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Abstract

In this research, a pill-sized robotic capsule was developed that can collect gut mi-

crobiota both from the gut lumen (capsule surroundings) and intestinal wall (mucosa

layer). Initially, the peristaltic forces exerted on the robotic capsule inside the gut were

quanti�ed so the working environment of the capsule could be understood. Secondly, a

unique sampling mechanism was developed that could gently scrape the content from

the gut lining and could provide a full length assessment of microbiota after capsule

retrieval. Thirdly, the design of shape memory alloy (SMA) spring actuator was re-

alised that could apply su�cient force to overcome peristaltic and frictional forces for

sample collection at the target-site. Furthermore, an actuation system was devised by

tackling the high-drain current requirement of SMAs. Fourthly, a sealing mechanism

was developed to secure the collected sample from cross contamination and to assure

successful encapsulation. Fifthly, the robotic capsule was rigorously tested in various

in vitro simulators replicating the gut environment and a dedicated gut simulator that

mimicked the in-vivo environment to ensure successful and safe travel of the capsule

along the gastrointestinal tract. Finally, an in vitro experimental setup that kept an

intestine alive for 6 hours was used to optimise the sample collection process. The

robotic capsule collected su�cient quantities of sample (more than 100� L) for micro-

biota analysis from living intestines of three animal species (pig, sheep and cow) during

the trials.

The study of gut microbiota is gaining increasing attention due to its direct impact

on human health. Gut microbiota can provide comprehensive information about the

health of a host, and it can help in the early diagnosis of diseases like cancer, diabetes,

obesity, etc. The robotic capsule prototype, developed in this work, has a potential to

become a vital apparatus for clinicians and scientists to sample human and animal gut

in the future.
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Chapter 1

Introduction

1.1 Background and signi�cance of this research

The human gastrointestinal (GI) tract is a 7-9 metre long passage that includes four

main segments namely the esophagus, stomach, small intestine and large intestine. In

an average lifetime of a human, around 60 tonnes of food passes through this passage

[1]. The food is digested and absorbed by host intestinal secretions and transport

mechanisms and a huge community of microorganisms (bacteria, archaea and fungi)

that live inside the gut, play a major role in �bre fermentation and the synthesis of

short-chain fatty acids (SCFAs), and some nutrients (e.g. vitamins) and which are

collectively known as microbiota [2]. The microbiota weigh around 1.5 - 2 kilograms

in a human adult and include 1013 to 1014 microorganisms which are spread along the

full length of the gut and are packed within the digesta and gut lining [3]. The main

segments of the gut along with the quantity of microbiota present at each segment is

shown in Fig. 1.1.

This community of microorganisms has been intensively studied since the 1980s and

various studies on the relationship between microbiota and human health reveal that

the microbiota can act as a bio-marker for human health [4]. The gut microbiota can be

informative of health status over the life of the host and can help in early diagnosis of

diseases like cancer, obesity and diabetes [5{7]. Furthermore, the analysis of microbiota

can help in better treatment of diseases such as coeliac disease, Crohn's disease and

irritable bowel syndrome [8]. In addition, the microbiota can also help to study the

relationship or interaction between nutrition and human health [8, 9]. Comprehensively,

it can be inferred that the human gut microbiota is full of information related to human

health.

Recent research studies suggest that the microbiota can potentially in
uence the

mood, behaviour and several other characteristics of the host [10]. The gut microbiota

have been shown to impact brain functions and behaviour, and play a role in anxiety,

1
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depression and stress disorders [11{13]. Studies investigating the impact of microbiota

on mood, have revealed that the microbiota regulates emotions and cognition because

it maintains the two-way communication with the brain [14]. This growing body of

evidence suggests that gut microbiota are a vital source of information on human health

and well-being.

Figure 1.1: Segment-wise view of the GI tract showing the main sections of the gut.
Representation of the microbial community in each section along with the major type of
bacteria colonizing the mucus layer and the common metabolites are shown. (Reprinted
by permission from © 2014 Nature Publishing Group [15].)

Based on the importance of analysing gut microbiota, it is critical to explore its

ecology. Though greater communities of microbiota live in the colon, the small intestine

is a home to a unique community of microbiota that has a potential to reveal several

important linkages about human health. An abundance of nutrients are present in the

small intestine and are absorbed in this region and the level of nutrients present in

the digesta reduces signi�cantly as you move in a longitudinal direction towards the

colon as shown in Fig. 1.2. The opposite is true with the bacterial, archaea and fungal

communities which are maximal in the colon and signi�cantly less by comparison in

the small intestinal region. Despite this, the small intestine remains a region of interest
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as it is less explored in comparison to any other regions of the gut and it is a home to

a signi�cant and unique community of microbiota.

Figure 1.2: Representation of the bacterial and microbial communities across the longi-
tudinal length of the GI tract. The circular structure shows the layers of the intestinal
wall depicting the presence of microbial community at various levels. (Reproduced
from [16] licensed under CC BY 4.0.)

Interestingly, the cross sectional structures of the small intestine and colon di�er

in various ways as depicted in Fig. 1.3. The small intestine is characterised by an

additional layer of villi that signi�cantly increases the surface area of this region which

helps in nutrients absorption and also secretes digestive enzymes to support the diges-

tion process. In addition, the small intestine has one mucus layer while the colon has

two mucus layers (i.e., an inner mucus layer and outer mucus layer), and the function

of the mucus layers di�ers in both regions. The mucus layer in the small intestine is

formed by continuous secretion from goblet cells (shown in a green color in Fig. 1.3)

which acts as an intestinal barrier against foreign microorganisms (pathogens) while

still allowing the absorption of nutrients. This mucus layer slowly mixes with the lu-

minal content as it moves towards the colon along with the digesta. In contrast, the
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inner mucus layer of the colon is �rmly attached to the surface and restricts any inter-

action between luminal content and the epithelium layer. The outer mucus layer in the

colon is more similar to the small intestinal mucus layer, and it lubricates the left over

content from small intestine and allows smooth transition of luminal content through

colon which is �nally moved out of body via faeces.

Figure 1.3: Representation of microbial community across lumen and mucosa layer in
the small intestine and colon. The villi structure is only present in the small intestine
along with mucus content whereas the colon contains two mucus layers. (Reproduced
from [17] licensed under CC BY 4.0.)

The following facts are therefore evident from the above discussion. First, it is

increasingly evident that the microbiota is pivotal in understanding human health as

it can act as a bio-marker. Second, microbiota is present in various quantities longi-

tudinally along the full length of the GI tract. Third, microbiota is packed across a

cross section of the intestine, colonising the mucous layer which covers the columnar

epithelium of the GI tract and the digesta within the intestinal lumen [18]. Therefore,

it is critical to perform systematic longitudinal and cross sectional studies to examine

the diversity of microbiota and its functions. These studies can be enabled by collect-

ing samples of microbiota from distinct locations within the GI tract that will help

establish better relationships between human health and disease.

The most common samples used as a proxy for intestinal microbiota are faecal sam-

ples, as they are non-invasive, relatively easy to collect and can be collected repeatedly.
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However, faecal samples are collected at the end of the 9-metre long gut that restricts

the extraction of spatial and temporal information from them as they are not collected

from the actual site of digestion [19]. Furthermore, the samples are exposed to di�erent

environments throughout the gut, before collection, so they are highly contaminated

[20, 21]. The faeces also mainly represent the non digested luminal content from the

colon and contain no information about the microbiota living inside the mucosa layer

(mucus). Another method to study gut microbiota is by the use of a 
exible endoscopy

with biopsy tools; however, this is a tethered method which limits its reach into the

small intestine, and the section of small intestine closest to the colon (ileum) is a home

to a di�erent community of microbiota to the hind gut [22]. The method also involves a

high risk of gut perforation and bleeding, and the procedure is invasive and unpleasant

for a patient [23{25]. The biopsy tools utilised collect a tissue sample but the tech-

nique is unable to fully capture microbial content. Another approach to look at the

gut microbiota is by euthanasia of the animal and dissection to allow localisation of the

sample collected and avoid the cross contamination. This approach provides full access

to examine in detail the diversity of microbial community along the full length of the

GI tract but the �ndings from animal models cannot be directly applied to humans.

Additionally, it is considered that the behaviour of the microbes might change after

the death of an animal (host), so the �ndings may not be accurate. Hence, the cur-

rent conventional tools available to collect microbial samples from the small intestine

without contamination all have limitations.

Considering the limitations of existing tools, a minimally invasive method that could

collect microbial content from any location of the gut, and store or �x it to avoid cross

contamination (mixing of contents from other parts of the gut), would be of great help

in understanding the role of the microbiota in humans.

1.2 Motivation

The human gut microbiota is not fully explored yet. The major problem is the lack of

tools to collect the microbiota from the full length of the human gut. The current gold

standard for obtaining the human gut microbiota is faecal sampling but this approach

has certain limitations in terms of localisation uncertainty, time constraint and carrying

contamination. Likewise, 
exible endoscopy with biopsy tools for sampling the GI

tract is currently inadequate as its use is mainly restricted to the large intestine, poses

signi�cant risk of damaging the GI tract and is not designed to collect microbiota

samples.

Hence, development of a minimally invasive tool to collect the microbial content

from the small intestine would help understand a range of human health conditions.

The sampling device should be small enough to completely pass through the entire gut
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without damaging it. The device needs to collect sample(s) from speci�c location(s) of

the gut and secure it from downstream contamination further down the gut. Addition-

ally, the device should collect sample from both the intestinal lumen and mucosa layer

to ensure full assessment of gut microbiota as a signi�cant community of microbiota

lives on the mucosa layer (intestinal wall).

The collected sample (microbiota) would then allow health practitioners to analyse

markers for a range of human health conditions with better accuracy, insight and per-

spective. The assessment of gut microbiota from the full length of the GI tract will

allow clinicians to perform in-depth health analysis and consequently develop better

treatment methods. Furthermore, the evaluation of collected samples from di�erent

segments of the GI tract would help study the relationship of nutrition with human

health. This will allow nutritionists to develop personalise diet plans that will be best

suited to the host based on the requirements of host's microbes.

1.3 Problem Statement

Gut microbiota is helpful in understanding the health of the host and it can act as a

bio-marker for early diagnosis of cancer, diabetes, obesity, in
ammatory bowel diseases,

etc. The microbiota are beginning to reveal signi�cant information that is important

for human health conditions; however, tools for collecting a sample of microbiota from

the human gut without contamination are not available to date.

The mucus is the fundamental element to study microbiota, and is secreted from the

mucosa layer and forms a protective layer just above the epithelium layer to safeguard

the epithelium layer from intestinal bacteria. The mucus in humans is not fully explored

yet, due to the unavailability of relevant tools. It is believed that the mucus would be

a few hundred microns in-depth above the epithelium layer [26]. Capturing the mucus,

which includes microbiota, from living object requires a compact and e�cient sampling

mechanism which can collect and safeguard the sample from contamination. Some of

the challenges in collecting the mucus from the GI tract are detailed below:

1. Design and development of entire capsule in swallow-able size, including sampling

mechanism (sampler and storage chamber) and actuation mechanism.

2. Avoiding contamination, i.e. the collected sample should not be mixed with any

content apart from the sampled location.

3. Devising a smart actuation mechanism which requires low power and takes up

minimal space.

4. Fabrication of a minimally invasive capsule, which includes all the mechanical

and electronic parts, with acceptable precision and tolerance.
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5. Communication with the capsule to trigger the actuation of the sampling mech-

anism, when the capsule reaches its target site.

6. Localisation of the capsule, i.e. Position recognition inside the GI tract so that

the sample can be reliably collected from a speci�c site.

It is not possible to capture the microbiota from the GI tract with existing tools

and methods. Design and development of a minimally invasive sampling device, in-

cluding actuation mechanism (actuator, on-board battery and electronic circuitry) and

sampling mechanism (to collect and store microbiota - sampler and storage chamber

respectively), which can go through the entire GI tract is an arduous task. Hence,

the development of an e�cient sampling device or a robotic capsule (which can resolve

most of the mentioned challenges) is desired.

1.4 Research Goal

The main goal of this research is to design and develop a robotic capsule that has

the potential to collect a microbiota sample from the GI tract without contamination.

To achieve this goal, a minimally invasive robotic capsule that includes actuation and

sampling mechanisms, is desired. The actuation mechanism should incorporate an actu-

ator, an on-board battery and electronic circuitry to operate the sampling mechanism.

The sampling mechanism should include a sampler to collect the microbiota from the

gut lining (intestinal wall) of the small intestine and a storage chamber to secure the

sample from downstream contamination. Lastly, the size of the storage chamber should

include enough space to store at least 100µL of sample so that the collected sample

can be used for laboratory analysis.

1.5 Scope and limitations

The development of a mm-scale sampling device is an arduous task based on a range

of challenges as laid down in problem statement section. The aim of this PhD the-

sis is to contribute towards the development of sampling devices that can aid in gut

sample collection. The focus is to collect microbiota from the gut lining and lumen to

facilitate the assessment of gut microbiota for full length of the GI tract. Emphasis

is given to the design itself and then on to the development of a sampling mechanism

(sampler and storage chamber) that can potentially collect a sample from the mucosa

layer. Furthermore, space for a dedicated storage chamber is reserved to assure sample

protection from both upstream (i.e., before sample collection) and downstream (i.e.,

after sample collection) contamination. The actuation system that can assist in the
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sample collection process is given adequate attention specially the design of mm-scale

actuator for robotic capsule or similar sized devices.

The challenges for the development of such a device can be divided in two major

problem domains as follows,

ˆ Fabrication, Instrumentation, Communication and Miniaturisation

1. Design and development of a smart actuation system including a mm-scale

actuator that can �t in the device and be capable of producing enough output

force to collect a sample.

2. A wireless communication link with the capsule to trigger the actuator for

sample collection at the target-site.

3. The capability of the sampling device to avoid contamination.

4. The fabrication of a device with all mechanical and electronic parts.

5. Miniaturisation of all internal components and hence the entire capsule to

reduce the �nal product to a swallow-able size so it can transit through the

entire gut.

ˆ Localisation, Locomotion, Anchoring and Fixation of sample

1. Localisation of the capsule, i.e., tracking of the device to determine the

target-site for sample collection.

2. Locomotion system for the capsule to manoeuvre inside the gut.

3. Anchoring mechanism to support the capsule to stay at the target location

during sample collection (if needed).

4. Fixation (preservation) of sample from the time the sample is collected till

its recovery from the faeces.

The thesis concentrates on the fabrication, instrumentation, communication and

miniaturisation aspects of the capsule development while localisation, locomotion, an-

choring and �xation of sample, aspects are utilised from already developed methods.

The development of a commercial prototype is out of the scope of this work; how-

ever, this work will facilitate the development of such devices by reducing the research

challenges.

1.6 Research contributions

This thesis has addressed several challenges as detailed earlier, and contributed in var-

ious ways towards the development of a gut sampling device. The major contributions

of this thesis are detailed below.
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Quanti�cation of Peristaltic forces: The development of an analytical model

and then simulation in COMSOL Multiphysics to measure the impact of peristaltic

forces on the robotic capsule. Consequently, peristaltic forces were measured from

living small intestines using a robotic capsule with force sensor through an embedded

system. This allowed me to determine the amount of peristaltic forces applied by

intestinal tissue on the robotic capsule. This further allowed the development of a

smart actuation system that could overcome the intestinal forces to collect a sample

from living tissue.

Design of a smart actuation system using SMA spring: Initially, two shape

memory alloy (SMA) springs in an antagonistic con�guration were used to produce to

and fro linear motion for the proposed actuator design. Later, to reduce the design

complexity and power requirements for the actuator, a novel two-way SMA spring was

utilised that could produce both upward and downward movements required for sample

collection. A dedicated battery with high current drain output was utilised to tackle

the SMA requirement and a miniaturised wireless transceiver was used to activate the

sampling process remotely.

Development of a sampling mechanism to collect gut microbiota: A unique

design was fabricated that collected and stored microbiota from both the intestinal

lumen and gut lining (intestinal wall). The unique design was optimised for sample

collection and during experimental evaluation, it collected more than 100� L from living

intestinal tissue from three di�erent animal species (cow, sheep and pig). Furthermore,

laboratory analysis of the samples collected con�rmed that the design of sampling

mechanism has a potential to collect gut microbiota, mucus and digesta that will allow

to perform the assessment of gut microbiota throughout the length of the GI tract.

Development of a sealing mechanism to avoid cross contamination: A

purpose-built sealing mechanism was developed after extensive testing for the proposed

design of robotic capsule. The robotic capsule with sealing mechanism was intensively

tested in various in-vitro gut simulators to ensure the safety of the robotic capsule and

ensure that the collected sample would remain secure from cross contamination. The

rigorous testing of the robotic capsule allowed to provide a proof of concept case for

in-vivo trials in the future.

1.7 Related publications and awards

This thesis has resulted in following journal publications. The research recognition and

awards obtained by the work in this thesis are shown in appendix B.

1. Rehan, M. , Al-Bahadly, I., Thomas, D. G., & Avci, E. (2020). Capsule robot

for gut microbiota sampling using shape memory alloy spring.The International
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Journal of Medical Robotics and Computer Assisted Surgery, 16(5), 1-14. doi:

10.1002/rcs.2140.

2. Rehan, M. , Al-Bahadly, I., Thomas, D. G., & Avci, E. (2021). Measurement of

Peristaltic Forces Exerted by Living Intestine on Robotic Capsule. IEEE/ASME

Transactions on Mechatronics, 26(4), 1803 { 1811. doi: 10.1109/TMECH.2021.3078139.

3. Rehan, M. , Al-Bahadly, I., Thomas, D. G., & Avci, E. (2021). Towards Gut

Microbiota Sampling Using an Untethered Sampling Device. IEEE Access, 9,

127175-127184. doi: 10.1109/ACCESS.2021.3111086.

4. Rehan, M. , Al-Bahadly, I., Thomas, D. G., & Avci, E. (2022). Development of

a Robotic Capsule for in-vivo Sampling of Gut Microbiota. IEEE Robotics and

Automation Letters, 7(4), 9517-9524. doi: 10.1109/LRA.2022.3191177.

