average of each ON and OFF Rx state. Fixing the number of Tx
frequencies being sent and inspecting the Rx resonant frequencies highlights how the current
or power is distributed across the Rx circuits for ON and OFF Rx states.

The same concept of error in superposition was applied to the Rx side with different
definitions for ON and OFF Rx states. Error in superposition for ON Rx state, ERx(ON) (%),
can be defined using the following formula:

ERx(ON) =
100(RxOn(n1)−RxOn(nx))

RxOn(n1)
, (4.5)

where RxOn(n1) is the average RMS value of ON Rx state when 1 frequency is being sent at a
time, RxOn(nx) is the average RMS value of ON Rx state when x number of frequencies are
being sent. The values can either be current or power. The ratio of the difference between a
single frequency and multiple frequencies is used get a percentage of how much current or
power is reduced as number of frequencies increase.

Error in superposition for ON Rx state, ERx(OFF) (%), can be defined using the following
formula:

ERx(OFF) =
100(RxO f f (nx))

RxOn(n6)
, (4.6)

where RxO f f (nx) is the average RMS value of OFF Rx state when x number of frequencies
are being sent and RxOn(n6) is the average RMS value of ON Rx state when all 6 frequencies
are being sent at the same time. The ratio of the OFF Rx state and the lowest point of the ON
Rx state is used to get a percentage of how close the OFF state is to what could be considered
as the ON state.
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4.4.7 Bidirectional Motor Control

To test the bidirectional control circuit, 2 motors were used as DC load and L2 was used as
the Tx coil. The motors (ZWPD006006-136, JMI-Motion) have a 3-stage planetary gear,
a length of 18.7 mm, diameter 6 mm and resistance of 30 Ω. The motor is rated 40 mA at
3 V, but can be turned on at voltages as low as 1 V at the cost of lower torque. For the Tx
coil, L2 was used. To achieve bidirection, 2 frequencies are needed, so a total of 4 Rx coils
were used for this experiment. The Rx coils were placed at a vertical distance of 13.3 mm
and evenly distributed radial distance of 15 mm away from the Tx coil. To complete the rest
of the two circuits, Schottky diodes (SB150-E3/54, Vishay), capacitors for f1, f2, f4 and
f5 from Table 4.3, and 1 uF smoothing capacitors across the two motors were used. The
capacitors were used to match the f0 of Rx coils such that 42 and 78 kHz was used for the
motor on the left and 30 and 66 kHz was used for the motor on the right. The Arduino was
used to binary count using the 4 frequencies, starting with 30 kHz and ending with 78 kHz,
to transmit power using the PSRG and test all possible combinations.

Motors

Rx Coils

Tx Coil

Bidirectional
Control Circuits

Fig. 4.12 Experimental setup used to test the bidirection motor control with 4 frequencies.

4.4.8 Heating Test

Heat can be achieved using a resistor as the load of the circuit as when current passes
through a resistor, resistance to the motion of electronics generates thermal energy. To test
the performance of how much heat can be produced using this system, an SMD 0603 22 Ω

resistor was used as the AC load of a series LCR circuit and two set of experiments were
carried out. L2 was used as the Tx coil. The first one was carried out for all 6 frequencies, one
at a time, for a fixed distance of 8.3 mm away from the Tx coil. The second experiment was
carried out for a fixed frequency of 54 kHz but 3 different distances, 8.3, 13,3 and 18.3 mm
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away from the Tx coil were used. To measure the temperature of the resistor, a thermal
camera (C3-X, FLIR) was used. Heat was applied for 30 seconds and the resistor was left to
cool for 1 minute. Each trial was repeated 3 times for both experiments. The experiments
were carried out at room temperature.

A B

Fig. 4.13 Experimental setup used to test the SMD resistor temperature. (A) Image from the
thermal camera (C3-X, FLIR) display. (B) Image of the target SMD resistor that is being
heated.

4.4.9 LED Test

The parallel LCR circuit with DC load was tested using LEDs as diodes. L2 was used as the
Tx coil. To make up the circuit, 1206 Red, Green and Blue LEDs were used as the diode,
SMD capacitors were used to match the resonant frequency and 1 kΩ resistors were used.
The LEDs require less power to turn on than motors or generating heat, so a relatively large
resistor can be used. Since this circuit is a parallel one, increasing the resistance increases
the quality factor, which improves selectivity. The Rx coils were placed at a vertical distance
of 43.3 mm and evenly distributed radial distance of 37.5 mm away from the Tx coil. The
bottom 3 LEDs represent the bits 1-3, from right to left, where Red, Green and Blue LEDs
were used for bit 1, 2 and 3 respectively. The top 3 LEDs uses the same configuration for the
last 3 bits.

4.5 Results and Discussion

4.5.1 Transmission Analysis

The Tx coil current data in Fig. 4.14 A (i) shows that the largest inductor, L3 draws the least
amount of current as expected. There is a sharp fall of current past 54 kHz which could be
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due to the cut-off frequency of the inductor. The cut-off frequency of an inductor depends on
the inductive and resistive elements of the components forming a low-pass filter. Past this
value, the current that can be pushed decreases as the frequency increases. The current for L1

and L2 also reduces with increasing frequency, but the decrease is significantly less. Within
the frequency range used, the peak current ranges from 1.5 to 4.4 A for L3 and from 3.7 to 5
A for L1 and L2.

The same pattern from the current data can be seen in Fig. 4.14 A (ii) for the peak
magnetic flux density. L3 produces the largest amount of magnetic flux density, but it falls
sharply with increasing frequency, whereas the magnetic flux produced by L1 and L2 are
more consistent across the frequencies. Even though L1 and L2 draw very similar amounts of
current, L2 still produces a larger magnetic flux due to the inductance being larger but not
large enough to go past its cut-off frequency.

The error in superposition shown in Fig. 4.14 A (iii) indicates that L3 had maximum
error of 51% when sending all 6 frequencies. A 50% error in superposition means that
half as much of power can be delivered to the Rx compared to when sending 1 frequency.
This effect does not only reduce the power delivered to the correct set of frequencies but
also increases the power delivered to the unwanted frequencies. The overall selectivity of
the system is reduced rather than just a net power loss to the target. 0% percent error in
superposition means that the waveform was recreated perfectly. The effects of the larger
inductance of L2 is a little more visible in the error values as even though both L1 and L2

produce consistent magnetic flux densities across the frequencies, L2 consistently has more
error in superposition than L1.

Superposition creates peaks and trough that require fast changes in current and larger peak
amplitudes. An increase in inductance limits the ability of the inductor being able to pass the
larger rate of change of currents due to the increased reactance, thus has an increased error
in superposition. This indicates a delicate balance is needed in choosing the right inductor
size for the frequency range that is to be transmitted. The inductor should not transmit a
frequency past its cut-off frequency that would limit the current through the inductor, but
also aim to use the largest possible inductance to produce the largest magnetic field.

4.5.2 LT Spice Simulation

Fig. 4.14 B shows the results of the LTspice simulation for the Tx/Rx relationship using the
Tx coils L1, L2 and L3 transmitting to the Rx coil LRx. The simulation inspects the single
frequency transmission using measured values of the mutual inductance coefficient and
provides extrapolated frequencies up to 200 kHz not used in the rest of the experiments. All
the values for the simulation are for peak values rather than RMS values used in the measured
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Fig. 4.14 Transmission characteristics of the PSRG system. The inductance of the Tx coil
determines the suitable range of frequencies to be used. (A) (i) Shows measured data of the
peak transmission coil current, (ii) The peak calculated magnetic flux density at 18.3 mm
away from the top of the coil and (iii) shows the relative error in superposition with increasing
number of frequencies, based on the measured RMS currents from the output of the PSRG
system. (B) Shows data gathered from LTspice simulations for the PSRG system with 1 Ohm
load on a series LCR receiver. The simulation uses measured mutual inductance coefficient
values. (i) Shows the Tx coil current, (ii) shows the voltage across the Rx coil and (iii) shows
the current in the receiver, which is also equal to the voltage across the load.
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results. Fig. 4.14 B (i) shows very similar trend for L3 with the measured results but expected
a larger current difference between L1 and L2. This could be due to the internal resistance
of the CI-Array inductors limiting the flow of current, regardless of the inductance size.
Potentially, using lower resistance larger inductors for the CI-Array could show different
measured results.

Fig. 4.14 B (ii) shows that the voltage across the inductor of the receiver increases linearly
with frequency. This is due to the voltage being dependent on the flux linkage between the
two coils and the frequency. Since the flux linkage stays constant, the only changing factor is
the frequency of transmission.

Fig. 4.14 B (iii) shows the current induced in the Rx circuit, which is also equal to the
voltage across the 1 Ω load. The effects of the reduced current in the Tx coil is also seen in
the current induced in the Rx coil. Overall, for a single frequency, L3 results in the largest
current in the Rx, but the increase in current levels off around 50 kHz. The linear region of
the increase in current indicates the range of frequencies unaffected by the cut-off frequency
of the Tx coil. This region is the part where the error in superposition can be kept to a
minimum. The results of the simulation indicate that the linear region ends at around 25 kHz
for L3, 50 kHz for L2 and 100 kHz for L1. The region where the error in superposition would
be large enough for ON Rx state to be indistinguishable from OFF Rx state is the part where
the current through the Rx coil levels off. As frequency increases, the voltage that needs to
be applied to the Tx coil to keep supplying the same current increases. The superposition
of frequencies create peaks that require fast changes in current. Since the voltage supply is
constant, going beyond the cut-off frequencies of the Tx coils makes it increasingly difficult
to re-create the superposed signals. For L3, this happens around 50 kHz, for L2 around
200 kHz and for L1, the level off is not visible within the bounds of the simulation.

4.5.3 Frequency Domain Analysis

The waveforms used for the current measurements have also been used for an FFT analysis
(without the low-pass filter) to analyse the frequency domain components of the transmission.
An example of the waveforms are shown in Fig. 4.15. The waveforms chosen highlights
30 kHz and 42 kHz separately and then mixed, as well as the waveform of when all 6
frequencies are being transmitted. An inspection of the waveforms in Fig. 4.15 A and B
shows that the single frequency waveforms for 30 kHz and 42 kHz for L1 and L2 resemble
a triangular waveform rather than a sinusoidal one. Results of L3 shows that the triangular
waveforms are also being deformed additionally due to the reactive component of the inductor,
causing slow fall times. This suggests that the triangular waveforms are not caused by the
self-inductance of the Tx coil.
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Fig. 4.15 Collected waveforms across the shunt resistor for voltage reading versus time.
The waveforms have been spliced together with 250 µs intervals for better readability. (A)
Represents when 30 kHz is being transmitted, (B) 42 kHz, (C) 30 kHz and 42 kHz and (D) all
6 frequencies.
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Fig. 4.16 Waveforms from LTspice simulation for the PSRG system with the Tx coil L2
transmitting 30 kHz. The red trace labelled "V(N019,N020)" shows the voltage across the
shunt resistor with the y-axis on the left and the blue trace labelled "I(L6)" shows the current
across the Tx coil with the y-axis on the right.