5. Rehan, M. , Al-Bahadly, I., Thomas, D. G., & Avci, E. (2022). Smart Capsules

for Sampling the Gut: Status, Challenges, and Prospects.Gut. (in preparation).

1.8 Thesis structure and outline

This thesis is compiled according to Massey University's Guidelines for 'Doctoral Thesis

with Publications'. The subsequent chapters are based on published journal articles

(four chapters) and a publishable article which is in preparation for submission to a

journal. The chapter wise break-up of this thesis is organised as follows.

Chapter 2: This chapter presents an in-depth literature review of the relevant

and related smart capsules developed for sampling the gut. Initially, the signi�cance

of microbiota in relation with health and disease is explained. Secondly, the bene�ts

of collecting gut microbiota from live animals or humans are highlighted to assure

that microbiota has various uses other than acting as a bio-marker to identify health

problems. Lastly, the current state of the art in sampling devices and their major

challenges are detailed to fully review the �eld of sampling devices or robotic capsules

for gut microbiota sampling. This chapter discussed the existing literature on collecting

gut microbiota.

Chapter 3: The small intestine moves the food in distal direction with the help of

peristaltic forces and a robotic capsule needs to overcome these forces to collect a sample

from the gut lining (intestinal wall). This chapter is focused on the quanti�cation of

peristaltic forces that would act on a capsule during its passage along the gut. Initially,

an analytical model is presented to study the peristaltic movement of the small intestine.

For the �rst time, �nite element simulations were conducted in COMSOL Multiphysics

to generate intestinal peristaltic forces, and analyse their impact on a robotic capsule.

Later, a capsule prototype was developed to measure the peristaltic forces from living
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small intestinal tissue, while an embedded system was used simultaneously to record

the live data from the capsule - (small) intestine interaction. This chapter has provided

a basis to develop a small scale (mm-size) actuator that can overcome the peristaltic

forces to collect a sample from live intestinal tissue.

Chapter 4: In this chapter a unique sampling mechanism is devised to gently

scrape the mucus content from the intestinal wall (mucosa layer). This design was

thoroughly tested usingex-vivo intestinal tissue to optimise the capability of the sample

collection mechanism without compromising the safety or damaging the GI tract of

animal or human. The learnings from Chapter 3 were utilised to develop an actuation

mechanism based on a unique combination of concentric SMA springs to act as an axial

actuator. The developed actuator occupied a small space and produced su�cient output

force to operate the sampling mechanism and overcome the intestinal peristaltic forces.

A minimally invasive robotic capsule was testedex-vivo on animal intestinal tissue, and

it captured su�cient quantity of mucus and digesta for microbiota assessment. The

laboratory testing of the collected samples identi�ed an amino acid signature indicative

of microbiota, mucus and digesta, which provided a proof of concept for the proposed

design.

Chapter 5: This chapter presented the modeling of a unique two-way SMA spring

actuator that has not been utilised before in any sampling device or robotic capsule.

The temperature gap between the martensite and austenite states (hysteresis loop)

was signi�cantly reduced with the aid of a commercial manufacturer that allowed a

reduction in the complexity of a previously proposed design while greatly reducing

the power requirements. A specialised experimental setup that can keep the freshly

dissected small intestine alive was utilised to test the robotic capsule in a realistic en-

vironment (in terms of peristaltic movements) as opposed to earlier tests withex-vivo

animal small intestines. The robotic capsule prototype collected su�cient quantity of

sample from living porcine duodenal and ileal tissues (i.e. in the presence of peristaltic

forces). The robotic capsule was also tested on living post-mortem tissues (small in-

testine) of other species including cow and sheep. The collected sample size for all of

the species was feasible to analyse the microbiota through next generation sequencing

techniques. However, the power source remain a challenge as the capsule prototype in

this chapter was powered by a AAA battery that is 45 mm x � 10.5 mm in size which

is unsuitable for in-vivo ingestion.

Chapter 6: In this chapter the limitations of the power source were resolved

by developing an actuation system tackling the high-drain current requirement of the

two-way SMA spring actuator. Another challenge of cross contamination for assuring

e�ective sample collection was resolved by successfully encapsulating the collection

chamber which was realised by testing 3 main sealing materials. Rigorous testing of the
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robotic capsule prototype was performed in a gut simulator that mimicked the in-vivo

environment to ensure successful and safe travel of the capsule along the gastrointestinal

tract. In addition, the capsule is also tested under the ex-vivo experimental setup

to assure successful sample collection and its protection afterwards. The prototype

presented in this chapter is the �nal prototype of this thesis and has the potential to

become a vital apparatus for clinicians to sample human and animal gut in the future.

Chapter 7: This is the �nal chapter of this thesis and summarises the contributions

of this research work. Furthermore, it provides key research dimensions that require

subsequent research to further develop devices for clinical purposes.
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Chapter 2

Smart Capsules for Sampling the

Gut: Status, Challenges, and

Prospects

2.1 Abstract

Smart capsules are emerging at a tremendous pace with a promise to become e�ective

clinical tools for the diagnosis and monitoring of gut health. This �eld emerged in

the early 2000s with a successful translation of endoscopic capsule from laboratory

prototype to a commercially viable clinical device. Recently, this �eld has accelerated

and expanded into various domains beyond imaging, including sampling devices for

better insight into gut health. The study of gut microbiota is gaining massive attention

due to its signi�cant impact on human health. Gut microbiota can be informative

of health status over the life of the host, and it can act as a bio-marker for early

diagnosis of diseases like diabetes, cancer, and obesity. Gut microbiota can also assist in

better identi�cation of in
ammatory bowel diseases, ulceration, coeliac disease, Crohn's

disease, and irritable bowel syndrome. In this review, the status of sampling devices

is presented to highlight the broad picture of state-of-the-art devices while focusing

on the technical and clinical challenges these devices need to overcome to demonstrate

their value in clinical settings. The expansion of smart capsules to robotic capsules for

gut microbiota collection has opened new avenues of research with great promise to

revolutionise human health diagnosis, monitoring, and intervention.

15
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2.2 Introduction

The human gastrointestinal (GI) tract is a 7-9 metre long passage and in an average

lifetime of a human, around 60 tonnes of food passes through it [1]. The food is digested

and absorbed by the host using a range of physical and chemical processes, while a huge

community of microorganisms (bacteria, archaea and fungi) live inside the gut and play

a major role in �bre fermentation and the synthesis of short-chain fatty acids, and some

nutrients (e.g. vitamins) and are collectively known as microbiota [2]. This community

of microorganisms have been studied for a long time, and numerous studies on the

relationship between microbiota and human health reveal that the microbiota can act

as a biomarker for human health [3]. The human meta-organism comprises bacterial

colonies includes approximately 1014 prokaryotic organisms with a biomass of around

1.5 - 2 Kilograms [4]. Though the human microbiota is still not fully explored, it is

pertinent that it is present at mucosa layer and in intestinal lumen [5].

The knowledge of relationships between host and its microbes has progressed signif-

icantly which suggests that the microbiota is a crucial component of study on human

health. Several researchers are exploring obesity, in
ammatory bowel diseases, bio-

chemical processes, and diabetes with the help of microbiota [6{10]. It is considered

that the microbiota can be informative of health status over the life of the host and

can even assist in early diagnosis of diseases like cancer, obesity and diabetes [6, 7, 11].

Furthermore, the analysis of microbiota can help in better treatment of diseases such as

ulceration, coeliac disease, Crohn's disease and irritable bowel syndrome [12]. Micro-

biota can also help to study the relationship or interaction between nutrition and human

health [12, 13]. Comprehensively, it can be inferred that the human gut microbiota is

full of information related to human health.

Recent research studies suggest that the microbiota can potentially determine the

mood, behaviour and several other characteristics of the host [14]. Furthermore, it has

been shown that gut microbiota in
uence brain function and behaviour, and plays a

role in anxiety and mental disorders [15, 16]. It is also considered that the microbiota

in
uences stress behaviour, anxiety and depression [17]. Studies have looked at the

impact of microbiota on mood, and revealed that the microbiota regulates the emotions

and cognition through the gut-brain axis which is a bidirectional communication link

between the GI tract and the central nervous system [18].

Based on the importance of analysing gut microbiota, it is critical to explore its

ecology. Microbiota colonise the mucous layer which covers the columnar epithelium of

the GI tract and the digesta within the intestinal lumen [5]. The most common samples

used as a proxy for intestinal microbiota are faecal samples, as they are non-invasive,

easy to collect and can be collected repeatedly from the same individual. However,

faecal samples are collected at the end of the 9-metre-long gut that restricts extraction
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of spacial and temporal information from these samples as they are not collected from

the actual site of digestion [19]. Furthermore, the samples are exposed to di�erent

environments throughout the gut before collection, so they are highly contaminated

[20, 21]. Another method to study the gut microbiota is using 
exible endoscopy with

biopsy tools; however, this is a tethered method which limits its reach into the small

intestine, and the section of small intestine closest to colon (ileum) is a home to a

di�erent community of microbiota to the hind gut [22]. Secondly, this method involves

a high risk of gut perforation and bleeding, and the procedure is invasive and unpleasant

for a patient [23{25]. Lastly, biopsy tools are designed to collect a tissue sample, and

they cannot fully capture microbial content. Hence, the current conventional tools

available to collect microbial samples from the small intestine without contamination

have limitations.

Commercial capsule endoscopes that can capture the images of the gut lining, have

laid the foundation for similar sized robotic capsules that can perform monitoring,

therapeutic and diagnostic functions like sensing, drug delivery, biopsy and sampling

[26{28]. In this review, recent advances in the �eld of sampling devices are described,

with a focus on understanding their bene�ts while addressing the limitations of these

devices.

2.3 Microbiota and Human Health

Recent experiments on animals and clinical trials on humans suggest that the human

intestinal microbiota is a potential candidate for pathogenesis via infection and in turn

causing disease in a host. A study conducted on 40 volunteers revealed that the mi-

crobes in the intestine produce trimethylamine-N-oxide (TMAO) from the consumption

of phosphatidylcholine (a chemical present in some foods), which contribute towards

the physiopathology of heart disease [29]. The gut microbiota is an important tool to

observe the e�ects on physio-pathological parameters and on controlling in
ammation.

A study conducted on mice observed the impact of an increase in bi�dobacteria within

the gut microbiota following consumption of a high fat diet which induced diabetes,

suggests that the gut microbiota can be indicative of in
ammation during the occur-

rence of diabetes and obesity [30]. Another study conducted on mice determined that

arti�cial sweeteners induce glucose intolerance by altering the gut microbiota [9]. The

same group of researchers in a related study revealed that the e�ect of similar diet on

individual animals was di�erent due to the response of their gut microbiota [10].

In general, obesity is co-related with the consumption of food. Studies using mice

models have revealed that weight regain is highly dependent on the gut microbiota

[6], suggesting that the weight regain phenomenon can be understood and resolved by

targeting microbiota.



CHAPTER 2. REVIEW OF SAMPLING DEVICES 18

The gut microbiota of humans gets radically transformed with age and may con-

tribute towards the development of several diseases including type 2 diabetes. To

evaluate the e�ect of aging and diet composition in cats, a comprehensive study over 5

years has been conducted at Massey University, New Zealand [31]. The study used two

groups of kittens aged 2 months and fed them with two di�erent diets until they were

5 years of age. Faecal sampling is used to observe the e�ects of diet over the 5-year

period. The study revealed that the faecal microbial composition was a�ected by both

diet and age; however, insulin sensitivity was una�ected by both parameters. Body

composition was a�ected by age, but diet had no e�ect. Another clinical experiment

has been performed, by same group of researchers on 15 dogs, in which one group com-

prised of 8 dogs were fed a kibbled diet and the other group of 7 dogs were fed a raw

red meat diet for 9 weeks [32], and macronutrient digestibility was assessed using faecal

samples from both groups of dogs. The authors showed clear associations of speci�c

microbial taxa with diet composition in dogs, and physiological parameters such as the

digestibility of macronutrients such as protein and fat and faecal health score were also

correlated with faecal microbial composition.

Faecal sampling is widely used for the analysis of di�erent types of diseases and

to check diversi�ed markers within the GI tract. Though this method is noninvasive

and easy to perform, it cannot replicate targeted samples of gut microbiota in terms

of purity. The faecal sample is contaminated downstream by subsequent microbial

communities and gut secretions during transit to the end of the GI tract. In addition,

the sample obtained by faecal sampling does not fully represent samples from speci�c

locations of GI tract [33]. Therefore, the latest tools for sampling gut microbiota are

detailed in the next section.

2.4 Robotic Capsule for Sampling the Gut

The devices that can collect a sample from the gut are divided into two broad categories,

biopsy devices that can collect a small tissue from the gut wall and sampling devices

that can collect content-based samples.

2.4.1 Biopsy devices for tissue sampling

Due to the limitations of tethered endoscopy with biopsy tools in terms of their reach

to entire gut and higher risk of gut perforation and bleeding, robotic capsules were de-

veloped to perform tissue biopsy. In 2003, a patent application proposed a wireless cap-

sule system to collect a biopsy specimen in a biological body using micro-spectroscopy

and/or biosensors [34]. This capsule contains two motorised blades to capture solid

tissue or a liquid specimen that can be stored in two dedicated compartments to avoid
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contamination until its recovery. Another design consisting of a razor connected with

a torsional spring was proposed that triggered the biopsy process by melting a para�n

block which allowed the razor to rotate at high speed with the help of torsion spring to

capture a tissue sample [35]. Both approaches require the capsule to be in close contact

(almost rubbing) with the intestinal wall to capture the tissue. To overcome this chal-

lenge, a magnetic biopsy capsule is used and an external magnet holds the capsule's

lateral hole against the intestinal wall while a cylindrical razor blade cuts the tissue

with magnetic actuation [36]. However, this design lacks a triggering mechanism to

e�ectively locate the target-site. Therefore, a design with a micro reed switch that can

trigger the biopsy process based on external magnetic �eld was presented that included

an elliptical hole to a�x the target tissue and a spiral spring to produce the rotational

force [37]. Once the capsule reaches the target-site, the reed switch gets triggered by

an external magnetic �eld that heats the SMA spring resulting in cutting the special

polymer string which allows the torsional spring to rotate the biopsy cutting tool, hence

collecting the a�xed tissue from the elliptical hole.

The biopsy tools that remain inside the capsule shell cannot guarantee collecting

a tissue despite the external magnetic holding mechanism, therefore some designs are

presented that actively move the tools outside the capsule shell to ensure tissue col-

lection. A motor with rack and pinion gear system moves a biopsy tool (forceps with

barbs) inside and outside of a capsule shell to perform the biopsy but this compromises

the limited power available to capsule endoscopes to perform usual tasks (imaging) [38].

Another device uses two ring shaped permanent magnets to move the biopsy forceps

outside the shell to actively cut intestinal tissue [39]. A shape memory alloy (SMA)

actuator was used to project the biopsy razor outside of the capsule shell once the

capsule was at the target-site, then the rotating magnetic �eld rotates the capsule pro-

totype helping the razor to cut the tissue from the gut wall and �nally two restoration

magnets were used to bring the cutting tool inside capsule shell to secure the sample

[40]. However, the two magnets used for restoration of the biopsy module to bring the

ejected blade back inside the capsule, were too large and could not allow a telemetry

system for triggering the biopsy process to �t inside traditional endoscopes. Another

design uses a gear-assembly to move forceps-style blades in and out of the capsule shell

which allows the biopsy system to �t inside a traditional endoscope [41].

All these designs presented a biopsy tool, and some also include the triggering

method but most of them lack locomotion to help the capsule reach the target-site. A

biopsy capsule with an active locomotion mechanism that can move 
exibly within the

gut and can extract a tissue sample with rotating blade mechanism from the target

location by magnetic actuation was presented [42]. Later, this research group modi�ed

the blade design with a retractable biopsy punch to �t inside a traditional endoscope
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so the biopsy procedure could be e�ectively performed with visual aid from the camera

module [43].

Some designs consider obtaining a biopsy sample from the mucosa layer, as super-

�cial collection from the epithelial layer is not always su�cient for in-depth microbiota

analysis. A unique design of a micro-spike with barbs was proposed that was triggered

by heating a shape memory alloy (SMA) wire that moves the micro-spike outside cap-

sule shell by a slider crank mechanism and torsion spring to penetrate into the mucosa

layer [44]. The barbs help to tear the biopsy samples which later get stored inside the

capsule to avoid contamination. Another capsule for �ne needle aspiration biopsy, trig-

gers with a magnetic actuation that squeezes the capsule which allows a sharp hollow

needle to penetrate into the mucosa layer to obtain a sample from inside of mucosa

membrane, which was not explored previously by earlier biopsy capsules [28, 45].

One of the challenges for most of the biopsy capsules is the lack of control on

their motion as they rely on peristaltic forces to reach the target-site and stopping the

capsule at target-site is not possible. Some of the designs use an external magnetic

�eld to anchor the capsule at a target-site but this increases the complexity and cost

of the overall system while the capsule anchoring cannot be precisely controlled. A

complete solution with a tissue monitoring module using a camera, anchoring module

using SMA springs to stop the capsule at the target-site and a biopsy module using two

cylindrical razors and a spiral spring to extract the tissue had shown clinical promise

[46]. However, the capsule requires further miniaturisation as currently it is oversized

for in-vivo testing and supplying the power to all modules was challenging as limited

batteries can �t inside the swallowable capsule (size constraints). Another capsule uses

a single magnetic actuator to drive both the anchoring mechanism and biopsy spike

tool using a ratchet mechanism to overcome the power limitations, but intestinal trials

are yet to be realised [47].

In order to collect biopsy samples from the stomach, one approach has been to

develop a magnetically actuated capsule which releases a large number of temperature

sensitive microgrippers that self-fold themselves due to change in temperature [48].

The capsule then collects the microgrippers with an adhesive patch by using its camera

module.

The biopsy devices are promising tools for collecting tissue samples from the gut wall

and they can overcome the limitations of tethered devices by accessing the entire gut.