B

C

A

D

Fig. 4.17 Frequency domain representation of the measured waveforms across the shunt
resistor for the relevant frequencies up to 100 kHz. (A) Represents when 30 kHz is being
transmitted, (B) 42 kHz, (C) 30 kHz and 42 kHz and (D) all 6 frequencies.
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Fig. 4.16 shows LTspice simulated waveform for when only 30 kHz is being transmitted.
The simulation uses perfectly matched CI-Arrays for the PSRG modules and a simulation
of the shunt resistor with 0.1 Ω DC resistance and 0.1 µH inductance in series and a 140 pF
capacitor in parallel for scope capacitance. The simulation shows a much more uniform
sinusoidal waveform compared to the measured results, which indicates that there may be
error in the resonant frequency of the CI-Arrays. The shunt resistor measurement is also
sinusoidal which can rule out the measurement method causing the triangular waveforms.
The two important reasons that the resonant frequency of the CI-Arrays being mismatched is
that when building the modules, the inductance and capacitance values were read with the
LCR meter only rather than using a frequency sweep method. Another potential cause is that
the inductors used for the CI-Array have iron cores. The self-inductance of an inductor with
an iron core decreases with increasing current and/or frequency, the ratio of which depends
on a number of variables such as permeability of the iron core and the physical properties of
the coil winding such as number of turns and coil wire thickness. This could be an issue as
the LCR meter measurements does not take into account the difference high current makes
in the self-inductance. The system performance should improve with a more accurately built
CI-Array.

Comparing the shunt resistor voltage of the measured results in Fig. 4.15 A for L2 with
the simulated results in Fig. 4.16, the high frequency noise appears regularly in both but not
in the simulated current across the Tx coil, which indicates that some or most of the high
frequency noise is caused by the measurement method. The peak values are also different as
well, where measured results show 0.5 V whereas simulated ones show 0.7 V, which again
could be due to mismatched CI-Array resonant frequency or resistance unaccounted in the
simulation such as PCB trace or wire resistances including resistance caused by heat.

Fig. 4.17 shows the frequency domain trace of the same waveforms from Fig. 4.15 for
a range of 0 to 100 kHz. The trace in Fig. 4.17 A and B show that all Tx coils have a peak
of around -10 dBu for 30 kHz and 42 kHz. The trace also shows that when 30 kHz is being
transmitted, there is a -30 dBu harmonic component at 90 kHz for all Tx coils. When both 30
and 42 kHz are being transmitted in Fig. 4.17 C, a reduction can be seen in the peaks in the
results of L3, especially for 42 kHz. The same trend for L3 continues in Fig. 4.17 D when all 6
frequencies are being transmitted. The values for 30 kHz and 42 kHz are further reduced, and
all other transmitted frequencies have smaller peaks with increasing frequency. An important
note is that the peak of 90 kHz when all 6 frequencies are being transmitted is smaller than
the peak seen in the 90 kHz harmonic component of when 30 kHz is being transmitted. Some
decrease in peak values for L1 and L2 can also be seen, but the difference is much smaller.
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The decrease at 42 kHz seems unusual compared to the expected trend, but result is still
above -20 dBu, which distinguishes it from when 42 kHz is not being transmitted.

Using the same method to inspect the frequency domain components of the waveforms,
the values of all 6 frequencies for all 63 Tx coil states were recorded to plot the results in
Fig. 4.18. The distribution in this plot represents the data collected across the 6 frequencies
and not error. The data is grouped together when the frequencies are being transmitted as
"On" and when not being transmitted as "Off". Then the data is broken down into number
of frequencies being transmitted at the same time. Taking the 30 kHz data from Fig. 4.17 A
as an example, the "On" frequency at 30 kHz has a peak of around -10 dBu, but all other 5
frequencies, grouped as "Off", has a range of results, which is represented by the distribution
here.

The data in Fig. 4.18 reveals that there is no overlap for "On" and "Off" values for L1

and L2, but there is a significant overlap between the minimum "On" values and maximum
"Off" values for L3 when more than 3 frequencies are being transmitted. The values are also
very close when 3 frequencies are being transmitted. The overlap is a problem if all devices
need the same energy to be powered. There needs to be a clear distinction between "On" or
"Off" energy levels transferred to the device. Also, the range of "On" values for L3 is larger
compared to the other two coils as it is harder for the larger self-inductance coil to produce
higher frequency transmission, which creates a larger difference between the 6 frequencies
being transmitted. All "On" Tx coil values decrease as number of frequencies increases, but
decrease is more significant for L3. As the number of frequencies increase, it becomes harder
for the larger Tx inductor to re-create the peaks of superposition, thus reducing the overall
accuracy of the waveform. All outlier values at around -30 dBu for 1 frequency "Off" values
are caused by the 90 kHz harmonic component of 30 kHz. The "Off" values for all Tx coils
shows a level off around -30 to -40 dBu as the number of frequencies increases. Around
-30 dBu seems to be where the peak levels off for "Off" values when the "On" values are
around -10 to -15 dBu. The "Off" values increasing is caused by harmonic distortion and
added noise as number of frequencies being transmitted increases, but the reason for the
value of this ceiling or why it levels off may need further investigation to explain. The main
conclusion that can be drawn is that the results show that for a range of 30 kHz to 90 kHz and
6 addressable components, L1 and L2 are suitable, but not L3. Further tests may be carried
out to find the limits of L2 by increasing the range and number of frequencies using the same
methodology.

A closer inspection of when 5 frequencies are being transmitted shown in Fig. 4.19,
highlights the problem with L3 using this range of frequencies. There is a clear distinction
between "On" and "Off" values of L1 and L2, but L3 shows that there is an overlap of the
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Fig. 4.18 Frequency domain analysis of the Tx characteristics. The box plots shows how the
voltage read across the 0.1 Ω shunt resistor changes with increasing number of frequencies.
The distribution represents data across frequencies from 30 kHz to 90 kHz, rather than the
distribution of error in same conditions.

"Off" value of L3 at around -25 dBu with the "On" values of 66 kHz, 78 kHz and 90 kHz.
The combination of lower overall current being transmitted for all frequencies and the
current decreasing as frequency increasing makes L3 unsuitable for this range and number of
frequencies. Since both L1 and L1 show significant distinguish between On and Off values,
but L2 produce a larger magnetic field overall shown in Fig. 4.14 A (ii), L2 is likely to be the
best choice.

THD levels can be a good indicator of waveform quality, as it is compared to a pure
sinusoidal wave. Fig. 4.14 A shows that, L1 has a maximum THD of around 11% at
78 kHz and 90 kHz, L2 around 12.5% at 90 kHz and L3 around 13.5% at 66 kHz. The THD
for L3 seems to decrease as frequency increases, which can be explained by the current
also decreasing as frequency increases, further deforming the triangular waves into more
sinusoidal ones. Fig. 4.14 B shows that there is also a significantly higher difference between
THD and THD with noise for L3,which suggests the noise increases with increasing self-
inductance of Tx coil. However, whether this noise is only due to the measurement method
or because additional problems exist in system such as current reflections or interference
between wires and PCB traces is unknown and may require further testing to confirm.
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Fig. 4.19 Frequency domain analysis of the Tx characteristics using the voltage readings
across the 0.1 Ω shunt resistor when 5 frequencies are being transmitted. When 5 frequen-
cies are being sent, there are multiple instances for each frequency being transmitted, the
distribution of which is represented by a box plot, but only one combination when it is not
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Fig. 4.20 Frequency domain analysis of the Tx characteristics showing for the THD of single
frequency transmission. (A) Shows the THD (%) of the waveforms read across the shunt
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4.5.4 Receiver Analysis

The Rx side has been measured for two different loads, one for a 1 Ω load shown in Fig. 4.21
and for 20 Ω load shown in Fig. 4.22. All the results are for a fixed distance of 18.3 mm away
from the Tx coil.

Both Fig. 4.21 A (i) and Fig. 4.22 A (i) show that the current in the ON Rx state when L3

is used reduces as the number of frequencies increase, whereas the change is less noticeable
for L2 and there is almost no change for L1. The range for 1 Ω is from 44.7 to 89.8 mA for
L3, from 39.6 to 54.4 mA for L2 and from 28.7 to 33.8 mA for L1. The range for 20 Ω is from
30.5 to 63.6 mA for L3, from 28.6 to 40.9 mA for L2 and from 19.5 to 23.3 mA for L1. The
reduced current for 20 Ω is expected due to the higher resistance, but the trend remains the
same. The power delivered to the 20 Ω load in Fig. 4.22 B (i) however is almost 10 times
to the power delivered to the 1 Ω load in Fig. 4.21 B (i). The power delivered is increased
because more power is dissipated across the resistor at the cost of reduced current, but the
increase in power will fall if the resistance of the load is large enough that the loss in current
becomes a limiting factor compared to the 15 Ω DC resistance of the LRx.

The error in superposition for Rx ON state current shown in both Fig. 4.21 A (ii) and
Fig. 4.22 A (ii) follows the same trend as the Tx current error in superposition in Fig. 4.14 A
(iii) for L3 and L2. However, L1 on the Rx side exhibits around 15% error in superposition
for 6 frequencies, which is almost half as much as error compared to the Tx side. A 50%
Rx ON state error in superposition means that the Rx circuit received half as much as power
compared to when a single frequency was being sent. A larger percentage indicates a larger
reduction in current or power for the Rx ON state.

Fig. 4.21 B (ii) shows a reduction of power by 44.30% and Fig. 4.22 B (ii) by 50.08%
when number of frequencies are increased from 1 frequency to 6. If FM was used for this
application instead of superposition, only 1 frequency can be sent at a time for the same
duration, which means that one receiver can only receive power for only 1/6th of the time.
If there were 2 addressable components, for the same time span, frequency and magnetic
flux density, power transmitted to the receivers would be reduced by 50% since only one
frequency can be transmitted at the same time and there are two frequencies. Extending this
logic to 6 addressable components equate to a reduction of power by around 84%.

As explained in the Tx side analysis, the error in superposition also affects the Rx OFF
state whereas the number of frequencies increase, the current and power in the Rx OFF
state also increase. A 50% OFF Error in superposition means that the Rx OFF state has
received half much as current or power when compared to the lowest Rx ON state current or
power when all 6 frequencies are being transmitted. A larger percentage indicates a worse
distinction of Rx OFF state from Rx ON state. Since voltage dropped across the load is
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Fig. 4.21 Receiver characteristics of PSRG with a 1 Ω load in a series LCR circuit. Data was
collected for the 63 combination of 6 frequencies, for 6 Rx circuits at distance of 18.3 mm
away from the Tx coil. On and Off refers to Rx ON state and Rx OFF state. (A) (i) Shows
the data for the measured voltage/current across the load. (ii) Shows the relative error in
superposition. (iii) Shows the Rx load current across the 6 frequencies when a combination
of 5 frequencies are being transmitted at a time. (B) Shows the same information for power
delivered to the load, calculated from the load voltage.
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Fig. 4.22 Receiver characteristics of PSRG with a 20 Ω load in a series LCR circuit. Data was
collected for the 63 combination of 6 frequencies, for 6 Rx circuits at distance of 18.3 mm
away from the Tx coil. On and Off refers to Rx ON state and Rx OFF state. (A) (i) Shows
the data for the measured voltage/current across the load. (ii) Shows the relative error in
superposition. (iii) Shows the Rx load current across the 6 frequencies when a combination
of 5 frequencies are being transmitted at a time. (B) Shows the same information for power
delivered to the load, calculated from the load voltage.
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linear to the current and power is a function of both, the effects of error in superposition is
amplified when power values are used. Fig. 4.21 B (ii) and Fig. 4.22 B (ii) show that error in
superposition for Rx ON state is higher than when current values are used, but the Rx OFF
state error is lower as well since Rx OFF state is relative to the smallest ON value, therefore
ability to distinguish between ON and OFF state remains the same. Whether to use power
values or current values to set the boundaries depends on the load.