The biopsy tools are used with locomotion and localisation mechanisms to e�ciently

capture the target tissue. However, these devices cannot be used for sampling the gut

microbiota as they cannot capture content-based samples.
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2.4.2 Sampling devices for content-based sampling

The development of tools for sampling the gut is gaining attention based on the impact

of microbiota on human health and the amount of information microbiota can reveal.

The promising bene�ts of sampling devices for the collection of gut microbiota has

resulted in many patents with an intent to produce a commercial device. A patent �led

in 1957 which was later published in 1962, intended to track a capsule through x-ray

to determine the target-site and open an inlet through radiant energy from outside of

the subject, to collect a sample [49]. However, this design does not specify how to

secure the sample from downstream contamination. Another patent suggested using

a low melting point spring that can be heated from outside of the subject using high

electromagnetic �eld, hence detaching the spring which then opens the chamber for

sample collection [50]. The spring is connected to a piston inside a slider that allows

the piston to move to the other end once the 
uid is �lled, which closes the inlet of

the chamber and secures the sample from contamination. Another patent proposed to

use an ether-�lled bellows inside a capsule that expands on heating from an external

electromagnetic �eld resulting in collection of the surrounding 
uid, with the capsule

returning to its original position once the magnetic �eld is removed which secures the

collected sample [51].

Most of the designs use separate opening and closing mechanisms, hence making the

designs complicated. Secondly, a lot of the capsules were designed for one-o� use, that

increases the overall cost and reduces sustainability. Therefore, SMA materials were

introduced to allow use the same capsules multiple times. An SMA spring is latched

inside the capsule chamber that is compressed when the temperature is changed by

passing an electric current through the spring allowing the chamber to sample content

from an ori�ce [52, 53]. Another design with a rotatable mechanism twists concentric

cylinders using shape memory alloy polymer when it is heated allowing the surrounding


uid to enter through opened apertures on a circumferential wall [54]. The device moves

back to its original position when heating is stopped which secures the collected sample

from contamination. Another patented design uses an SMA polymer for the inlet (door)

of the capsule [55]. The SMA polymer shape is designed to block the outside 
uid from

entering the chamber. When the SMA polymer is heated using induction heating,

it allows the outside 
uid to enter the capsule, once heating is stopped the polymer

retain its original shape which secures the sample inside the chamber and avoids cross

contamination.

However, most of these designs require a strong external (magnetic or electromag-

netic) �eld to trigger the sampling process which requires an expensive external setup.

Therefore, some internal triggering mechanisms have been proposed that rely on inter-

nal resources from within the capsule device. A capsule uses wireless communication
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to trigger a set of spring-loaded concentric cylinders that are joined with a meltable

thread [56]. The wireless receiver is used to ignite the heater that melts the thread

and allows the spring to open the concentric cylinders which in turn collects the sam-

ple via suction from a small inlet. This capsule was designed for one time use, while

another patent proposed a wireless triggering mechanism that used a motor to open

the sampling chambers. The capsule consists of two motorised blades to capture solid

tissue or a liquid specimen that could be stored in two dedicated compartments to

avoid contamination until recovery [34].

The embedded designs that incorporate both sampling and triggering mechanisms

inside the capsule, leave less room for the sample storage itself. Therefore, a simpli�ed

design was proposed that suggested collecting the content from the small intestine with

both active and passive mechanisms [57]. The capsule had a vacuum compartment

that is sealed, which can be dissolved by chemical reaction when it reaches the target

location. For the active mechanism, the compartment's opening was covered by a

magnet which was displaced by using an external magnet. However, whether active

or passive, either mechanisms does not de�ne any method to close the compartment

that stops downstream contamination so targeted sampling was not possible. Another

patent proposed to use a 
uid sensitive membrane to cover the inlet to a chamber which

get dissolved by interacting with the stomach or intestinal 
uid and allows accumulation

of a sample inside the chamber. The inlet then gets closed by a spring-operated valve

that blocks the ori�ce once the chamber is �lled with 
uid [58]. Wrigglesworth et

al. (2021) proposed an extendable mechanism to collect digesta from the ileum (small

intestine) of animals to study nutrient absorption and digestion, the capsule has a

mechanism to extend from the centre at the target-site to collect a sample size up to

1.5 mL [59].

The laboratory prototypes of sampling devices that are developed so far, can be

classi�ed into three major types. First, uncontrolled or passive sampling devices, as

shown in Fig. 2.1, that activates the sample collection by dissolving the covering

(enteric coating) over an inlet via a chemical reaction or any other method [60{65].

Second, controlled or active sampling devices, as shown in Fig. 2.2, that trigger the

sampling process through wireless control (electronic or magnetic) to collect the sample

at a target-site [66{73]. Third, dynamic sampling devices, as shown in Fig. 2.3, that

focuses on collecting the microbiota from gut lining for in-depth analysis when the

capsule reaches the target location [74{77]. The passive and active sampling approaches

mainly collect the digesta 
uid from the lumen whereas the dynamic sampling collects

the sample from both lumen and intestinal wall.

The �rst sampling prototype known to the author was developed in 2008, and

demonstrated simultaneous drug delivery and sampling by moving a piston that ejected
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Figure 2.1: Passive sampling devices that use enteric pH coating to dissolve by re-
acting to the target 
uid to collect microbiota and digesta sample. (A) Osmotic pill
sampler that continuously samples the microorganisms throughout its passage till re-
covery, (reproduced from [60] licensed under CC BY 4.0.). (B) and (C) Collects the
sample mainly from small intestine and secure it from contamination inside the colon
by sealing the inlet through hydrogel, (reproduced from [64] with permission from the
Royal Society of Chemistry.). (D) IMBA capsule explains the collection with timings
in various regions throughout the gut, (reproduced from [61]© 2019 AGA Institute).
(E) Bistable mechanism to collect and store the sample, (reproduced from [62]© 2018
IEEE).

a drug from the device while a small ori�ce at other end collected the surrounding con-

tent through suction [66]. The sampling prototype did not demonstrate a method to

secure the sample as the ori�ce remained open after sample collection, hence led to cross

contamination. Another patent proposed to use a motor to sequentially expose three

storage chambers to allow collection of intestinal content from three distinct locations

[67]. The motor also closed the inlets after sample collection that resolved the contam-

ination issue. A commercial company (Biora Therapeutics inc., US formerly Progenity

Inc.) patented this idea under the recoverable sampling system (RSS) name, and is in

the process of carrying out clinical trials. The RSS capsule has the capability to detect

�ve distinct sites within the gut before triggering the sampling process which reduces
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the need for tracking the device from outside the subject or relying on physiological

cues like pH or transit pro�le [68]. The localisation technology 
ashes LED lights that

are received by photodetectors and the microcontroller based on a pre-programmed al-

gorithm predicts the intestinal or colon location using gut anatomy. The capsule design

shown in Fig. 2.2(G) and uses a motor to open the sampling aperture to expose an

absorbent pad that collects the intestinal 
uid [69]. The absorbent pad is soaked with

preservatives that maintain the microbial community till capsule recovery from faeces

that ensures better analysis after capsule retrieval.

A capsule prototype as shown in Fig. 2.2(D), has a storage chamber consisting of

a 
exible material that is squeezed inside the capsule and an inlet sealed with wax.

Once the capsule reaches the target-site the sampling process is activated by magnetic

actuation via a reed switch and a nichrome wire surrounding the inlet of chamber

is heated so it melts the wax and allows the collection of 
uid via vacuum suction

[70]. This design did not consider resealing the inlet to avoid cross contamination.

A commercial company NaviCam (AnX Robotica, US) has developed a magnetically

controlled sampling capsule endoscope (MSCE) that can be manoeuvred to the target-

site and its orientation can be precisely controlled using an external magnetic �eld [71].

The capsule contains three sampling ports sealed by a low melting point metal that

is heated when the capsule reaches the target-site allowing the external 
uid to move

inside the chamber due to the pressure di�erence. The device position and orientation

can be controlled by an operator using a built-in camera and external magnetic system

which submerges the capsule in intestinal 
uid for better sample collection, as shown in

Fig. 2.2(E). The capsule uses a round shaped stopping mechanism that automatically

seals the inlet once the chamber is �lled with 
uid.

Both the heating �lament and motor require electronic circuitry and a battery that

occupy most of the capsule while leaving little space for sample storage. Some capsule

designs use enteric coatings which dissolve at the target-site and allow collection of

the sample which reduces the components required for a triggering mechanism. An

osmotic pill with four helical channels connected to a semipermeable membrane was

developed that constantly passed the surrounding 
uid through the channels while the

membrane blocked the microorganisms inside the channels [60]. The pill was coated

with a pH-sensitive enteric coating to avoid interaction with gastric juice, and the pill

started sampling after the covering got dissolved in the small intestine. However, the

sampling continued until the pill reached the colon as this design did not consider

sealing the inlets. Another capsule prototype used a gelatin coating that dissolved in

the small intestine and the inside chamber contained a hydrophilic �bre that absorbed

the intestinal 
uid [61]. The capsule used a spring-loaded latch that dissolved in 30 mins

and moved a piston to block the chamber inlet which secured the sample from cross
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Table 2.1: Sampling devices to collect gut microbiota samples
Name Dimensions

(mm)
Storage
capacity
(µL)

Type of
Sampling

Actuation
mechanism

Target
location

Evaluation

Cui et al
[66]

30 x � 10.2 262 Active Motor SI LP, in-
vivo

Yaw et al.
[67]

31 x � 11 84 x 3* Active Motor SI Unspeci�ed

RSS
capsule
[68, 69]

31 x � 11.6 - Active Motor SI and
colon

CP, in-
vivo

Du et al.
[70]

20 x � 14 300 Active Vacuum
suction

SI LP, bench-
top experi-
ments

MSCE [71] 32 x � 11.6 400 Active Vacuum
suction

SI CP, in-
vivo

Osmotic
pill [60]

21.6 x � 7.6 120 Passive - SI and
colon

LP, in-
vivo

IMBA cap-
sule [61]

26.1 x � 9.9 74 Passive Spring
loaded
latch

SI LP, in-
vivo

Salem et
al. [62]

26.1 x � 9.9 200 Passive Sponge SI LP, bench-
top experi-
ments

Hydrogel
capsule
[63, 64]

15 x � 9 282.7 Passive Hydrogel SI LP, ex-
vivo

Hydrogel
capsule
[65]

15 x � 9 282.7 Passive Hydrogel Colon LP, in-
vivo

BCMAC
[72]

11 x � 8 42 Active Magnets SI LP, in-
vivo

Park et al.
[73]

26 x � 11 15 x 3* Active Magnets SI LP, ex-
vivo

Finocchiaro
et al. [74]

30.5 x � 11.5 261 x 2* Dynamic Magnets SI LP, bench-
top experi-
ments

Rehan et
al. [75]

30 x � 12 500 Dynamic SMA
springs

SI LP, ex-
vivo

Rehan et
al. [77]

45 x � 12 250 Dynamic SMA
spring

SI LP, in-
vitro

Markers: CP: Commercial Prototype (awaiting FDA approval), LP: Laboratory
Prototype, SI: Small Intestine, * indicates multiple compartments
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Figure 2.2: Active and dynamic sampling devices that use wireless triggering mecha-
nism (except G) to collect microbiota and digesta sample. (A) Compact capsule with
three separate channels to store the content, (reproduced from [73]© 2022 IEEE).
(B) Dynamic sampling capsule that brushes the intestinal wall to collect microbiota,
(reproduced from [74]© 2021 IEEE). (C) Magnetic capsule with a hinge mechanism to
collect digesta and microbiota sample with blind activation based on predicted transit
time, (reproduced from [72]© 2021 IEEE). (D) A 
exible capsule triggered with mag-
net to collect the surrounding 
uid with suction, (reproduced from [70] © 2018 IEEE).
(E) Commercial prototype with sophisticated external magnetic control mechanism to
drag the capsule to the target-site and on-board camera to visualise the collection site,
(reproduced from [71]© Ding Z, et al. 2021). (F) Another dynamic sampling mecha-
nism that scrapes the microbiota from intestinal wall. The capsule can be triggered by
wireless transceiver, (reproduced from [77] licensed under CC BY-NC-ND 4.0.). (G)
Standalone capsule that uses on-board camera (optical detection) to identify the target
location and collect the sample based on internal microcontroller signal, (reproduced
from [69] © 2021 Crohn's & Colitis Foundation.). Dynamic sampling devices that
focus on collecting the microbiota from gut lining are shown in (B) and (F).

contamination, as shown in Fig. 2.1(D). Similarly, another capsule prototype based on

a bi-stable mechanism also used an external enteric coating to protect the capsule from

sample collection inside the stomach [62]. Once the capsule reached the small intestine,

the outer covering is dissolved which exposed the inlet channel and allowed the chamber
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to �ll with the surrounding 
uid. A twofold mechanism was designed to hold a sponge

inside the chamber which swelled after absorbing the intestinal content and triggered

the bi-stable mechanism to close the ori�ce as shown in Fig. 2.1(E), hence sealing the

capsule from further collection. Another capsule prototype presented by Waimin et al.

(2020) proposed a passive sampling capsule whose enteric coating also dissolved at the

target-site (small intestine) and allowed the surrounding 
uid to �ll the capsule [63].

A dehydrated hydrogel placed inside the capsule absorbed the sampling 
uid which

increased its volume, resulting in pressure against a Polydimethylsiloxane (PDMS)

membrane at the sampling aperture which sealed the storage chamber. The capsule

design and its functionality are shown in Fig. 2.1(B) and Fig. 2.1(C) respectively, and

it was tested under ex-vivo conditions to prove its e�cacy for detecting in
ammatory

bowel disease [64]. Later, the design was modi�ed with two enteric coatings on top of

each other, the �rst coating protected the capsule from sampling inside the stomach,

while the second coating protected the capsule from sampling inside the small intestinal

region. Both coatings are �nally removed once the capsule reaches the proximal colon

where sampling starts [65]. This modi�cation allowed the capsule to collect samples

from proximal colon for detecting colonic diseases.

The capsule prototypes relying on intestinal 
uid to dissolve pH based enteric coat-

ings for sample collection have certain limitations. First, sample collection cannot start

instantly, rather coating removal is passive activity that requires a long time (around

30 mins). Second, precise targeted sampling is not possible as closing the chamber

for securing the sample is also a lengthy process (taking between 30 mins to 1 hour).

Therefore, magnetic capsules were proposed to instantly trigger inlet opening and clos-

ing functions for targeted sample collection. A magnetic capsule is designed to blindly

collect the digesta from the small intestine whereas the triggering time is estimated

based on transit pro�le [72]. The capsule contains two small magnets embedded in the

capsule shell as shown in Fig. 2.2(C), fabricated in a way that it forms hollow space

between the two magnets. The external magnetic �eld repels the two magnets allowing

the capsule to open using a hinge mechanism, and the removal of magnetic �eld col-

lapses the magnets again which seals the collected digesta. Another magnetic capsule

used an external magnetic �eld to perform locomotion and sampling [73]. First, the

capsule was propelled to the target-site by a gradient magnetic �eld. Second, the inlet

port (one of the three) was aligned with the sample collection channel by a uniform

magnetic �eld, as shown in Fig. 2.2(A). Third, the micropump is activated by a preces-

sional magnetic �eld that collects the sample in an aligned microchannel via an aligned

inlet port. The design is compact and shows commercial promise, but needs to over-

come the contamination issue as it uses only one sampling port through which all inlet

channel to collect all of the samples hence leads to a small amount of contamination in
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the second and third chambers.

After SamplingBefore Sampling During Sampling

Spring Actuator Pulls 
Sampler inside

Spring Actuator Pushes 
Sampler outside

Capsule Robot inside 
Small Intestine

Peristalsis Movement

Figure 2.3: Dynamic sampling device that focus on collecting the microbiota from gut
lining, image is reproduced from [75]© 2020 John Wiley & Sons Ltd.

The designs presented so far as shown in Table 2.1, collect the surrounding 
uid

which cannot guarantee collecting a full spectrum of microbiota, as microbiota is also

present within the mucosa layer which cannot be collected by a simple opening and

closing mechanism. The sampling location as well as the procedure used to collect

the microbiota has critical implications on the quality of the information retrieved

from sampling devices as the microbiota composition varies both longitudinally (e.g.,

duodenum, jejunum and ileum) and radially (e.g., within the lumen, epithelium, mucosa

and submucosa) [78]. A magnetic capsule prototype as shown in Fig. 2.2(B) presented

a brushing mechanism to collect microbiota from the gut lining (mucosa layer) that has

not been explored before by the previous sampling devices [74]. First, the capsule was

aligned with the intestinal wall using an external magnetic �eld. Second, the two gates

of the sampling chambers were opened. Third, the brushing mechanism was rotated a

few times to collect microbiota by rubbing on the intestinal wall. Once the brushing

was complete, the gates were closed again to secure the sample inside two separate

chambers. Another capsule prototype that targets sampling from the mucosa layer

demonstrated a unique way of scraping the microbiota from the intestinal wall [75]. Two

SMA springs connected in an antagonistic con�guration eject a round channel outside

the capsule shell that scraped the content from gut lining due to natural pressure from

peristaltic forces and stored the sample in a connected chamber. Once the sampling was

completed, the other SMA spring moves the scraping channel inside the capsule shell to

secure the sample from downstream contamination. Later, the design was improved by

replacing the two one-way SMA springs with one two-way SMA spring that produced

both upward and downward movement in response to two di�erent temperatures which

were generated by passing the current through the spring using an on-board battery
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[76, 77]. However, both the designs that collect microbiota from gut lining are yet to

perform in-vivo trials which will demonstrate their e�ectiveness in terms of the quality

of the sample collected.

2.5 Future perspectives and conclusion

The human gut is an interesting passage as it can be informative of health status over

the life of the host. Therefore, assessment of gut microbiota is increasingly though to be

a key to unlock secrets of the gut as it contains information about the host, and it can

act as a bio-marker to identify health issues. Current tools have limitations in accessing

the entire gut and cannot accurately collect the gut microbiota throughout the entire

length of the intestines. Therefore, in this review biopsy devices are considered that

are developed to collect tissue biopsy to perform targeted and site-speci�c analysis of

gut wall. Also, sampling devices to collect the gut microbiota samples are reviewed

and a critique on these devices is presented.