Fig. 4.21 A (iii) and Fig. 4.22 A (iii) shows how the current is distributed across the
frequencies when 5 frequencies are being sent at a time. The data for 5 frequencies were
chosen as it is harder to superpose larger number of frequencies due to larger peak amplitudes,
but also for 6 frequencies, 5 frequencies is the largest number of frequencies where there
are measurements for OFF Rx State for comparison of the performance. For L3, the current
for ON Rx State sharply falls after 30 kHz, but still distinguishable from OFF Rx State up
to 54 kHz. Past 54 kHz, the difference between ON and OFF becomes very close. For L2,
including 66 and beyond, current for ON Rx State falls, but it is still distinguishable from
OFF Rx State. L1 has the lowest current for both ON and OFF Rx State, but throughout all
frequencies there is no sharp fall. The results from Fig. 4.22 A (iii) are consistent with the
linear region and level-off boundaries from Fig. 4.14 B (iii) on the receiver side as the current
and power falls sharply after 30 kHz for L3, after 54 kHz for L2 and not distinctly visible
for L1. One difference is, comparing the simulated results to the measured results for the
frequency between 30 kHz to 90 kHz, all Tx inductors shows that in simulation, the current
in Rx slows down and levels-off, whereas in the measured results, the current decrease with
increasing frequency. This might be due to the simulation ignoring that the receiver inductor
has a ferrite core. A higher frequency might be reducing the inductance of the receiver, which
makes its resonant frequency deviate.

Table 4.5 shows the percentage difference between the minimum Rx ON state and
maximum Rx OFF state for the data in Fig. 4.21 A (iii) and Fig. 4.22 A (iii). The higher
percentage is, the better. 0% and below means that Rx ON state cannot be distinguished from
Rx OFF state and 100% means that the Rx ON state is double the current or power of Rx
OFF state. This comparison is relevant if the same load is used for all frequencies, as all the
loads will have the same boundary for the minimum current or power necessary to turn the
load on. As the distance away from the Tx coil increases, all Rx ON state current and power
will decrease. This means that a higher percentage results in a larger usable range of distance
away from the Tx coil.
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Table 4.5 Percentage Difference Between Minimum ON and Maximum OFF Rx State

Condition L1 (%) L2 (%) L3 (%)
1 Ω Load Current 67.71 53.66 -13.80
1 Ω Load Power 89.59 78.59 -29.23
20 Ω Load Current 72.20 63.75 10.59
20 Ω Load Power 92.28 86.88 20.17

A

30 kHz78 kHz

66 kHz78 kHz

30 kHz42 kHz

66 kHz42 kHz

B

C D

Fig. 4.23 Experimental results for the bidirectional motor control. In this experiment, 42 and
78 kHz was used for the motor on the left and 30 and 66 kHz was used for the motor. The 4
Rx coils were placed at a vertical distance of 13.3 mm and evenly distributed radial distance
of 15 mm away from the Tx coil. (A-D) Shows all 4 possible combinations of frequencies
and the resulting direction of the motor rotation is marked with a red arrow.

4.5.5 Bidirectional Motor

The results of the motor test shown in Fig. 4.23, confirms that it is suitable to control 2
motors bidirectionally, without using any active electronic components, but instead using
the bidirectional control circuit from Fig. 4.8 D. Two frequencies are needed per direction
and a total of 4 frequencies and 4 LRx were used for this experiment. All 15 combinations
of 4 frequencies were tested. The motors spin to the direction the frequency is designated
for, independent of each other, when the correct frequency is sent. When the frequencies
designated to the same motor is sent at the same time, for example, 30 kHz and 66 kHz to the
motor on the right, the motor stays stationary. The results were correct up to 13.3 mm vertical
distance and 15 mm radial distance away from the Tx coil, but had inconsistent results at
18.3 mm vertical distance away. This means that improvements needs to be done on the
transmission side or on the energy requirements of the actuator for the system to be clinically
viable, given that a distance larger than 30.9 mm would be needed to provide access from
outside the body [54]. Individually, the motors can be turned on from up to 28.3 mm for
single frequency without a radial offset from the centre of the Tx coil. For this experiment,
results from the radially distributed Rx coils were chosen to be presented because it is a more
realistic use case scenario that the Rx coils are present on the test platform at the same time.
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A B

Fig. 4.24 Experimental results for the SMD resistor heating. (A) Shows the data for heating
across all 6 frequencies over time for a fixed distance of 8.3 mm away from the Tx coil. (B)
Shows the data for heating at a fixed frequency of 54 kHz over time for 3 different distances.
The dotted red line shows the point where the heating data was cut and spliced together with
the cooling data as the temperature stayed relatively constant in between.

4.5.6 Heating

The results of the SMD resistor heating experiment is shown in Fig. 4.24. Even though the
heating was applied for 30 seconds and the resistor was left to cool for 1 minute, the data
is presented to show the first 10 seconds of heating and first 10 seconds of cooling. This is
because the peak temperature was reached within 5 seconds and returned to room temperature
within 10 seconds for all frequencies and all distances and stayed relatively constant for the
rest. The distribution of peak temperatures across the frequencies in Fig. 4.24 A matches the
20 ohm power distribution in Fig. 4.22 B (iii) for 54 kHz, where 54 kHz receives the most
power. However, 66 and 78 kHz received a larger temperature increase than 30 and 42 kHz,
and 90 kHz was expected to be smaller than 30 and 42 kHz, but had a similar temperature
increase instead. Fig. 4.24 B shows that the distance, and therefore the power delivered,
affects temperature increase significantly. For Fig. 4.24 A, 8.3 mm results were chosen to be
presented because the difference in increase in temperature is better highlighted compared to
the distribution of higher distances where the difference in temperature across all frequencies
is smaller. For cell necrosis, a distance of 13.3 mm is suitable from the results. It should
also be considered that these experiments were carried out in room temperature in a well
ventilated environment. The temperature loss coefficient is likely to be a lot smaller inside
the body with an environmental temperature of 37 °C and less movement of the surrounding
fluid.
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4.5.7 LED

The LED test results in Fig. 4.25 highlights the distinctive capabilities of the PSRG system in
delivering power to 6 addressable components in parallel, concurrently and independently, in
a visual manner. With FM, addressability of SMAs were seemingly possible because of the
delayed response the heating and cooling cycles they exhibit [58]. If the frequencies were
transmitted sequentially with FM, the power delivered to the LEDs would have increasingly
lengthy interruptions as the number of frequencies to be sent increases. The luminosity of
an LED when 1 frequency is being sent would differ from the results of luminosity of 6
frequencies and would likely to flicker because of the interruptions. The results from Fig. 4.21
and Fig. 4.22 show that the average power reduces as the number of frequencies increase,
but this power is delivered at the same time without interruptions. Even though the overall
power delivered does decrease, this decrease is small enough that the decrease in luminosity
of the LEDs is minimal without flickering, regardless the number of frequencies being sent
within this example. Fig. 4.26 shows a comparison of all 6 frequencies being transmitted one
by one and all transmitted at the same time to visually inspect the small amount of decrease
in luminosity. The purpose of this experiment was to visually demonstrate the independent
and concurrent control of 6 addressable components. Further testing may be carried out with
luminosity sensors on the LEDs for more quantitative results. The results also show that, as
the power necessary to operate the load decreases, the distance which this system can be
used also increases, meaning that developments in lower power actuation methods could lead
to more practical applications. By confirming the possibility of P-WPT for 6 addressable
components, the PSRG system may be suitable to be used with faster response actuators.

4.5.8 Capsule Concept

For the motor test in Fig. 4.12, throug-hole capacitors were used to build the circuit in Fig. 4.8
D, but for the capsule, SMD versions needs to be used. The capsule design was 3D printed
using an SLA printer (Form 3+, Formlabs) and the mechanism for the motor and gear set
was assembled, tested and found to be working. The SMD version of the components were
tested and confirmed that they do fit into the capsule. One difficulty to be noted comes from
matching ceramic SMD capacitors to the resonant frequency as ceramic capacitors increase in
capacitance of around 5% and slowly degrade over time. The capacitors that are used to match
the resonant frequency also need a high voltage capacity as the potential difference needed to
sustain the reactive energy of large self-inductance of LRx. The SMD capacitors that were
used for this experiment had a voltage limit of 50 V, which was not enough for frequencies
above 54 kHz, resulting in the capacitors to break down and malfunction. This means that the



88 Addressable Parallel Wireless Power Transfer for Capsule Robots

Decimal 1

000 001Binary

Bit 1Bit 2Bit 3

Bit 4

Bit 5

Bit 6

2

000 010

3

000 011

4

000 100

5

000 101

6

000 110

7

000 111

9

001 001

10

001 010

11

001 011

12

001 100

13

001 101

14

001 110

15

001 111

8

001 000

17

010 001

18

010 010

19

010 011

20

010 100

21

010 101

22

010 110

23

010 111

16

010 000

25

011 001

26

011 010

27

011 011

28

011 100

29

011 101

30

011 110

31

011 111

24

011 000

33

100 001

34

100 010

35

100 011

36

100 100

37

100 101

38

100 110

39

100 111

32

100 000

41

101 001

42

101 010

43

101 011

44

101 100

45

101 101

46

101 110

47

101 111

40

101 000

49

110 001

50

110 010

51

110 011

52

110 100

53

110 101

54

110 110

55

110 111

48

110 000

57

111 001

58

111 010

59

111 011

60

111 100

61

111 101

62

111 110

63

111 111

56

111 000

Fig. 4.25 LED mixing sequence results. LED modules are matched to the 6 frequencies. The
frequencies are sent by binary counting, starting with 30 kHz as bit 1 and 90 kHz as bit 6,
cycling through 63 combinations.
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A B

Fig. 4.26 Comparison based on the LED Results. (A) Shows a reconstructed image from
every LED when only 1 frequency is being transmitted. (B) Shows the image of the LEDs
when all 6 frequencies are being transmitted.

self-inductance of LRx needs to be reduced for the higher frequencies to reduce the potential
difference requirements. This could be done by optimising the Rx coil geometry with one
made specifically for this application that fits the endoscopic size requirements but has a
better WPT efficiency while having a smaller self-inductance. Additionally, using motors
that require less energy to operate or another method of actuation could improve the use case
scenario and capabilities of the capsule design such as the operation distance away from the
Tx coil. The design presented is similar to the self-assembling 2-DOF manipulator [3] which
may be transferable to future self-assembling versions.

4.6 Conclusion

As a result of the study, a new amplifier design called the PSRG was developed, capable of
superposing multiple sinusoidal magnetic fields at the Tx coil, bypassing the maximum and
threshold gate-source limitations of traditional amplifiers that superpose at the input signal
stage. A range of Tx coils were tested with the same Rx circuit to find out the limitations of
the approach and find an optimal Tx self-inductance to be used for the range of frequencies.
The Tx/Rx analysis has shown that the PSRG system is suitable to be used for 6 frequencies,
which is not only double of what was achieved in literature [9, 120, 121], but also the power
transfer happens independently and concurrently to each Rx Receiver. The transmission is
carried out for a range of frequencies spanning from 30 to 90 kHz with 12 kHz increments,
using a Tx coil of 5.44 µH. For the chosen Tx/Rx design, there is around 30% reduction
in current and around 50% reduction in power received by the Rx load when 6 frequencies
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Fig. 4.27 Images of the capsule parts printed with Formlabs 3+ SLA printer.