Various approaches have been adopted to collect gut microbiota that can be assessed

after capsule recovery from faeces. Most of the prototypes in both active and passive

sampling devices rely on arbitrary collection of surrounding 
uid which does not capture

the full microbiota as signi�cant communities of microorganisms live on the gut lining

inside mucosa layer [4] and the sampling mechanism needs to scrape or brush the

intestinal wall to capture them [74{77]. A futuristic sampling device should be able to

autonomously locate its target-site (longitudinal precision) and collect the sample from

mucosa layer (radial precision) and guarantee the quality of the sample to study gut

microbiota. Currently, most of the laboratory capsule prototypes struggle to embed all

of the required functions into a tiny capsule (swallowable dimension) which is a major

hurdle for further in-vivo testing.

The sampling devices, in the future, should focus on performing tasks in a stan-

dalone device without relying on external systems like magnetic or electromagnetic

actuation. The lower dependency may simplify the operational cost and allow home

testing with the capsule and personalised treatments. This may put less burden on

the healthcare system and allow individuals to perform home diagnoses. Software on a

mobile device may then interpret the results in a similar way to portable blood-sugar

testing machines which are operated by the users at home currently. The mobile soft-

ware may also update the diagnoses regularly to make and prepare weekly diet plans

for optimum results. The smart sampling devices might be in use that may specify

the best suited diets for each individual based on their microbiota. The rapid pace in

development could determine that this happens in near future and the next generation

may keep a log of their gut health from childhood to assess any drastic changes in their

health to treat themselves with the aid of prescriptions provided by machine learning
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algorithms and arti�cial intelligence, without even visiting a doctor.

The development of futuristic sampling devices may enable better treatment of gut-

related problems like in
ammatory bowel diseases, ulceration, coeliac disease, Crohn's

disease, and irritable bowel syndrome. Furthermore, early diagnosis of diseases like

cancer, obesity and diabetes might be realised which could help to treat these deadly

diseases e�ciently. In addition, mental health issues may also be addressed by relating

the gut microbiota with relevant bio-markers. Hence, an in-vivo sampling device is

desired that may improve the understanding of gut microbiota.
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Chapter 3

Measurement of Peristaltic

Forces Exerted by Living

Intestine on Robotic Capsule

The small intestine moves the food in distal direction with the help of peristaltic forces

and a robotic capsule needs to overcome these forces to collect a sample from gut lining

(intestinal wall). This chapter is focused on the quanti�cation of peristaltic forces that

a capsule would observe during its passage from the gut. Initially, an analytical model

is presented to study the peristaltic movement of the small intestine. For the �rst

time, �nite element simulations were conducted in COMSOL Multiphysics to generate

intestinal peristaltic forces, and analyse their impact on a robotic capsule. Later, a

capsule prototype was developed to measure the peristaltic forces from living intestinal

tissue, while an embedded system was used simultaneously to record the live data from
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Measurement of Peristaltic Forces Exerted by Living Intestine on
Robotic Capsule

Muhammad Rehan, Ibrahim Al-Bahadly, Senior member IEEE, David G. Thomas, Ebubekir Avci, Member IEEE

Abstract—Using robotic capsules for assessing gut health has
been an emerging �eld since the early 2000s with researchers
attempting to perform diagnosis, monitoring and therapeutic
functions inside the gut. The knowledge of peristaltic forces inside
the intestine are crucial for designing the actuation mechanism of
robotic capsules, however the impact of peristalsis on a capsule
has not yet been quanti�ed. In this work, an analytical model is
presented to study the peristaltic movement of the small intestine.
For the �rst time, �nite element simulations were conducted in
COMSOL Multiphysics to generate intestinal peristaltic forces,
and analyse their impact on a robotic capsule. A capsule
prototype (30 mm x � 12 mm) was developed to measure the
peristaltic forces from living intestinal tissue, while an embedded
system was used simultaneously to record the live data from
the capsule-intestine interaction. In in-vitro experiments, the
intestine applied an average axial force of 226 mN and contraction
cycles of 9 times/min, while the capsule prototype experienced
maximum radial force of 180 mN. A specialized in-vitro setup
is developed to keep fresh ex-vivo intestine samples alive for up
to 6 hours, while the capsule prototype measured the intestinal
forces from the living tissue. This in-vitro experimental setup
provided an excellent model for the in-vivo environment in terms
of generating peristaltic movements, hence this force analysis will
help in developing ef�cient prototypes for locomotion, anchoring,
localization, biopsy, drug delivery and sampling mechanisms for
robotic capsules.

I. INTRODUCTION

The beginning of21st century was marked by a revolution
in medical imaging when Iddan et al developed a minimally
invasive capsule endoscope as an alternative to the tethered
endoscopy [1]. A capsule endoscope moves passively inside
the gut, in a similar way to food, with the help of peri-
staltic movement and captures images of gut lesions. One of
the limitations of a capsule endoscope is its uncontrollable
movement, which restricts its navigation inside the gut and
it is not possible to spend signi�cant time at the region of
interest. Another limitation is its incapability to determine
its precise location within the 9 meter long gut. Therefore,
locomotion mechanisms have been developed to anchor at, or
navigate towards, the target site [2]–[5]. Similarly, localization
mechanisms were proposed to estimate the position of the
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capsule endoscope [2], [3], [6]. These advancements in the
�eld of capsule endoscope laid the foundation for devices, with
similar size, to perform diagnostic, monitoring and therapeutic
functions like sampling [7], [8], tissue biopsy [9], sensing
[2], [10] and drug delivery [11].

Advance techniques in robotic capsules such as locomo-
tion, localization, biopsy, drug delivery and sampling, require
knowledge of peristaltic forces to develop suitable actuation
mechanisms. In locomotion based designs, the stopping mech-
anism needs to overcome the peristaltic forces to anchor at the
site of interest [5]. Similarly, the contraction rate, peristaltic
pressure and gas sensing can be used for localization, as this
information can assist in estimating the position of the capsule
[10], [12]. The biopsy tool counters the peristaltic forces in
order to penetrate the gut wall, to capture the tissue [9].
Likewise, the sampling device also acts against the peristaltic
forces to open its mechanism, to collect the specimen [7].
Once the peristaltic forces, applied by the intestine on the
capsule endoscope or robotic capsule, are known, an accu-
rate actuation mechanism can be designed for incorporating
the additional features. Therefore, quanti�cation of intestinal
peristaltic forces can produce signi�cant contribution for all
these devices and add-on mechanisms.

Methods have been devised to measure the intestinal pres-
sure, which can later be converted to peristaltic contraction
forces based on the size of the measuring device, but they
have certain limitations. Mostly, endoscopic manometry is
used to measure the pressure inside the gut; however, this
tethered method limits its reach into the small intestine.
Secondly, this method involves a high risk of gut perforation
and bleeding, and the procedure is invasive and unpleasant
for a patient [2], [13]. A commercial capsule, SmartPill
motility capsule (Medtronic, Minneapolis, US), and several
other laboratory prototypes have measured gut pressure using
minimally invasive robotic capsules with MEMS based sensors
[12], [14]–[16]. These capsules have mainly recorded the
intraluminal pressure within the gut, which was the cumulative
pressure of each region, and it is not possible to extract the
peristaltic pressure from the overall pressure signal [13],
[14]. Furthermore, these sensors often capture breathing and
heartbeat signals which need to be separated from the primary
signal [12], [15]. Although the intraluminal pressure is helpful
in treating gut related diseases, it provides less information on
gut motility (peristaltic behaviour) and hence it is not possible
to quantify the peristaltic forces.

Thus, this article describes how a tactile sensor based
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robotic capsule was developed to measure the peristaltic
forces, directly from the living intestine. A biomechanical
analytical model of the small intestine was developed for
analysing the peristaltic forces. Finite element simulations are
conducted in COMSOL Multiphysics, modelling the peristaltic
behaviour of the small intestine, as elaborated in Fig. 1.
In addition, an investigation of the impact of the peristaltic
contraction forces on a robotic capsule prototype was con-
ducted, which has not been done before. Simulation provided
an in-depth analysis of peristaltic behaviour by providing the
freedom to change the design parameters, such as intestinal
diameter, and observe its impact on to the robotic capsule. A
capsule prototype was then fabricated with a force sensor and
an embedded system was devised to measure the peristaltic
forces from living intestinal tissue. A specialized in-vitro setup
was utilized to keep the intestine alive, while the robotic
capsule recorded the peristaltic forces of the intestine. The
three main contributions of this work are as follows.

1) The development of an analytical model and then simu-
lation in COMSOL Multiphysics to measure the impact
of peristaltic forces on the robotic capsule,

2) The development of a capsule prototype with a force
sensor and an embedded system to measure the peri-
staltic forces from living intestine,

3) Rigorous discussion about quanti�cation of peristaltic
forces and its impact on robotic capsule designs.

The peristaltic motion developed in COMSOL in this study
can be replicated by researchers to test advance techniques in
robotic capsules like locomotion or anchoring mechanisms, by
incorporating their design into robotic capsules. Similarly, the
in-vitro setup in this study, which closely replicates in-vivo
studies as it maintains the intestine alive for 6 hours, can be
used to examine the robotic capsule under living intestinal tis-
sue conditions. Furthermore, the impact of peristaltic forces on
a capsule inside the intestine is quanti�ed in this study and this
knowledge will help in developing ef�cient tools for robotic
capsules for biopsy, drug delivery, sampling, locomotion and
localization mechanisms.

II. M ATERIALS AND METHODS

A. Biomechanical modelling of the small intestine

The movement of food through the small intestine is
relatively poorly studied, as this region of the gut cannot
be assessed through tethered tools. A pulpy �uid containing
digested food and gastric juices known as chyme enters the
small intestine from the stomach. The chyme is simultaneously
mixed and moved along the length of the intestine using two
main phenomena, namely peristalsis and segmentation. Peri-
stalsis creates a wave-like motion by contracting and relaxing
the muscles in circular direction, hence moves the chyme
along the small intestine. Whereas, segmentation is mainly
responsible for mixing of the chyme by creating a forward and
backward motion in a longitudinal direction. The �ow inside
the intestine is described by the conservation of momentum
and conservation of mass, which can be expressed by Navier-
Stokes equations and continuity equation respectively. The

Fig. 1: Biomechanical model of the small intestine.

Navier-Stokes momentum equation in Cauchy momentum
form can be de�ned as [17]

Du
Dt

=
1
�

r � � + g (1)

Where,u is the �uid velocity, � represents the density,r is
the divergence,� is the Cauchy stress tensor,g represents
the gravity, and D

Dt is the material derivative (Lagrangian
derivative) that is the time rate of change of �uid and can
be de�ned as

Du
Dt

=
@
@t

+ u � r (2)

Where, @
@t represents the change with respect to time at

a given point. The Cauchy stress tensor (� ) expresses the
changes in the material due to the deformation. This can be
de�ned as a sum of deviatoric stress (changes in shape) and
volumetric stress (changes in volume). Deviatoric stress can
be expressed as a function of viscosity while volumetric stress
can be considered as pressure, which are de�ned below

� = � p + � (r u + ( r u)T ) �
2
3

� (r � u)I (3)

Where,p represents the pressure,� is the dynamic viscosity,
r u is the velocity gradient,(r u)T is the transpose ofr u and
I is the identity matrix. The overall �ow through the intestine
can be described by the conservation of mass in the form of
continuity equation as follows [17],

D�
Dt

+ � r � u = 0 (4)

For incompressible �uids, the density of the �uid remains
constant so (4) can be reduced to [18]

� r � u = 0 (5)

Considering the assumption that the �ow inside the intestine
is incompressible (refer to (5)), (3) can be re-written as,

� = � p + � (r u + ( r u)T ) (6)

Navier-Stokes momentum equation (1) can be modi�ed by
using (2) and (6), and expressed as follows [18]

�
@u
@t

+ � (u � r )u = �r p + r � � (r u + ( r u)T ) + �g (7)

Therefore, (7) can be described as Newton's second law of
motion in which the left side de�nes the inertial forces wihin
the �uid while right side is a sum of pressure forces, viscous
forces and external forces. Equation (5) and (7) are used in
COMSOL multiphysics to de�ne the �uid �ow. The effect
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of gravity on �uid �ow was negligible so it was ignored in
simulations and the �ow was considered as newtonian �uid
with dynamic viscosity (� ) of 0:0014Pa� s and density (� ) of
1040Kg=m3 [18].

The peristaltic movement is generated when the intestinal
muscles apply the forces inward, which results in deformation
of the intestine. The original location of a point on the
material is denoted byX while the new location of the
point after deformation is indicated byx and the displacement
vector between the two points is expressed byw(X; t ). The
momentum conservation for an arbitrary (undeformed) volume
V0 is

d
dt

Z

V0

� 0vdV =
Z

V0

f V dV +
Z

@V0
TdA (8)

Where, � 0 is the undeformed density,v is the velocity
of deformation,f V represents the volumetric forces in the
undeformed region and T is the traction of forces acting in
the undeformed area. The traction using its spatial components
(Ti ) and normal vector using its material components (NJ ) can
be further de�ned as

Z

@V0
Ti dA =

Z

@V0
PiJ NJ dA =

Z

V0

@PiJ
@XJ

dV (9)

Where, small indices (e.g.Ti ) are used to de�ne spatial
components, and capital indices (e.g.NJ ) are used for the
material components.PiJ is the tensor component andX J

expresses the original location of the material particle. The
velocity of deformation (v) can be represented as a function
of displacement (w)

v =
@w(X; t )

@t
(10)

The volume is arbitrary, so the differential form of momen-
tum balance can be achieved by substituting (9) and (10) in
(8), as shown below

� 0
@2wi

@t2
= f Vi +

@PiJ
@XJ

(11)

Where, wi is the spatial displacement,f Vi is the spatial
component of volumetric forces andPiJ is the spatial tensor
component. The tensor form of (11) is shown below

� 0
@2w
@t2

= f V + r X � PT (12)

Where, P is the �rst Piola-Kirchhoff stress tensor that
signi�es the relationship between forces acting in the spatial
direction to the original location (undeformed con�guration).
This can be related to Cauchy stress tensor (� ) as follows

PNdA = �nda (13)

Where,N is the normal vector before deformation,dA is
the area before deformation,n is the normal vector after defor-
mation andda is the area after deformation. The deformation
will change the area, which can be computed by Nanson's
formula

nda = JF � T NdA (14)

Where,F is the deformation gradient tensor andJ is the
volume factor which can be computed by the determinant of
F . Hence, the (13) can be re-arranged as

P = J�F � T (15)

Similarly, the Kirchhoff stress tensor� can be expressed as,

� = J� (16)

Therefore,
PT = � T F (17)

The density of undeformed and deformed materials can be
related, based on mass conservation as,

� = J � 1� 0 (18)

The momentum balance equation in terms of Cauchy stress
tensor can be written as

�
@2w
@t2

= f v + r x � � (19)

Where, � denotes the density of the deformed material
and f v represents the forces per deformed material. These
analytical equations are used to develop a peristaltic wave
model for the small intestine. The details for the modelling
and simulations are shown in the next sections.

B. Design considerations for simulations

A small intestine sample 100 mm in length and 15 mm
in diameter, was used in this study, as shown in Fig. 1. A
robotic capsule (30 mm x� 12 mm) was placed inside the
section of intestine. The robotic capsule was moved inside the
intestine, mainly, by peristaltic movements. While interacting
with a solid object, like a robotic capsule, the dominant
function of intestine is peristaltic movement as compared to
segmentation which was not considered in these simulations.
The forces were repeatedly applied at the centre of intestine
section, after an interval of 7 seconds [19]. The deformation
of intestine was de�ned by the radial contraction ratio and
was selected to be 78% based on a related study [19]. The
robotic capsule received the pressure from intestinal muscles
based on deformation and is recorded over the time to measure
the impact of radial contraction forces on the capsule. The
biomechanical model of the small intestine was simulated by
considering the following assumptions.

1) The geometry of the small intestine is considered as a
cylindrical shaped tube with a mean diameter of 15 mm
in relaxed state.

2) A small section of 100 mm from the small intestine is
modelled to reduce the computational complexity.

3) The force is applied once in each cycle, at the centre of
the 100 mm section of the small intestine.

4) An incompressible Newtonian �uid �ow is considered
inside the small intestine.

A Finite Element Analysis (FEA) based software, COMSOL
Multiphysics (version 5.5, COMSOL AB, Stockholm, Swe-
den), was used to develop the biomechanical model as shown
in Fig. 1. The modelling parameters were selected based on
related studies [18], [19].
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Fig. 2: Development of robotic capsule prototype. (A) CAD
model (B) Capsule prototype with force sensor glued on the
capsule. (C) Capsule prototype with water resistant
lamination.

Fig. 3: Inverting Op-amp circuit for reading force
measurements.

C. Design requirements and fabrication of the capsule

The dimensions of a robotic capsule should be small enough
to allow transit through the entire GI tract. A capsule with size
of 30mm x� 12mm is considered to be safe [7], [12], [20]. The
force measurement system should be sensitive to small forces,
such as 10mN, so it can account for all activities related to the
forces inside the intestine [21]. In addition, the measurement
should be fast enough to process the force readings in less than
1s [21]. Furthermore, the robotic capsule needs to measure
the contraction force in live animals or humans, hence the
force sensor should operate between 35 and 40� C and in high
moisture conditions. The computer-aided design (CAD) of
robotic capsule with force sensor, developed in Solidworks
(Dassault Syst�emes SolidWorks Corporation, USA) is shown
in Fig. 2 (A). The force sensor (FlexiForce ESS301 Sensor,
Tekscan Inc., USA) is glued on to the outside of the robotic
capsule as shown in Fig. 2 (B). The force sensor was laminated
with water resistant tape to eliminate direct contact with the
�uid as shown in Fig. 2 (C) and it was calibrated before each
trial so its measurements were not affected. The sensor was
exposed to the gut tissue; hence, the readings were obtained
directly from the peristaltic forces of the intestine.

The capsule prototype was fabricated with Digital Light
Processing (DLP) technique using a 3D printer (Hunter, Flash-
forge, China) with the resolution of 25� m. The overall length
of the capsule prototype, as shown in Fig. 2, was 30mm and
its diameter was 12mm. The force sensor was calibrated to
measure forces from 0 to 4N and its resolution was 5mN. The
baud rate for collecting the data was set to 9600 bps, which
processed the data in 5� s. The force sensor had an operating

Fig. 4: Data acquisition system for peristaltic and axial force
measurements. (Left side) data acquisition system of robotic
capsule measures the peristaltic forces. (Right side) data
acquisition system of in-vitro system measures the axial
forces.

range from -40� C to 85 � C. The force measurements were
recorded by an embedded system, which is explained in the
next section.

D. Data acquisition system for robotic capsule

The calibration is important in tactile sensors and it becomes
more evident in this study as the gut environment is dynamic in
nature. An electronic kit (FlexiForce Prototyping Kit, Tekscan
Inc., USA) equipped with an Arduino nano board and an
operational ampli�er (op-amp) circuit was used to collect
the force readings from the robotic capsule sensor. The op-
amp circuit provided the �exibility required for calibrating the
sensor inside the dynamic intestinal environment, by adjusting
the feedback resistance and drive voltage, as shown in (20).
An inverting op-amp con�guration was used with a 22 K

resistor and 1000 pF capacitor in the feedback loop, as shown
in Fig. 3. TheVref signal was set to an square wave with 20
Hz frequency and 20% duty cycle. The drive voltage was made
variable in the circuit, having multiple selections between 0V
and 5V.

Vout = � Vref
Rf

Rs
(20)

Where, Vout is the output voltage,Vref is the reference
voltage,Rf is the feedback resistance andRs is the resistance
offered by the force sensor.

A specialized software (FlexiForce MicroView, Tekscan
Inc., USA) developed for reading the force measurements, was
used to record the force data. The op-amp circuit converted
the force measurements to analog data, which were converted
to digital form using built-in analog to digital converter
(ADC) of Arduino nano board. The Arduino nano board was
connected to the computer through a usb port. The MicroView
software displayed the data on-screen for real-time utilization
and also recorded the data for future analysis. A systematic
diagram with force sensor, electronic kit and GUI view of the
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Fig. 5: In-vitro experimental setup for postmortem tissue with data acquisition systems for robotic capsule sensor and in-vitro
axial force transducer. The intestinal tissue attachment inside the tissue bath chamber is elaborated seperately on right side.

MicroView software is shown in Fig. 4. Figure 4 shows two
separate data acquisition systems, one for measuring the radial
peristaltic forces by force sensor on the robotic capsule (left
side) and a second for measuring the axial forces by force
transducer in an in-vitro experimental setup (right side).

E. In-vitro experimental setup

An in-vitro experimental setup, which kept fresh intestinal
tissue alive for up to 6 hours inside a tissue bath chamber, was
used to test the capsule prototype. The in-vitro experimental
setup is shown in Fig. 5. A test tube shaped tissue bath
chamber was �lled with ringer's solution, which provided the
nutrients to keep the tissue alive [22]. The ringer's solution
was kept oxygenated from an L shaped glass tube as shown in
Fig. 5. A heated water recirculator was used to continuously
circulate the heated water through the tissue bath chamber and
the ringer's solution holder, which maintained the temperature
of the entire system at the body temperature of lamb i.e. 39
� C. The ringer's solution holder was used to store the ringer's
solution at body temperature, which was added to the tissue
bath chamber as needed during the experiment.

The in-vitro setup also included a force transducer
(MLT0420, ADInstruments Ltd., Dunedin, NZ) which mea-
sured the axial forces from the intestinal tissue, while the
tissue was placed inside the tissue bath chamber. The force
transducer was connected to the PC through a bridge ampli�er
(Bridge Amps, ADInstruments Ltd., Dunedin, NZ) and ADC
(PowerLab 4/16, PowerLab, ADInstruments Ltd., Dunedin,
NZ) as shown in Fig. 4 (right side). A dedicated software
LabChart (LabChart, ADInstruments Ltd., Dunedin, NZ) was
used to record and plot the data of axial forces from the living
intestinal tissue.

III. R ESULTS

A. Simulations of interaction between peristaltic forces and
robotic capsule

The analytical model, developed in this work, is im-
plemented in COMSOL Multiphysics. A 2D-Axisymmetric

model was developed and its mesh consisted of 3112 domain
elements and 504 boundary elements. The internal domain
(inside the intestine) was de�ned with laminar �ow while the
robotic capsule was also moving inside this domain. Whereas,
the outside domain (intestine wall) was de�ned with the
structural mechanics module and it goes under the deformation
in order to exert the peristaltic force on the internal domain.
Equation (5) and (7) were used to de�ne the internal domain,
while (12) and (19) were used for outside domain. A repetitive
peristaltic wave of 7 seconds per cycle was generated across
the cross section of an intestine as shown in Fig. 6 (A)-(C).

The progressive wave applied the force on the capsule inside
the intestine based on its deformation. The peristaltic force was
applied through the boundary load function through a built-in
Heaviside function in COMSOL as shown below.

FA r = L max � load(zs; ts) (21)

Where, FA r is the force in radial direction,L max is the
maximum load applied from the intestinal wall,load is the
Heaviside function,zs andts are the dimensionless arguments
for the Heaviside function.

The literature on intestinal motility suggested that the
peristaltic force applied by the intestine is 1.72 g/mm in a
longitudinal direction and 2.69 g/mm in a radial direction
[23]. This study was considered by various researchers to
design their locomotion [5], localization [24], drug delivery
[25] and sampling [7] mechanisms. Based on these studies,
the overall load for the 100 mm section of small intestine
was calculated as 1.7 N in an axial direction and applied
through the load function in (21). The peristaltic wave driven
by the load function, deforms the intestine and pressurizes
the capsule inside the intestine. The interaction between the
intestine and the robotic capsule can be seen in Fig. 6 (D)-(F).

The small intestine exerted force in an axial direction, which
resulted in the deformation of the intestine in a radial direction.
The robotic capsule records the pressure and Fig. 6 (G) shows
an example of pressure values for an instant time. The radial
pressure applied to the capsule is 2.69 g/mm [23] which will
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Fig. 6: Simulations performed in COMSOL Multiphysics. (A)-(C) 3D view of repetitive peristaltic wave of 7 seconds/cycle
generated across the 100 mm intestine (A) t = 0.5 sec, (B) t = 3.5 sec, (C) t = 6.5 sec. (D)-(F) 2D-axisymmetric view of
robotic capsule interacting with the intestine due to the repetitive peristaltic movement (D) t = 0.5 sec, (E) t = 22 sec, (F) t =
32 sec. (G) Pressure experienced by the robotic capsule due to radial contraction of the intestine.

result in 160 mN force which is equivalent to 890 Pa. In these
simulations, the robotic capsule received an average pressure
of 500 to 1065 Pa which is equivalent to a force of 90 mN to
192 mN.

B. Experimental results

1) Sample preparation for contraction force measurements:
Fresh intestines of 5 lambs, dissected 1 hour before the
experiments, were obtained on different days. The duodenum
region of the small intestine was selected for experiments,
as this region produces the highest frequency of contractions
as compared to the other regions of the small intestine. The
intestine was cut in to 100 mm long tissue samples, and
immediately stored in chilled ringer's solution, to maintain
its physiological properties until the start of the experiments.
During the experiment, one end of the tissue sample was
af�xed to L shaped glass tube's support and the other end was
tied with suture material. This material was stretched and �xed
at the string holder of the axial force sensor as shown in Fig.
5. The intestinal tissue samples were kept under tension so the
axial movements along the vertical axis were detected by the
force transducer of the in-vitro system. The environment inside
the tissue bath chamber maintained the postmortem tissue
which continued to behave like living intestine, and started
to produce peristaltic forces. The radial forces compressed
(deformed) the tissue, which resulted in shrinking of the
tissue in axial direction, which were recorded by the LabChart
software through axial force transducer as shown in Fig. 4
(right side). Simultaneously, the robotic capsule measured the
radial peristaltic forces, which were recorded in MicroView
software through peristaltic force sensor as shown in Fig. 4
(left side).

2) Calibration of force sensor for capsule prototype:The
force sensor inside the capsule prototype was calibrated each
time before recording the peristaltic forces from the intestine.
The tethered capsule prototype was inserted inside the tissue
bath chamber and linearly increasing loads were applied to
the capsule and the data was measured through the electronic

kit as shown in Fig. 4 (left side). The data was simultane-
ously recorded and displayed through the MicroView software.
Similarly, dynamic loads were also applied and radial force
sensor (robotic capsule) readings were recorded. The radial
force sensor (robotic capsule) showed less than 2% error for
values between 0 and 200 mN, while 6% for readings greater
than 250 mN.

3) Axial and peristaltic force results:In-vitro experiments
were conducted on 13 intestinal samples from 5 lambs. The
range of axial force measurements from each sample, mea-
sured by the in-vitro force transducer, is shown in Fig. 7. The
Fig. 7 shows the minimum force (bar at bottom) and maximum
force (bar at top) applied by each intestinal tissue sample.
This allows to visualize the variation among different range
of forces, applied within each sample. The (rectangular) box
for each intestine sample between the minimum and maximum
bars represents the 25th percentile (�rst quartile) and 75th per-
centile (third quartile), which is used to determine the effective
range of forces applied by each intestinal tissue sample. The
Figure shows the axial force behaviour of each sample under
the in-vitro system in more detail. The mean forces recorded
by the in-vitro axial force transducer are also shown in Table
I along with the maximum readings observed by the robotic
capsule under each intestine sample. The axial force transducer
recorded the accumulated axial force measurements from the
intestine, as any radial contraction throughout the 100 mm
section of the intestine leads to shrinking of the longitudinal
muscles. However, the robotic capsule only detected the radial
(peristaltic) forces exerted exactly on the body of the capsule.
The peak values of the peristaltic forces detected by the robotic
capsule are shown in Table I. Peristaltic forces recorded by
the robotic capsule are less than those recorded by the axial
force transducer, because the capsule only recorded radial
contractions which occurred directly on the face of the sensor.
See supplementary video for further details about simulations
and experiments.

Mean axial forces measured by the axial force transducer

CHAPTER 3. QUANTIFICATION OF PERISTALTIC FORCES 45



TABLE I: Peristaltic forces recorded by the force transducer and robotic capsule

Intestine sample 1 2 3 4 5 6 7 8 9 10 11 12 13
Mean axial force measured by in-vitro force transducer (mN)216 248 229 232 239 310 290 292 346 113 92 183 152

Peak radial force detected by robotic capsule (mN) 140 60 45 180 0 120 30 155 135 90 0 55 65

Fig. 7: Variations in axial forces generated by 100 mm
intestinal tissue samples measured by the axial force
transducer. In each sample, top and bottom bars show the
range of axial forces, rectangular box indicates �rst and third
quartile, red line shows the median and red plus sign shows
the outliers. Window at top right shows a sample of force
measurement data, plotted by LabChart software.

(in-vitro system) and peak peristaltic forces detected by the
radial force sensor (robotic capsule), for each trial, are shown
in Table I. The average axial force generated by the 13 selected
samples was 226 mN while the average of peak peristaltic
forces detected by the robotic capsule was 83 mN. Data was
recorded for at least 30 minutes from each sample and the
average is computed from 10 minutes of stable force output.
The mean contraction cycle rate was 9 cycles per minute. The
contraction rate used in simulation was 8.57 cycles per minutes
and both contractions are in accordance with the relevant
studies [5], [23].

IV. D ISCUSSION

The analytical modelling of the small intestine provides an
understanding of gut motility. The model presented in this
work is used as a base to simulate the contractile motion of the
small intestine in COMSOL Multiphysics. The assumptions
made in modelling and simulation are common to similar
motion related studies [18], [26]–[28]. Simulation of a robotic
capsule to study the impact of peristaltic forces, is a unique
contribution which would help researchers to evaluate the
designs of locomotion, localization, biopsy, sampling and
drug delivery mechanisms. The simulation of peristaltic waves
allows to study the impact of various parameters on a robotic
capsule, such as change in radius of the intestine or the robotic
capsule. The force analysis on the robotic capsule in this work
can be used to study the pressure locations, which would allow
installation of the actuation mechanism at the least exposed
areas of the capsule, or optimize the tools to increase the
ef�ciency of the device. Although literature [23] suggested

that the robotic capsule in this study will experience a pressure
of 890 Pa, it didn't specify which part would be exposed less.
The simulations results revealed that the robotic capsule, as
shown in Fig. 6 (G), will be exposed to a range of pressure
levels and this information will determine the best location
for installing the tools for performing diagnosis, monitoring
and therapeutic functions inside the intestine. Furthermore, this
study shows that the robotic capsule would be exposed to a
range of pressures from 500 Pa to 1065 Pa, which is equivalent
to a load of 90 mN to 192 mN.

In order to verify the �ndings of our analytical modelling
and simulations, a specialized in-vitro setup was utilized in
this work, which keeps a fresh intestine alive for up to 6
hours. The in-vitro system recorded the intestinal contractions
through an axial force transducer and plotted the axial forces
through LabChart software, which ensured that the intestinal
tissue was alive. The average force recorded by the axial force
transducer in 13 trials of tissue from 5 different lambs was
226 mN and the range of axial force measurements were
from 92 mN to 346 mN, which agrees with previous work
based on an in-vivo measurement from anaesthetize pig of
215 mN to 328 mN [12]. Another study suggested that a
100 mm section of intestine will generate 198 mN contraction
(peristaltic) forces in a radial direction [23], which is also
within the range of forces shown in Table I. The axial force
transducer was �xed at the stretched ends of the intestinal
tissue, hence it recorded the accumulated contraction forces
of the entire section in axial direction. However, the robotic
capsule only observed the peristaltic (radial) forces applied
to its body. The peristaltic forces experienced by the capsule
prototype were in the range of 30 mN to 180 mN, whereas the
simulations predicted the range from 90 mN to 192 mN, which
shows that the ef�ciency of predicting the peak peristaltic
force was 94%. In two trials, the capsule prototype didn't
recorded any force and this was either due to wrong calibration
or a lack of peristaltic wave contracting at the position of
the capsule. The capsule prototype recorded comparatively
low peristaltic forces in some of the trials, this could occur
when the peristaltic force applied to the capsule body wasn't
captured fully by the sensor. Furthermore, we tested the robotic
capsule by attaching the force sensor at 2 more locations, as
compared to the Fig. 2 (B), one at the front face of the capsule
and second on the front edge of the capsule. The capsule with
front face sensor resulted in measuring less forces while the
capsule on front edge detected almost similar results as the
case shown in Fig. 2 (B). The experimental results veri�ed,
similar to simulations, that the radial peristaltic forces occur
more at the side walls of the robotic capsule as compared
to the front side, which could allow us to determine the low
pressure points to place our tools for performing diagnosis,
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monitoring and therapeutic functions.
The robotic capsule effectively measured the peristaltic

forces from the living tissue. Although the robotic capsule
under this study was tethered, the force sensor was calibrated
before each trial. Calibration ensured that the wire did not
affect the results from the force sensor. The force sensor was
pasted on the exterior of the capsule, to record the peristaltic
forces directly from the intestinal tissue. This method was
specially adopted based on the availability of the in-vitro setup
in this study, but for in-vivo trials this will not be possible
and a proper encapsulation will be required. To further ensure
results, in future works the robotic capsule will be tested in-
vivo after incorporating a telemetry system.

V. CONCLUSION

This paper presented a novel method of measuring the
impact of peristaltic forces on a robotic capsule in gut tis-
sue. An analytical model was developed and simulated in
COMSOL Multiphysics. The model measured the impact of
peristaltic forces from the intestine on the robotic capsule.
Later, an in-vitro system, which maintained intestinal tissue
for up to six hours, was used to directly measure the forces
from the intestine. The forces generated by the intestine were
recorded by the axial force transducer and robotic capsule
sensor simultaneously. The axial force transducer measured
all the contraction forces, which can be understood as an
accumulated force of the entire tissue. While, the robotic
capsule recorded the radial forces acting directly on its body.
Both forces were well-aligned with the simulation results
and the related literature. These results will be useful in
understanding the gut motility and quanti�cation of peristaltic
forces. In addition, knowing the impact of peristaltic forces
on the capsule will enable the development and optimization
of novel robotic capsules for locomotion, localization, biopsy,
sampling and drug delivery purposes.
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3.6 Calibration of force sensor

The calibration of 
exiforce sensor was carried out using both linear and dynamic

calibration methods as explained below.

3.6.1 Linear calibration

Five-point linear calibration was achieved by a default program of MicroView software

(FlexiForce MicroView, Tekscan Inc., Boston, MA, USA) that is specially designed

to calibrate the force sensors used in this study. The robotic capsule was manually

placed inside the 100 mm long post-mortem intestinal tissue. First, linearly increasing

known loads (98mN, 196mN, 294mN, 392mN and 484mN) were applied on the capsule

and the readings were obtained by the data acquisition system, as shown in Fig. 3.8.

Each value is measured three times to ensure that the reading is correct. On the

application of external load, the force sensor changes its resistance, which was converted

to digital value by the ADC converter in Arduino nano board. The Arduino nano board

(program) calibrated the resistance to the known load and MicroView software recorded

and displayed the force readings. The temperature during the entire calibration and

testing process was maintained at 39� C and the drive voltage used was 2.2 V.

Figure 3.8: Linear calibration of the force sensor.

3.6.2 Dynamic calibration

After linear calibration, dynamic calibration was also performed as the peristaltic move-

ments are dynamic in nature. Both increasing and decreasing known loads were applied

to the robotic capsule and the readings were simultaneously recorded by the data acqui-

sition system and displyed in MicroView software. Like linear calibration, each value

was recorded three times to ensure that the sensor and known weights are properly
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aligned. The graph in Fig. 3.9 show the dynamic calibration to specify the error after

calibration.

Figure 3.9: Dynamic calibration of the force sensor.

3.7 Additional details

3.7.1 Limitation of force sensor

The Flexiforce sensor (ESS301) used in this study is sluggish in nature and require

around 7 seconds of recovery time. This mean that the measurement of peristaltic

forces should allow at least 7 seconds to let the sensor recover to its original resistance,

before measuring the next reading. Fortunately, the peristaltic cycle is also around

7 seconds that allowed enough recovery time to the sensor during the experiments.