A

B

C

Fig. 4.28 Example use of the capsule robot using 6 frequencies. (A) Robot reaches the site of
surgery. (B) Chemical reaction is triggered to anchor the capsule to the intestinal tissue. (C)
The capsule tip is navigated to a target area for the heat to be applied with the SMD resistor.
The heat can be used for cauterisation, patching wounds or destroying pathogens.
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are being sent compared to the current and power of 1 frequency, which is a lower value of
what could be achieved with FM. For the PSRG system, the net reduction in power delivery
is lower, but comes at the cost of careful selection of Tx coil self-inductance and range of
frequencies to be transmitted. The system can deliver an average of 28.5 mA and 17 mW to
6 frequencies at the same time, for a Tx/Rx separation distance of 18.3 mm with an input
voltage of 15 V to the PSRG. The Tx and Rx side analysis carried out the methodology for
choosing the right variables and expand the work in the future, adding more addressable
components.

A range of applications such as heating an SMD resistor, lighting up LEDs and controlling
2 motors bidirectionally were tested with various simple Rx circuits comprised of passive
components only. The bidirectional motor test has shown that using the PSRG system,
4 frequencies, 2 passive circuits and 4 Rx coils, 2 small DC motors can be controlled
independent of each other. The heating test has shown that it is possible to reach temperatures
of cell necrosis or cauterisation, but the PTE needs to be improved to increase the operation
distance that would allow operation in the gastrointestinal tract. The LED test has confirmed
that 6 frequencies can be transmitted, independently and concurrently, without significant
power losses compared to sending 1 frequency that would affect the luminosity of the
LEDs. The performance shown with the LEDs highlights the future potential of the system
as the energy requirements of actuator are reduced through improvements by material or
manufacturing means. If actuators with power requirements similar to an LED are developed,
powering the capsule at a distance of 43.3 mm could make it clinically viable. Compared
to the literature, the number of addressable components has been doubled and the ability
of P-WPT has been introduced. A prototype capsule design has been presented that could
anchor to the intestinal tissue, based on previous research, contain 6 Rx inductors, SMD
components for passive Rx circuits, 2 DC motors and a mechanical design that allows 2-DOF
manipulation, and a heater for cauterisation or cell necrosis. Before practical applications
can be tested, the overall WPT needs to be improved.

The PSRG system can be improved by using lower resistance inductors for the CI-Array
or modifications to the MOSFET routing circuit to allow a higher gate-source voltages, for
example, by using multiple MOSFETs in series. Both modifications would end up with
a larger current build-up and therefore, larger magnetic flux density to be produced at the
Tx coil. This would also likely require a better thermal design for the MOSFET routing
circuit and the CI-Array. An optimal Tx geometry was picked for the range of frequencies,
but no optimisation has been carried out for the Tx/Rx relationship. Improvements to the
Tx/Rx geometry relationships could improve the PTE and therefore the operating distance.
Lower power requirements for the load could improve the operating distance. Only a basic
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circuit with SMD resistors as the source of heat was tested. The next steps could look into
other options for heating, or thermoresponsive materials as the source of actuation like SMP,
SMA or PNIPAM. Further developments in actuator technologies or motors with lower
power requirement could help improve the practical use case scenarios of the presented
capsule design and the PSRG system. The issue with high voltage requirements and the SMD
capacitors breaking down could potentially be turned into an advantage by using dielectric
actuators as capacitors, given that dielectric actuators’ main disadvantage is high operation
voltages [83–85]. The frequency range could be increased to further increase the voltage
built-up at the Rx coil. It may be possible to reduce the overall capsule size by replacing
the DC motors with thermoresponsive materials [89, 37, 95]. Instead of using 4 frequencies
for 2 DC motors for 2-DOF, it could be used to replace wired elements of a CTE based
precision instrument [8] to make a wireless guided endoscope. There also a potential to
implement a closed-loop control system with RIC wireless sensors [137] to improve the
surgical capabilities of the capsule robot. Despite the need for improving the PTE, the
research carried out provides a new platform and methodology for P-WPT, and the Rx side
analysis highlights the details necessary to be considered for the robot design. The work
opens up the possibility of wirelessly controlling a single small scale robot for complex tasks
or multiple smaller scale robots for simpler tasks, with minimal electronics on board.



Chapter 5

Conclusion

5.1 Discussion

From the literature review, two gaps have been identified to allow further miniaturisation of
more complex therapeutic functions for capsule robots. The first one was a thermal-based
method of wireless control of pneumatics using chemical reactions. The second one is an
improvement to wireless technologies that can control electrical or thermal actuators without
the need of a microcontroller or wireless communication, which is a major bottleneck of
scalability for capsule robots.

The study introduces an untethered inflatable robotic capsule for tissue dilation, powered
by a magnetic induction-driven chemical reaction for inflation, offering a novel approach to
wirelessly controlling soft actuators. The model developed allows for predicting the actuation
behaviour and help with designing capsules of various sizes for different applications. As a
result of this study, a capsule capable of intestinal tissue dilation that can be sustained for
44 minutes was achieved. The capsule expanded from 16 mm to 35 mm, exerting 0.27 N of
anchoring force in a pig intestine and crawling at 2.67 mm s−1 in an intestine phantom. The
design can be considered safe for in vivo use, as the inflation method poses minimal patient
risk, the chemicals used are safe for ingestion, the capsule uses no electronics on-board and
the capsule exhibits a small error margin of 15.2-17.1%. As an outcome, the introduction
of a dissolution medium to control the release of chemicals provides a new way to control
chemical reactions for the pneumatic actuation of soft robots. This work provides a scalable
and soft robot compliant alternative to electromechanical systems that end up with a large
overall size [4] or systems using the liquid-to-gas boiling point transition as a source of
pneumatic pressure [104, 105, 5, 6], which is hard to control the volume of gas with. The
main drawback of this approach is that the chemical reaction used is non-reversible, only
used for one inflation and deflation cycle.
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The second part of the study introduces a new amplifier design, the PSRG, capable of
superposing multiple sinusoidal magnetic fields. Unlike traditional designs, it bypasses the
maximum and threshold gate-source voltage limitations at the input stage by superposing at
the Tx coil instead, achieved with a modular design that works in parallel and has potential
for expansion. The full amplifier design, along with its P-WPT performance and potential
limitations for future designs, was presented. Tx/Rx analysis shows that the PSRG system
can transmit six frequencies simultaneously within a 30-90 kHz range using a 5.44 µH Tx
coil. When transmitting six frequencies, there is only a 30% reduction in current and 50%
reduction in power received by the Rx load, compared to sending a single frequency, which
is lower than what could be achieved with FM. The system delivers an average of 28.5 mA or
17 mW to six frequencies simultaneously with a Tx/Rx separation of 18.3 mm and an input
voltage of 15 V.