Additionally, the peristaltic forces applied only on top of the sensor are recorded which

allowed further time to the sensor for its recovery.

3.7.2 Peristaltic and radial forces

The published paper includes the terms "peristaltic forces" and "radial forces" which

should be considered same in Chapter 3.

3.7.3 Table I: Additonal results

The Table I in the published paper include mean axial forces while the robotic capsule

shows peak radial forces. For design perspective, peak forces are important, therefore

peak axial forces are also added in Table 3.2 to provide further information on the

experiments carried out during the in-vitro trials.
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Table 3.2: Peak forces recorded by the force transducer and robotic capsule
Intestine sample 1 2 3 4 5 6 7 8 9 10 11 12 13

MAF (mN) 216 248 229 232 239 310 290 292 346 113 92 183 152
PAF (mN) 227 316 235 244 258 321 319 308 349 119 98 207 179
PRF (mN) 140 60 45 180 0 120 30 155 135 90 0 55 65

*MAF: Mean axial force measured by in-vitro force transducer, PAF: Peak axial force
measured by in-vitro force transducer, PRF: Peak radial force detected by robotic
capsule.



Chapter 4

Design of Sampling Mechanism

for Robotic Capsule to Collect

Gut Microbiota using SMA

Springs Actuator

In this chapter a unique sampling mechanism is devised to gently scrape the content

from small intestinal wall (mucosa layer). This design is thoroughly tested underex-

vivo small intestines to optimise the capability of sample collection mechanism without

compromising on the safety of the GI tract of animal or human. The learning from pre-

vious chapter (i.e., chapter 3) were utilised to develop an actuation mechanism based

on a unique combination of concentric SMA springs to act as an axial actuator. The de-

veloped actuator occupies a small space and produces su�cient output force to operate

the sampling mechanism for overcoming the intestinal peristaltic forces. A minimally

invasive robotic capsule was testedex-vivo on the animal small intestine, and it cap-

tured su�cient quantity for microbiota assessment. The laboratory testing of collected

sample discover an amino acid signature indicative of microbiota, mucus and digesta,

which provided a proof of concept for the proposed design.

This chapter contains content from the following article.

ˆ Rehan, M., Al-Bahadly, I., Thomas, D. G., & Avci, E. (2020). Capsule robot

for gut microbiota sampling using shape memory alloy spring. The International

Journal of Medical Robotics and Computer Assisted Surgery, 16(5), 1-14. DOI:

https://doi.org/10.1002/rcs.2140 .

This work is licensed under© 2020 John Wiley & Sons Ltd. According to Wiley
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policy, Wiley-Blackwell licenses back to the Contributor the right to re-use the �nal

Contribution or parts thereof for any publication authored or edited by the Contributor

(excluding journal articles) where such re-used material constitutes less than half of the

total material in such publication. In such case, any modi�cations should be accurately

noted.
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Chapter 5

Development of Actuation

Mechanism for Robotic Capsule

to Sample Gut Microbiota using

two-way SMA Spring Actuator

This chapter presented the modeling of a unique two-way SMA spring actuator that

has not utilised before in any sampling device or robotic capsule. The temperature gap

between the martensite and austenite states (hysteresis loop) is signi�cantly reduced

with the aid of a commercial manufacturer that allows reduction of the complexity

of the previously proposed design while greatly reducing the power requirements. A

specialised experimental setup that can keep the freshly dissected small intestine alive

is utilised to test the robotic capsule in a realistic environment (in terms of peristaltic

movements) as opposed to earlier tests withex-vivo animal small intestines. The robotic

capsule prototype has collected su�cient quantity of sample from living porcine duo-

denal and ileal tissues i.e. in the presence of peristaltic forces. The robotic capsule was

also tested on living post-mortem tissues (small intestine) of other species including

cow and sheep. The collected sample size for all the species was feasible to analyse the

microbiota through next generation sequencing techniques.

This chapter contains content from the following article.

ˆ Rehan, M., Al-Bahadly, I., Thomas, D. G., & Avci, E. (2021). Towards Gut

Microbiota Sampling Using an Untethered Sampling Device. IEEE Access, 9,

127175-127184. DOI:https://doi.org/10.1109/ACCESS.2021.3111086 .
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ABSTRACT Recent studies suggest that human gut microbiota can act as a bio-marker for human health.
Also, it can function as a potential tool to understand stress and anxiety. However, the conventional tools
have limitations acquiring samples of gut microbiota without contamination. In this work, an untethered
robotic capsule prototype is developed that can actively collect the microbiota from the mucosa layer of
the small intestine for the �rst time with the potential to avoid the upstream and downstream contamination.
An analytical model for quantifying the peristaltic forces and developing two-way shape memory alloy spring
actuator is presented. For the �rst time, a novel two-way shape memory alloy spring actuator (5 mm x
� 4 mm) is used to perform the sampling inside the gut. The spring actuator can apply 675 mN force, which
is suf�cient to perform in vivo sampling. A specialised experimental setup that can keep the freshly dissected
intestine alive for 6 hours is utilised to test the robotic capsule. The robotic capsule prototype has collected
an average of 200�L and 112�L sample from living pig duodenal and ileal tissues respectively i.e. in the
presence of peristaltic forces. The robotic capsule was also tested on intestine of other species including
cow and sheep and collected an average of 160�L and 185�L of content respectively from the living post-
mortem tissues. The collected sample size for all the species is feasible to analyse the microbiota through
next generation sequencing techniques. The experimental setup is a reliable proxy to in-vivo behaviour and
the robotic capsule experimental result is promising in terms of in situ collection of microbiota.

INDEX TERMSCapsule endoscopy, GI tract, peristaltic motion, robotic capsule, shape memory alloy spring
actuator.

I. INTRODUCTION
The human gastrointestinal (GI) tract contains a diversi�ed
population of microorganisms that are collectively known as
microbiota [1], [2]. The GI tract microbiota have a weight of
up to 2 kilograms and the population size is about 1014 bac-
teria. Gut microbiota contain lifelong information of human
health and they can act as a bio-marker for disease diagnosis
such as cancer, obesity, diabetes and in�ammatory bowel
disease [1]�[3]. Microbiota can also assist in diagnosing
early stage cancer and predicting the risk of type 2 diabetes

The associate editor coordinating the review of this manuscript and

approving it for publication was Zheng H. Zhu.

development [4]�[6]. Furthermore, microbiota are also help-
ful in studying the interaction between nutrition and human
health [7], [8]. Moreover, some researchers believe, micro-
biota can even aid in improving human mood and behaviour,
and can potentially help in dealing with stress, anxiety and
depression [9]. This growing body of evidence suggests that
gut microbiota are a vital source of information on human
health and well-being.

The most common samples used as a proxy for intestinal
microbiota are fecal samples, which are collected at the end
of the 9 meter long GI tract. This means it is not possible to
extract spacial and temporal information from these samples
as they are not collected from the actual site of digestion [10].
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Furthermore, the samples are exposed to different environ-
ments throughout the gut, before collection, so they are highly
contaminated. Another method to study the gut microbiota is
by the use of �exible endoscopy with biopsy tools; however,
this is a tethered method which limits its reach into the
small intestine, and the section of small intestine close to
colon (ileum) is a home to a different population of micro-
biota to the hind gut [11]. Secondly, this method involves a
high risk of gut perforation and bleeding, and the procedure
is invasive and unpleasant for a patient [12], [13]. Lastly,
biopsy tools collect a tissue sample and they cannot fully
capture microbial content. Hence, the current conventional
tools available to collect microbial samples from the intestine
without contamination have limitations.

In the early 2000s, researchers began exploring the GI tract
with miniaturized robotic capsules designed to perform vari-
ous functions such as endoscopy, drug delivery, locomotion,
localization, sensing and tissue biopsy [14]�[24]. However,
digesta sampling devices are rare in the literature [12].

Some researchers have proposed passive collection mech-
anisms by dissolving a seal of a chamber at the target site, and
collecting the surrounding �uid [25]�[27]. But, these designs
do not consider resealing the inlet after sample collection,
so the samples become contaminated and resemble fecal sam-
ples after device recovery. A bi-stable mechanism has been
developed which automatically sealed the inlet after sample
collection, however this design did not control the upstream
contamination before sample collection and hence precise
sample collection at the target site was not possible [28].
Some researchers have investigated active collection mecha-
nisms by considering diversi�ed actuation mechanisms, like
shape memory alloy (SMA) [29], motor [30], [31], and mag-
net [32]. These mechanisms opened and closed the inlet of
chamber at the target site to avoid both upstream and down-
stream contamination. However, these mechanisms were
based on arbitrary collection of surrounding �uid (digesta)
which does not contain the full microbiome. Many microbial
species are present in the mucosa layer lining the gut which
cannot be collected by simple opening and closing mech-
anisms, rather the mechanism needs to scratch the mucosa
layer to collect the microbiota [33]. Recently, a mechan-
ical brushing concept was presented to collect the micro-
biota from gut lining but intestinal trials have yet to be
conducted [34].

In this article, a robotic capsule is presented that can
actively collect the sample from the target site and capture
the microbial population from the inner wall of the intestine.
A two-way SMA spring-based actuation mechanism is used,
which is small in size (5 mm� � 4 mm), �ts inside the
robotic capsule (30 mm� � 12 mm) and applies suf�cient
force (>516 mN) to overcome the peristaltic forces from
living intestine. The robotic capsule is powered by a battery
to activate the SMA spring by joule heating. A wireless
transmitter is used to initiate the sampling process once the
robotic capsule has reached the target site. In our previous
work, a sampling mechanism was developed with an active

pull-out scrapping component to collect the microbiota and a
chamber to store the sample [35]. The preliminary testing of
the design revealed that it collected the microbiota, mucus
and digesta. However, it was tethered and was tested on
ex-vivo animal intestinal tissue. Hence, the environment and
the robot was not representative of the ultimate target applica-
tion. Therefore, the robotic capsule in this study is untethered
and tested on living intestine in vitro, which is closer proxy of
the �nal gut conditions. This paper elaborates on the design
considerations, testing and evaluation of proposed actuation
and sampling mechanisms, and the feasibility of proposed
design in in-vivo trials. The main novelties of this work,
as compared to the current state of the art in sampling devices,
are shown belowV

1) The development of a unique two-way SMA spring
actuator with small size (5 mm� � 4 mm), low power,
quick response time and low temperature requirements.

2) The optimisation of SMA spring actuator de�ection
to expose the sampler outside its shell to collect an
optimum amount of sample.

3) The utilisation of an experimental setup to examine the
robotic capsule for the �rst time, which maintains
the intestinal tissue in vitro for 6 hours and allows the
application of peristaltic forces (please see the video).
This allowed testing of the robotic capsule on living
tissue of three animal species i.e. pig, cow and sheep.

4) The development of an untethered sampling capsule
to collect the microbiota, mucus and digesta from liv-
ing intestine, with potential to avoid upstream and
downstream contamination by storing the sample in a
chamber.

In this work, a small SMA spring actuator, which can �t
inside the robotic capsule, is designed, sourced and tested.
In addition, a sampling mechanism is fabricated to collect
and store microbiota from the gut. A capsule containing all
components is assembled and tested in specialised experi-
mental setup which closely replicates the in vivo environ-
ment in terms of the physiological parameters (temperature,
pH and nutrition). In addition it is exposed to the peri-
staltic movements generated in freshly dissected intestine.
The robotic capsule successfully collected samples, hence
providing proof of concept for in vivo testing in the next stage
of the work.

II. MATERIALS AND METHODS
A. DESIGN AND FABRICATION OF ROBOTIC CAPSULE
The design parameters of the robotic capsule in this study
were selected based on clinical requirements and initial feasi-
bility for proof of concept, and are shown in Table1. Similar
robotic capsules in clinical use are 11-13 mm in diameter and
24-32 mm in length, so a capsule with 30 mm� � 12 mm
dimensions will be a safe size to pass through the entire
gut [36].

The sampling capsule is required to store at least 100�L
content which can be used to analyse the microbiota and
digesta through next generation sequencing techniques [37].
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TABLE 1. Design parameters of robotic capsule.

FIGURE 1. Robotic capsule prototype. (A) CAD model with AAA battery,
an additional space (9 mm � � 12 mm) is left to include high current
drain button cell battery in future. (B) and (C) Fabricated capsule
prototype with sampler closed and opened respectively.

A storage chamber with 500�L capacity is deployed to
collect suf�cient sample during the experiments.

One of the major challenges is to �t all the components
of robotic capsule, including battery, electronic circuitry,
actuation and sampling mechanisms, within speci�ed dimen-
sions. In this work, a battery is attached externally to the
capsule, which was made possible due to the design of
in-vitro experimental setup. The battery was displaced from
the main body of the capsule and attached with a 100 mm wire
so the effect of peristaltic forces on robotic capsule could be
assessed. These forces are likely to change with the size of the
capsule if a larger battery was installed inside. An additional
space of 9 mm� � 12 mm is reserved inside the capsule to
accommodate a button cell battery in the future.

The proposed design of robotic capsule, developed in
Solidworks (Solidworks education edition 2019, Dassault
Systemes SolidWorks Corporation, Waltham, MA, USA) is
shown in Fig.1(A). The fabricated capsule prototype with
actuator turned off and on are shown in Fig.1(B) and
Fig. 1(C) respectively. The capsule prototype was fabricated
by a 3D printer (Hunter, Flashforge 3D Printer Zhejiang,
China). The SMA spring (Kellogg's Research Labs, Nashua,
New Hampshire, United States) was developed based on
design requirements.

B. MODELLING OF INTESTINAL FORCES
The small intestine uses two main processes (segmentation
and peristalsis) to agitate and propel food towards the distal
part of the gut. Segmentation mixes the food throughout the
length of the intestine by producing forward and backward
movements. Whereas, peristalsis occurs in a circular direction
across the intestine, and moves in waves which push the
food in a longitudinal direction. Therefore, peristaltic move-
ments are responsible for pushing the food along the intestine
and the robotic capsule mainly receives this force as shown
in Fig. 2.

The peristaltic forces contract certain gut regions and relax
adjacent regions so that the food can be pushed in a longitudi-
nal direction, as shown in Fig.2. In order to collect the sample
from the intestine, the robotic capsule needs to satisfy (1),

FA > FP C f (1)

where,FA is the force applied by the actuator,FP is the
force applied by the intestine (peristaltic force) and f is the
accumulated frictional force which can be de�ned as

f D fc C fm C fv D �F s C F0
s C � Nvv (2)

where,fc is the coulomb friction which is the stress applied
by the intestine,fm is the marginal resistance which restricts
the sampler movement due to the deformation of the intestinal
wall, andfv is the viscous resistance which retards the motion
due to the obstacles (e.g., digesta or mucus) between robotic
capsule and intestine. The frictional forces are further elab-
orated on in (2), where� is the coef�cient of friction,Fs is
the normal force on the sampler,F0

s is the force due to the
deformation of the intestine,� is the coef�cient of viscosity,
Nv is the radial stress on the sampler and v is the velocity of
sampler. These forces are described in our previous work, and
overall frictional forces can be considered as 200 mN [35].

The amplitude of peristaltic forces inside the small
intestine is described by Miftahof on the basis of wave
phenomenon and considered as 2.69 g/mm in circumferen-
tial (radial) direction [38]. The robotic capsule in this study
has a diameter of 12 mm, therefore the maximum peristaltic
force imposed on the capsule will be 316 mN, as calculated
from (3)

F D mg (3)

where, F is the force in mN, m is the mass in grams and g is
the gravitational acceleration (9.807m=s2).

In our recent work, we have experimentally determined
the radial peristaltic forces and the average value was found
to be 226 mN [39]. An actuator with more than 516 mN
force can comprehensively overcome both peristaltic forces
(226 mN - 316 mN) and frictional forces (200 mN). Hence,
with such actuator, collecting the sample from the small
intestine is feasible, as depicted in Fig.2 and (1).

C. MODELLING OF TWO-WAY SMA SPRING ACTUATOR
SMA springs, also known as Nitinol springs, are manufac-
tured from nickel and titanium. These springs learn their
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FIGURE 2. Intestinal force model.

desired shape and temperature pro�le, and retain the memo-
rised shape as soon as they reach the tuned temperature. Most
of the designs in the literature shows single way memory,
which means that the SMA spring would produce motion
in one direction only. The to and fro motion of a spring is
achieved by two separate springs, each working in opposite
directions [35]. This adds complexity and increases the space
requirement. In this study, for the �rst time, we have used
a two-way memory based SMA spring in a robotic cap-
sule, which can produce both forward and backward move-
ments with a single spring. The desired amount of force
and de�ection can be achieved by characterising the process
of heat treatment. The de�ection (�) of the spring can be
computed as,

� D F
8D3n
Gd4 (4)

where, F is the load, D is the mean diameter of the spring, G is
the shear modulus, d is the wire diameter, n is the number of
turns and can be related to length (l) of the spring as,

l D nd (5)

Based on our design requirements, and considering the lim-
ited space inside the capsule, we have selected the parameters
as shown in Table2. The required actuator force should be
greater than intestinal forces (516 mN) as mentioned in (1)
and the de�ection was considered between 1 mm and 2.5 mm
to determine the optimum movement of the sampler. The
amount of force produced by an SMA spring depends on
its shear modulus which varies greatly with the change in
temperature (T) as shown below,

G D

8
><

>:

GM WhenT < Mf

G(T) WhenMf � T � Af

GA WhenT > Af

(6)

where,GM andGA are the shear modulus for martensite and
austenite states respectively.Mf andAf are martensite and
austenite �nish temperatures respectively and their selected
values are indicated in Table2. The term G(T) is the variable
shear modulus between martensite and austenite states, and
can be de�ned as,

G(T) D GM C
GA � GM

2
[1 C sin� (T � Tm)] (7)

where,Tm is the mean temperature and de�ned as

Tm D

(
(As C Af )=2 for heating
(Ms C Mf )=2 for cooling

(8)

and,

� D

(
�=(A f � As) for heating
�=(M s � Mf ) for cooling

(9)

where,Ms and As are martensite and austenite start tem-
peratures respectively and their selected values are given
in Table2.

One of the major reason for using one-way SMA springs in
our previous work was the requirement of larger temperature
difference between the two states i.e. austenite (expansion)
and martensite (contraction) as shown in Fig.3 [35]. Based on
the recent technological advancements (Kellogg's Research
Labs, US), it has become possible to realise the two-way
actuation with a temperature difference of 10� C only. For the
SMA spring in this study, the actuation (expansion) occurs at
52 � C and the spring returns to its original state at 42� C.
This greatly reduces the complexity and power requirement
as compared to our previous design [35]. The parameters of
the spring were selected on the basis of required de�ection
and the amount of forces (516 mN). The force analysis of the
SMA spring under this study is detailed in the next section.
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FIGURE 3. The relationship of force and deflection with different
temperature states of SMA spring.

TABLE 2. Design parameters of SMA spring actuator.

D. EXPERIMENTAL SETUP FOR TESTING TWO-WAY SMA
SPRING ACTUATOR
The design requirement for the actuator of the robotic capsule
in this study, were formulated asV

1) The actuator should produce more than 516 mN force
(to overcome peristaltic and frictional forces).

2) It should produce enough de�ection to expose the sam-
pler completely against the gut wall, for collecting the
sample. This is discussed in detail in section III-B-1.

3) The dimensions of the actuator should not exceed
7 mm� � 5 mm (based on size constraints).

4) The actuator temperature should not exceed 55� C, this
is to ensure that the exterior temperature of the capsule
remains at body temperature.

The experimental setup (TA.XT Plus, Texture Analyser,
Stable Micro Systems, Surrey, United Kingdom) for test-
ing the SMA spring is shown in Fig.4. Power supply
(HMP2020, Rohde & Schwarz GmbH & Co. KG, Munich,
Germany) was used to heat the SMA spring through joules
heating at different current levels, which allowed us to deter-
mine the optimum current for energizing the two-way SMA
spring. Software (Exponent Connect, Stable Micro Systems,
Godalming, United Kingdom) was used to calibrate the force
sensor and plot the run-time force response. This analysis
allowed us to determine the maximum output force of the
spring, hence creating a �t for the modelling as performed
in the previous sections. In addition, it helped in determining
the current requirement to operate the spring at its optimum
level.

E. ELECTRICAL SYSTEM FOR WIRELESS ACTIVATION OF
THE ROBOTIC CAPSULE
The electrical system used to activate the sampling process
in the robotic capsule is shown in Fig.5. The wireless

FIGURE 4. Experimental setup for force measurements of SMA spring.

FIGURE 5. Electrical system design of the robotic capsule.

FIGURE 6. In-vitro experimental setup for postmortem tissue.

transmitter and receiver (wireless remote control, Shenzhen
Anntem Technology Co. Ltd, China) operates at 433 MHz.
An AAA battery was used to power the two-way SMA spring
actuator (Kellogg's Research Labs, Nashua, New Hampshire,
United States) through a driver circuit.

F. IN-VITRO EXPERIMENTAL SETUP
A specialised experimental setup, as shown in Fig. 6, was
used to maintain the peristaltic movements of a freshly dis-
sected animal intestine. This setup kept the post mortem
tissue alive in ringer's solution by maintaining physiological
parameters (eg. pH at 7.4, temperature at 39� C). The solution
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TABLE 3. Details of animal species used in experiments.

was oxygenated by continuous bubbling oxygen through a
glass tube. A water bath and hot water recirculator were
used to maintain the temperature of the entire system at body
temperature.

G. SOURCING THE SMALL INTESTINES OF DIFFERENT
ANIMAL SPECIES
In order to test the robotic capsule in a comprehensive
manner, freshly dissected samples of small intestines from
three animal species were obtained. The age and weight
of each animal species along with their intestinal diame-
ter, in which the robotic capsule was tested, are presented
in Table 3. Though the age and weight of an animal affects the
dimensions of the small intestine, the difference is relatively
small [40]. Therefore, instead of selecting different ages and
weights of the same animal species, tissues from different
animal species were sourced. This allowed testing of the
robotic capsule in samples with a greater range of intestinal
diameters.

III. RESULTS AND DISCUSSION
A. TESTING OF TWO-WAY SMA SPRING ACTUATOR
A two-way SMA spring changed its shape (extension and
contraction) with a change in temperature, which was accom-
plished by passing the current through the spring wire (joule
heating). The force was measured by applying increasing
current as shown in Fig.7, while the voltage was �xed to 1 V.
The spring didn't show any force below 300 mA current
as the heat was dissipated by the surrounding air. From
300 mA the spring actuator showed progressive force and
kept increasing even above 1A current; however, supplying
a higher current in the robotic capsule was dif�cult due to
space limitations. The required actuator force to overcome
the peristaltic and frictional forces was more than 516 mN,
which can be achieved above 460 mA as indicated by Fig.7.
The experiments were performed on three separate springs,
three times each and the variation in readings are also shown
in Fig.7. The corresponding temperatures at varying currents
were also recorded by thermal imaging camera (TG167, FLIR
Systems Inc., USA) and the average temperature values are
indicated in Fig.7.

Response time of an actuator is another critical parameter,
which was recorded against the spring de�ection on varying
currents during SMA spring testing. The results are shown
in Fig. 8. The SMA spring took less than 5 seconds to fully
de�ect (extension) at higher currents i.e., above 800 mA and
5 seconds at 500 mA current for 80% de�ection. The cooling
time (compression) was relatively longer and it took around

FIGURE 7. Force analysis of two-way SMA spring actuator.

FIGURE 8. SMA spring actuator response time on varying currents.

30 seconds to fully return to its original state. The response
time of SMA actuator is not fast but for sampling application
it does not pose a potential problem.

A thermal imaging camera was used to determine both
internal (inside capsule) and external (outside capsule shell)
temperatures after energizing the SMA spring actuator in the
robotic capsule. The temperature pro�le both from inside and
outside the capsule on varying currents is shown in Table4.
This analysis allowed us to determine if any potential harm
could occur to the intestine of animal and/or human in future.
The current for the actuator in our experiments was 500 mA,
which means that the inside temperature of the capsule was
53.2� C while the outside temperature was 34.4� C, as shown
in Fig. 9. As the body temperature of the animals used in
our experiments was approximately 39� C, this demonstrates
that the capsule will not harm the intestine. The temperature
testing was carried for 7 minutes, as compared to actual
experimental trials in which we turned the actuator on for
5 minutes. This further shows that the actuator will not
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TABLE 4. Variation in internal and external temperatures of the capsule
due to varying actuator current.

FIGURE 9. Temperature profile of robotic capsule at 500 mA current
recorded by thermal imaging camera.

damage the intestine even if the sampling process is extended
to 7 minutes.

B. IN-VITRO SAMPLING TRIALS
Freshly dissected animal intestines were sourced from the
Post Mortem Room in the School of Veterinary Science
(Massey University, Palmerston North, New Zealand) and a
300 - 400 mm section of small intestine was separated from
the rest of the small intestine. This isolated section was placed
in the experimental setup, as shown in Fig.10(A) and (C),
which kept the intestinal tissue alive for at least 6 hours.
The robotic capsule along with external battery was man-
ually placed inside the section of small intestine. When
the intestine started applying peristaltic forces, the sam-
pling process was initiated wirelessly. The two-way SMA
spring actuator opened the sampler against the peristaltic
forces which started collecting microbiota from the surround-
ing digesta and intestine wall (mucosal layer) respectively.
The scratching from the intestinal wall by the sampler
potentially captured intestinal villi tissue from the gut lin-
ing. However, no damage to the intestinal wall was seen
and this tissue naturally regenerates over a short period of
time [41].

The sampler remained open against the intestinal wall
for 5 minutes during which the capsule was moved by the
peristaltic motion, aiding sample collection. After 5 minutes
the actuator was turned off by the wireless transceiver. The
actuator closed the inlet by pulling the sampler back to its

FIGURE 10. Sample collection process under in-vitro experimental setup.

primary position. The sample collection process under in
vitro experimental setup is shown in Fig.10 and can be seen
in the supplementary video.

1) OPTIMISATION OF SMA SPRING ACTUATOR DEFLECTION
FOR OPTIMUM SAMPLE COLLECTION
Varying spring de�ections (1 mm, 1.5 mm, 2 mm and
2.5 mm) for the SMA spring actuator were tested on two
sections of pig small intestine (duodenum and ileum), to ana-
lyze the impact on sampler opening, as shown in Fig.10(B).
This allowed us to determine the optimum length of de�ec-
tion to collect the maximum amount of sample. The sample
collection results with varying spring de�ections are shown
in Fig. 11. A spring de�ection of 1 mm slightly opened the
sampler and collected an average of 26�L content with 40%
failure rate in the duodenal tissue. A 1.5 mm spring de�ection
collected an average of 136�L sample from duodenal tissue,
however the average collection was only 20�L from ileal
tissue due to more viscous digesta, which restricted entry
into the sampler. Actuator de�ection of 2 mm and 2.5 mm
collected 200�L and 210�L content respectively from the
duodenal site and 112�L each from ileal site, which is a
feasible quantity for microbiome assessment through next
generation sequencing techniques. Since a 2.5 mm spring
de�ection didn't produce signi�cant differences compared to
2 mm, and both de�ections (2 mm or 2.5 mm) fully exposed
the sampler, we selected the 2 mm de�ection for our actuator
as an optimum de�ection.
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FIGURE 11. Variation in sample size collection by varying spring
deflection on pig duodenal and ileal tissue.

FIGURE 12. Variation in sample size collection on different animal
species.

2) SAMPLE COLLECTION FOR DIFFERENT ANIMAL SPECIES
A robotic capsule with a 2 mm spring de�ection was tested on
small intestine (duodenum) of two further species to ensure
the effectiveness of developed capsule prototype. The average
quantity collected from each animal, i.e. cow and sheep,
in �ve trials were 160 and 185�L respectively. Collected
sample size in in vivo trials will ensure successful lab analysis
through next generation sequencing techniques. The results
are shown in Fig.12.

C. DISCUSSION
A two-way SMA spring actuator is a good candidate for small
scale applications like robotic capsules. The spring offers
more than 1 N force at higher current levels (1 A). As the
combination of peristaltic and frictional forces inside the
small intestine are 516 mN, a sampling capsule is required
to overcome these forces. Although this can be achieved at
460 mA current, the values shown in Fig.7are average values
and to accommodate the minimum force offered by the SMA
spring, 500 mA current is a realistic choice from a design
perspective as it offers minimum force of 580 mN and an
average force of 675 mN.

A 675-button cell battery (5.4 mm� � 11.6 mm) has
a capacity of 650 mAh but the drain current is relatively
low i.e. around 50 mA. The SMA spring actuator requires
500 mA current with 1 V to achieve the required motion but
commercially available batteries with this size limit cannot
drain high enough current. Therefore, in the existing design it
is achieved by a separate battery connected as a tail. In future,
a current booster circuit will be used with a commercially
available button cell battery to achieve the required current
and a dedicated space (9 mm� � 12 mm) is already left in
capsule prototype to accommodate this futuristic inclusion.
Alternatively, a super-capacitor can also be used to store the

charge for certain time and then discharge it to the actuator.
Lastly, wireless power transmission can also be considered
as this approach has recently achieved the required power
(> 500 mW) in robotic capsule designs [42]. The space
reserved for the on-board battery inclusion can be increased
to 15 mm� � 12 mm, if needed, by reducing the storage
chamber capacity to 105�L . Currently, the storage cham-
ber capacity is 500�L with a dimensions of 10 mm� �
9.5 mm which can be reduced to 4 mm� � 9.5 mm for
the lower capacity as the minimum desired sampling quantity
is 100�L .

The activation time of the SMA spring actuator (sampler
opening) was 5-11 seconds with 500 mA current which is
reasonable for a sampling application. The sampler closing
time was relatively longer and it took around 30 seconds to
fully close the sampler under idle conditions which would
potentially be shortened under the presence of external forces
from the intestine (peristaltic forces). The longer closing time
will be helpful in securing samples from the gut and there
is no need to add an additional cooling or heat dissipation
component. The heating of the SMA spring actuator did not
increases the temperature of exterior shell of the capsule
above body temperature, as recorded by thermal camera,
so it will not damage the intestine tissue. Similarly, the SMA
spring actuator is well con�ned inside the sampler and the
increase in temperature did not affect the inside space of the
storage chamber hence it would not damage the collected
sample. However, a careful set of experiments will be con-
ducted before future in vivo trials to con�rm this. For this
in vitro study, no signi�cant problems were observed due to
heating and cooling of the SMA spring either inside (storage
chamber and collected sample) or outside (capsule shell and
intestine) of the capsule, which was veri�ed by the thermal
camera.

The chyme inside the small intestine was viscous and
didn't entered the storage chamber via the smaller opening
when the sampler was not fully exposed. The in vitro trials
revealed that the 2 mm outward push from the SMA spring
actuator fully exposed the sampler and resulted in maximum
collection, although less sample was collected from the ileum
compared to the duodenum. It appeared that the duodenum
had a smaller lumen diameter that allowed the sampler to
scrape the content from the wall, while the ileum contained
more viscous food particles which blocked the entrance of
the sampler, hence resulted in the lower sample collection.
In either case the microbiota and digesta can be analysed as
the average collection was more than 100�L for the cases
where spring de�ection was 2 mm and above. A few trials
were conducted without activating the SMA spring actuator
(zero spring de�ection i.e. no sampler opening). The stor-
age chamber didn't collected any content without sampler
opening which veri�ed the sample collection was not aided
by any potential leakage. Sample collection from various
locations of small intestine (such as duodenum and ileum)
have potential to reveal the relationship between gut related
diseases and location speci�c microbiota composition.
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In the current experimental setup, the capsule was visible
and the sampling process was initiated through a wireless
device; however, for in vivo trials it will be essential to
determine the capsule location. One of the potential methods
is to track the capsule with ultrasound imaging and trig-
ger the capsule wirelessly in a similar way to the current
method [32]. Identifying the precise location via ultrasound
will be dif�cult but adding transit time information will help
in targeted sampling during in vivo trials. A similar weight
and size dummy capsule will be fed to the animal to develop
personalised transit pro�le. After this the robotic capsule
can be fed and triggered at the target site with the help of
ultrasound imaging and developed personalised transit times.
Alternatively, capsule positioning information can also be
obtained using a pH sensor which can distinguish between
different regions of the gut (e.g. stomach, small intestine and
colon) as they have different pH levels.

The robotic capsule was also tested on small intestine of
different species to demonstrate ef�cacy. The capsule col-
lected least digesta content from the cow intestine as its
lumen diameter was the largest and the capsule �oated inside
the thick muscle without making consistent contact with the
intestinal wall. Since peristaltic motions contract (squeeze)
the normal diameter of the intestine by up to 78%, this should
allow the robotic capsule to collect samples of microbiota
from larger diameter intestines as well. However, the capsule
design is most effective for smaller gut diameters as it samples
the microbial population from both the lumen and walls of
the gastrointestinal tract. The overall difference in gut dimen-
sions between each species is relatively small, and the capsule
collected an average of more than 100�L content from each
animal species, which is the desired sampling quantity.

The active collection of the sample by opening and closing
the sampler at the target sites has potential to avoid contam-
ination. One of the major challenges during in vivo testing
will be to secure the sample by properly sealing the inlet of
the sampler. Prior to the in vivo work the robotic capsule will
be tested in stomach and intestine digestion models to validate
the sealing mechanism of the robotic capsule. In the current
study, an ideal sealing mechanism was not investigated as
the capsule was mainly tested for its actuation mechanism in
terms of overcoming the intestinal forces and collecting more
than 100�L sample from small intestine.

IV. CONCLUSION
This paper reports the development of a robotic capsule that
can collect a microbiota sample from the gut. Analytical
modelling to quantify the intestinal peristaltic forces and
development of a two-way SMA spring actuator is explained.
The SMA spring actuator can apply signi�cant force to over-
come both peristaltic and frictional forces, during sample
collection. A wireless transceiver is used to initiate the sam-
pling process and an external battery is used to energize the
actuator, which will be replaced by on-board battery for in
vivo testing in next stage of development. The robotic capsule
is tested in an in vitro experimental setup, which maintains the

freshly dissected tissue alive for at least 6 hours. The robotic
capsule has been tested using tissue from different animal
species and has successfully collected more than the desired
sample size of 100�L for each test. The intestinal tissue
model used replicates in vivo conditions in terms of peristaltic
movements, and provides enough con�dence to perform
in-vivo studies in future.
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5.5 Additional details

5.5.1 Figure 7: Additonal results

The Figure 7 in the published paper includes the variation of 3 springs with average

values of each spring. In order to fully re
ect the variation in the output forces of the

individual springs, three separate graphs are added below. Each graph represents three

repetitions of each spring.

Figure 5.13: Force analysis of two-way SMA spring actuator - variation of forces for
Spring 1 (S1)
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Figure 5.14: Force analysis of two-way SMA spring actuator - variation of forces for
Spring 2 (S2)

Figure 5.15: Force analysis of two-way SMA spring actuator - variation of forces for
Spring 3 (S3)



Chapter 6

Integrated Design of

Biocompatible Robotic Capsule

with Sampling, Actuation and

Sealing Mechanisms for in-vivo

Sampling of Gut Microbiota

In this chapter the limitations of power source were resolved by developing an actuation

system by tackling the high-drain current requirement of two-way SMA spring actua-

tor. Another challenge of cross contamination for assuring e�ective sample collection

was resolved by successfully encapsulating the collection chamber which was realised

by testing 3 main sealing materials. Rigorous testing of the robotic capsule prototype

is performed in a gut simulator that mimics in-vivo environment to ensure successful

and safe travel of the capsule along the gastrointestinal tract. In addition, the capsule

is also tested under in vitro experimental setup that keeps an small intestine alive to

assure sample collection and its protection afterwards. The prototype presented in this

chapter is the �nal prototype of this thesis that has a potential to become a vital ap-

paratus for clinicians to sample human and animal gut in the future.