There is a varying range of power requirements from the literature such as a current
supply of 115 mA [39], more than 100 mW [135], to as low as 20 mW for capsule inspection
only [58]. In most of the cases, the wireless power transfer is usually operated at much higher
frequencies. One example uses a transmission frequency of 1 MHz to achieve 150 mW power
transfer at 10 mm separation distance with a Tx coil current of 11 A [143] and another uses a
frequency of 6.78 MHz to achieve 162 mW at 200 mm with a Tx coil current of 3.8 A [162].
A major difference from these examples is that majority of the cases are for wireless power
transfer of a single frequency, which is much easier to amplify and transmit. This work still
achieves its major goal of improving the wireless capabilities of multi-frequency wireless
power transfer that aims to reduce electronic circuitry inside the capsule to reduce the
overall size of the robot. One key takeaway from the literature is to alter the design for higher
frequencies to improve the power transfer, given that higher frequencies at the same amplitude
carry a higher amount of energy. Higher frequencies are harder to produce as the amplifier
design becomes more susceptible to noise and current reflections and electromagnetic safety
of the system should be taken into account.

The study explores several applications, including heating, lighting LEDs, and bidirec-
tional motor control. The bidirectional motor test demonstrated that 4 frequencies, 2 passive
circuits, and 4 Rx coils could independently control two small DC motors using the PSRG
system. The heating test showed that temperatures sufficient for cell necrosis or cauterization
could be reached, though the PTE needs improvement to extend the operational distance
for GI tract applications that require a minimum of 30.9 mm [54]. The LED test confirmed
that 6 frequencies can be transmitted at the same time without significant power loss, unlike
FM, which would reduce LED luminosity or show visible flickering. Compared to existing
literature, the system doubles the number of addressable components and introduces P-WPT
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capabilities [9, 120, 121]. A prototype capsule design was presented, capable of anchoring to
intestinal tissue, controlling two DC motors for 2-DOF manipulation, and using a heater for
cauterization or cell destruction. While the PTE needs improvement, this research provides a
new platform and methodology for P-WPT, with Rx side analysis offering insight for the
robot design.

5.2 Future Directions

Even though the general approach of on-board pneumatics and soft robotic actuators is a
scalable solution, the chemical reaction used in this study is not reversible, which means for
more complex actuation behaviour, a reversible chemical reaction or alternative methods
should be sought out. As an immediate improvement, the deflation can be achieved quicker
by other methods of CO2 absorption such as actively cooling down the capsule or via a
mechanical deflation mechanism. The chemical capsule may be reduced in size to fit a
standard capsule size 000 by removing the hollow section or potentially if a reversible
reaction is being used, the reversibility could be used to control the exact amount of gas in
the capsule instead of using the gelatin. Additionally, using a theoretical simulation based
on the physical properties of the final capsule and the methodology provided in Chapter 3,
transmission of simple diagnostic data of the internals of the capsule, such as temperature,
pressure or force on the outside of the capsule can be a good way of achieving closed-loop
control.

The PSRG system compliments the wireless scalable soft actuator control by providing a
method of controlling electrical and thermal power wirelessly without on-board computation
or requirement for data transfer. Before practical applications can be tested however, the
overall PTE of the P-WPT needs to be improved. The PSRG system can be improved by
using lower resistance inductors for the CI-Array, modifications to the MOSFET routing
circuit to allow a higher gate-source voltages, an optimisation of Tx/Rx relationship of
the system, using higher range of frequencies for smaller Rx receivers, considerations and
testing of other electrothermal actuators and potentially using magnetic resonance instead
of inductive coupling could help improve the operation distance [136, 138]. Apart from
operation distance, capsule size is still a big limitation, which may be alleviated with replacing
DC motor with thermoresponsive actuators [89, 37, 95]. The surgical functionality may be
improved with converting a CTE based precision instrument [8] to be powered wirelessly
and implementing a closed-loop control system with a wireless sensor [137]. Inspection
capsules that are already commercially available have dimensions that are already around the
largest allowed capsule size [10]. Before the technology further develops in miniaturisation
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of inspection capsules and in efficient small scale actuators that may be suitable to be used as
manipulators, self-assembly of multiple capsules in the stomach may be sought out to allow
the inclusion of inspection capsules to the surgical ones. The capsule design provided can
still form a 2-DOF manipulator with a maximum diameter of 11 mm, and since 2-DOF self
assembling capsules have already been developed, it may be possible to convert the capsule
design proposed into a self-assembling version. There are further challenges however, such
as how to allow magnetic self-assembly to take place in the stomach while also allowing
electrical connection between moving parts of the assembled pieces while insulating the
electrical components to the outside of the capsule assembly, or re-designing the system to a
higher frequency version to improve power transfer capabilities. Regardless of the future
challenges, the work opens up the possibility of wirelessly controlling small scale capsule
robots that may be able to carry out more complex therapeutic functions such as manipulation
and cauterisation with minimal electronics on board.
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