This chapter contains content from the following article.

ˆ Rehan, M., Al-Bahadly, I., Thomas, D. G., & Avci, E. (2022). Development of

a Robotic Capsule for in-vivo Sampling of Gut Microbiota. IEEE Robotics and

Automation Letters, 7(4), 9517-9524. DOI: https://doi.org/10.1109/LRA.

2022.3191177.
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This work is licensed under a Creative Commons Attribution-NonCommercial-

NoDerivatives 4.0 International License. According to IEEE's post-publication policies
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material in any medium or format provided that they credit the original author(s).
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Chapter 7

Conclusion

A robotic capsule prototype has been developed in this thesis that has a potential to

collect gut microbiota both from humans and animals. This sampling robot can serve as

a clinical tool in future to assist in better understanding of the human health. In addi-

tion, the developed device can also be used to sample an animal's gut for understanding

digestion and nutrient absorption and for optimising diets.

7.1 Conclusions

The human gastrointestinal tract is a mystery and researchers know very little about

it. This is mainly due to the lack of minimally invasive tools and the complexity

of accessing the full length of the gut. Initially, this thesis covers the importance of

gut microbiota, the role microbiota play in food digestion and nutrients absorption,

highlighting its relationship with human health and disease, and showing its linkage

with mental health. Furthermore, it was established that the location from where the

microbiota is collected and the mechanism or tool by which it is collected is important

to assure the complete assessment of the microbial community. Despite the increasing

importance of microbiota and its role in host health, it is not fully explored yet due to

the limitations of traditional tools and methods. Therefore, it is crucial to develop a

tool that has a potential to collect samples from gut lining (radial precision) throughout

the length of the gut (longitudinal precision) to assure full microbiota assessment.

The primary challenge in designing such a tool is the lack of knowledge about gut

mechanics in terms of amount and frequency of peristaltic forces applied on a robotic

capsule. This information is critical as the robotic capsule needs to overcome the peri-

staltic forces to collect microbiota from the gut lining and without the knowledge of

these forces it is not possible to design e�cient small scale actuators and related com-

ponents. Therefore, in this thesis, the quanti�cation of peristaltic forces was performed
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systematically by developing an analytical model of small intestine initially, then sim-

ulating this model in COMSOL Multiphysics and lastly performing experiments with

living small intestines to measure the peristaltic forces applied on a robotic capsule by

small intestinal tissue. This is covered in Chapter 3 of the thesis and allowed me to set

the precedence for the amount of peristaltic forces that robotic capsule needed to over-

come for collecting a sample from the gut lining. This further allowed the development

of actuators dedicated for a robotic capsule or a similar small scale device, in the next

chapters.

The key limitation of existing laboratory prototypes (sampling devices), as identi�ed

in the Chapter 2 of this thesis, is that they only capture the surrounding 
uid which is

mainly a digesta sample and cannot guarantee full microbiota assessment. The Chapter

4 of the thesis focuses on the design and fabrication of a robotic capsule that collects the

sample from both luminal digesta (surrounding the capsule) and gut lining (intestinal

wall). This unique design ejects a collection bucket from the capsule shell using a

hinge-based mechanism that collected more than 100� L of mucus/digesta content

during ex-vivo intestinal trials. Lab analysis of the collected sample indicated that the

proposed design of the sampling mechanism shows promise for sampling microbiota

from the GI tract. The sample collected with this design of robotic capsule should

allow a full microbiota assessment as it clearly captures a sample of both the mucosa

layer and digesta ensuring the collection of all major microbial communities.

The knowledge of peristaltic forces, covered in Chapter 3, allowed me to develop two

separate designs of SMA spring actuators consecutively in Chapters 4 and 5. In Chapter

4, a concentric con�guration of two SMA springs was organised to perform push and pull

movements that were utilised by the sampling mechanism to eject the sampler outside

of the capsule (for sample collection) and then back inside (for sample storage). This

unique design of two SMA springs, work in antagonistic con�guration that allow to and

fro motion when the relevant spring is activated. However, this design was complex and

required high amounts of power which was a challenge in a robotic capsule with limited

space to accommodate batteries. Therefore, the design was improved in Chapter 5

by introducing a two-way SMA spring that provided both push and pull movements

at di�erent temperatures. This unique two-way e�ect was tested for the �rst time in

any robotic capsule application and allowed space and power requirement savings. To

assure that the new design of actuator (Chapter 5) was compatible with the previously

designed sampling mechanism (Chapter 4), the robotic capsule was tested in living

small intestines of three animal species (cow, sheep and pig). The average sample

collection across all the species were more than 100� L which is an adequate quantity

for performing microbiota assessment through next generation sequencing techniques.

However, the design of robotic capsule presented in Chapter 5, is lacking in two
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aspects. First, it was powered by a AAA battery that is 45 mm x � 10.5 mm in size

which restricted its testing under in-vivo conditions (in animals or humans). Second,

the sample contamination issue was not addressed and it was possible for the collected

sample to get mixed with content from non-targeted sites. Therefore, these limitations

were addressed in Chapter 6, by analysing small size high-drain current batteries which

were necessary for SMA actuators. Furthermore, three sealing materials were tested

for the proposed capsule to secure the sample from contamination and the selected

material (silicon) was tested to ensure optimum sample collection at the target-site.

The challenges of safety, both for the host and the capsule itself were resolved by

fabricating the capsule with bio-compatible materials that neither deteriorate nor harm

the host. Lastly, to ensure that the developed capsule prototype was �t forin-vivo trials,

consideration was given to rigorous testing under various gut conditions. A special

gut simulator was designed to replicate the di�erent parts of the in-vivo environment

and the capsule underwent full testing to ensure safe passage during futurein-vivo

trials. Lastly, the capsule has successfully collected more than the target amount of 100

� L sample under a proxy in-vivo environment (living small intestine), which provides

enough con�dence to performin-vivo studies in future.

The stage-wise development of robotic capsule in this thesis has signi�cantly reduced

the limitations as laid down in Chapter 1. These �ndings will help researchers to

develop more tools for sampling the gut that would eventually increase our knowledge

of microbial communities and their relationship with human health. The design detailed

in this thesis is a proof of concept forin-vivo testing after miniaturisation and it will

allow to perform full microbiota assessment in future.

7.2 Future research directions

The robotic capsule prototype developed in this thesis has a potential to collect digesta

and gut microbiota from big animals like a cow or horse. In future, the size of the

capsule can be miniaturised to test it in smaller animals and humans. Following research

directions will improve the gut health diagnosis.

7.2.1 Miniaturisation of the developed capsule

The capsule developed in this thesis can be miniaturised to test it in humans. A rela-

tively quick way to reduce the prototype dimension to swallowable size is by changing

the shape and reducing the size of the wireless receiver. Further miniaturisation can

be achieved by using modern manufacturing tools like a micro-milling machine to fab-

ricate the capsule shell. The miniaturisation to ingestible size may allow us to better

diagnose human health conditions that will in turn improve the treatment methods. A
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sampling device of ingestible size may enable better treatment of gut related problems

like in
ammatory bowel diseases, ulceration, coeliac disease, Crohn's disease, and irri-

table bowel syndrome. Furthermore, early diagnosis of diseases like cancer, obesity and

diabetes might be realised which would help to treat these deadly diseases e�ectively.

However, the miniatursation process will have its own limitations. Therefore, it

is critical to determine the optimal size of the capsule that can pass through the gut

of animals and humans. A dummy capsule study should be conducted to determine

the maximum size of the capsule that will allow the safe passage of the capsule while

utilising the possible maximum space to incorporate the mechanical and electronic

components for robotic capsule.

7.2.2 Determination of optimal size to pass through the gut

A study with a patency capsule (dummy capsule shell without any internal components)

should determine the maximum size of the capsule that can pass through di�erent

animals. This patency capsule study will allow testing of the capsule developed in this

thesis in smaller animals like pigs and dogs. This development will extend to range

of species able to be studied using the technology and will ultimately contribute to

studying nutrient absorption and digestion which will improve our understanding of

nutritional requirements of animals and allow to develop better foods for animals.

The patency capsule with smaller size, e.g., 25 mm, in length and 12 mm in diameter

should be tested initially to pass through the gut of small animal, e.g., dog. Once the

capsule has proven to pass through the gut, 30 mm length with similar diameter (12

mm) can be tested next. Furthermore, 35 mm and 40 mm lengths can be tested

to determine the maximal size of the capsule that can pass through the gut without

posing any danger to the animal. Similarly, other species can be tested to determine

the maximal size of a capsule for their gut. The patency capsule can be developed with

a biodegradable material to pose less harm to the animal, and be designed to dissolve in

the gut over the time, in case the capsule gets stuck. Therefore, this will not endanger

the animal while allowing determination of the maximum capsule size. This study will

bene�t the researchers working in the gut robotics �eld to develop better tools with

the size that can pass through the animal's gut. Additionally, this study can further

help to test the maximal size of a capsule to be used in humans for gut diagnosis.

7.2.3 Localisation methods to track the capsule

Onboard actuation

The identi�cation of the target-site is critical to trigger the sampling process in order to

collect gut microbiota from speci�c locations. This can be achieved by placing a small
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pH sensor inside the capsule that can determine the transition from the stomach to the

small intestine in the gut. Furthermore, a microcontroller may be able to trigger the

sample collection process using transit pro�les. An e�cient mechanism that is small

enough to �t inside the capsule and draws little power is desired to solve the localisation

problem. Considering that the space is a major factor in the design of robotic capsule,

external devices can be used to track the capsule that will not consume any power and

space from the capsule.

External tracking

Another method to track the capsule movement is through the imaging devices, e.g.,

x-ray or ultrasound. Imaging devices can be used but the precise tracking of the capsule

inside the gut needs to be improved. Long term x-ray exposure may pose challenges

and are not considered as e�cient way to localise the capsule. Therefore, tracking

via ultrasound might be a good option but the current literature provides a handful

possibilities around the use of ultrasound machines. Considering that the ultrasound

machines do not harm the host even with long term exposure and the latest machines

are portable so performing these tests will be relatively easier as opposed to x-ray. A

diversi�ed team of engineers, animal scientists, ultrasound technicials and clinicians

may able to develop some solution that will help to expand the �eld of robotic capsule

to perform a range of activities (therapeutics, diagnosis and treatment) inside the gut.

7.2.4 Gadgets for gut

In the future, the robotic capsule may be made less dependent on any external system

like tracking via imaging devices or triggering through external activation. This may

simplify the process and allow capsule testing at home for personalised treatments

which will reduce the burden on the healthcare system. Software on a mobile device

may interpret the results in a similar way to portable blood-sugar testing machines

which are operated by the users at home currently. The mobile software may also

update the diagnoses regularly to make and prepare weekly diet plans for optimum

results. The smart sampling devices could also specify optimal diets for each individual

based on their microbiota composition. The rapid pace in development could determine

that this happens in near future and the next generation may keep a log of their gut

health from childhood to assess any drastic changes in their health to treat themselves

with the aid of prescriptions provided by machine learning algorithms and arti�cial

intelligence, without even visiting a doctor. This will not remove the doctors and

physicians from this treatment process, rather their role will be changed from looking

the patients physically to checking their health status online and they can intervene if

needed. Specially, with the COVID restrictions observed recently, this will allow the



CHAPTER 7. CONCLUSION 97

doctors to perform diagnosis and treatment from their o�ces or personal space.



Appendix A

Appendix: DRC 16 Forms

This Appendix contains DRC 16 forms for each publication that is included in this

thesis. The order-wise list of all publications that has contributed to this thesis is

below,

1. Chapter 2 - Will be submitted to a journal.

2. Chapter 3 - Published in IEEE/ASME Transactions on Mechatronics.

3. Chapter 4 - Published in International Journal of Medical Robotics and Computer

Assisted Surgery.

4. Chapter 5 - Published in IEEE Access.

5. Chapter 6 - Published in IEEE Robotics and Automation Letters.

98



APPENDIX A. DRC 16 FORMS 99



APPENDIX A. DRC 16 FORMS 100



APPENDIX A. DRC 16 FORMS 101



APPENDIX A. DRC 16 FORMS 102



APPENDIX A. DRC 16 FORMS 103



Appendix B

Appendix: Research recognition

and awards

The research in this thesis has obtained following research recognition and awards,

1. Runner-up best presentation award in the IEEE Postgraduate Symposium at

Massey University in August 2019. The Symposium was attended by 33 Post-

graduate presenters from Massey University and Victoria University of Welling-

ton.

2. Winner and People's choice award in 3MT competition at Massey University in

September 2020. In this competition, participants are required to explain their

PhD research in 3 minutes.

ˆ Semi-�nalist in Asia-Paci�c 3MT competition organised by The University

of Queensland, Australia in October 2020. Represented Massey University

along side a total of 54 competitors from Australia, New Zealand, Oceania,

Northeast Asia and Southeast Asia.

3. Research work published in VetScript that is a 
agship magazine of the New

Zealand Veterinary Association in December 2020.

ˆ Rehan, M., (2020). Massey University research update: Technology that

transforms. VetScript, 33 (11), pp. 20-22.

4. Finalist (top 11 out of 90 applicants) in Grand Ideas competition organised by

Massey ecentre in June 2021.

5. Finalist for the best paper award (top 6 out of 56 papers) in ICAM conference at

Aichi, Japan in July 2021.

104



APPENDIX B. RESEARCH RECOGNITION AND AWARDS 105

ˆ Paper title: Mechanical Characterisation of Robotic Capsule Anchoring

Mechanism for Gastrointestinal Tract

ˆ Conference: 7th International Conference on Advanced Mechatronics (ICAM

2021)

6. Winner in Pitch.ME competition organised by Massey ecentre in September 2021.

7. Winner and People's choice award in Falling Walls Lab New Zealand organised

by Royal Society Te Ap�arangi in September 2021. This is a national level (New

Zealand) competition where participants present their research ideas (that can

transform the world in future) along with their contributions.

ˆ Finalist in Falling Walls Lab { Emerging Talent category in November 2021.

Represented New Zealand along side 75 national winners from di�erent coun-

tries and shared the research work on robotic capsule.

8. Winner in 180 Seconds of Research Studies organized by Universiti Teknologi

PETRONAS (UTP), Malaysia in October 2021. A total of 70 presenters from UK,

France, New Zealand, Italy, Poland, Malaysia, Pakistan and India participated

in this competition to present their postgraduate research in 180 seconds.

9. Work on robotic capsule featured in \Afternoons with Jesse Mulligan" broad-

casted at Radio New Zealand (RNZ) on 9th November 2021.

10. Successful in obtaining a research grant of $10k from Palmerston North Medical

Research Foundation under general grant 2021-2022 in November 2021.

11. Work on robotic capsule featured on Education New Zealand (ENZ) website in

December 2021.

12. Work on robotic capsule featured on Massey University's website under research

impact stories in March 2022.

13. Invited talk delivered on robotic capsule at University of the Third Age (U3A),

Christchurch Central chapter, New Zealand in April 2022.

14. Won a research grant of $5k from Massey ecentre under grand ideas competition

(3rd prize) in April 2022.

15. Pro�le featured on the website of Royal Society Te Ap�arangi in April 2022.

16. Royal Society Te Ap�arangi published online Highlights Te Tau 2021, featuring

the work on robotic capsule in June 2022.



APPENDIX B. RESEARCH RECOGNITION AND AWARDS 106

17. Runner-up best presentation award in the IEEE Postgraduate Symposium at

Victoria University of Wellington in August 2022. The Symposium was attended

by 27 Postgraduate presenters from Massey University and Victoria University of

Wellington.

18. Finalist (top 3) for the 2022 KiwiNet Momentum Student Entrepreneur of the

year award for \Robotic capsule for gut health" in October 2022.



Appendix C

Appendix: Reprints and

Permissions

This Appendix contains the permissions obtained to reprint/reuse some �gures from

other publications in this thesis.

107



APPENDIX C. REPRINTS AND PERMISSIONS 108



APPENDIX C. REPRINTS AND PERMISSIONS 109



APPENDIX C. REPRINTS AND PERMISSIONS 110



APPENDIX C. REPRINTS AND PERMISSIONS 111



APPENDIX C. REPRINTS AND PERMISSIONS 112



APPENDIX C. REPRINTS AND PERMISSIONS 113



APPENDIX C. REPRINTS AND PERMISSIONS 114



APPENDIX C. REPRINTS AND PERMISSIONS 115



APPENDIX C. REPRINTS AND PERMISSIONS 116



APPENDIX C. REPRINTS AND PERMISSIONS 117



APPENDIX C. REPRINTS AND PERMISSIONS 118



APPENDIX C. REPRINTS AND PERMISSIONS 119



APPENDIX C. REPRINTS AND PERMISSIONS 120



APPENDIX C. REPRINTS AND PERMISSIONS 121



APPENDIX C. REPRINTS AND PERMISSIONS 122



APPENDIX C. REPRINTS AND PERMISSIONS 123



APPENDIX C. REPRINTS AND PERMISSIONS 124



APPENDIX C. REPRINTS AND PERMISSIONS 125



APPENDIX C. REPRINTS AND PERMISSIONS 126



APPENDIX C. REPRINTS AND PERMISSIONS 127



APPENDIX C. REPRINTS AND PERMISSIONS 128



APPENDIX C. REPRINTS AND PERMISSIONS 129



APPENDIX C. REPRINTS AND PERMISSIONS 130



APPENDIX C. REPRINTS AND PERMISSIONS 131



APPENDIX C. REPRINTS AND PERMISSIONS 132



APPENDIX C. REPRINTS AND PERMISSIONS 133



APPENDIX C. REPRINTS AND PERMISSIONS 134



APPENDIX C. REPRINTS AND PERMISSIONS 135



APPENDIX C. REPRINTS AND PERMISSIONS 136



APPENDIX C. REPRINTS AND PERMISSIONS 137



APPENDIX C. REPRINTS AND PERMISSIONS 138



APPENDIX C. REPRINTS AND PERMISSIONS 139



APPENDIX C. REPRINTS AND PERMISSIONS 140



APPENDIX C. REPRINTS AND PERMISSIONS 141



APPENDIX C. REPRINTS AND PERMISSIONS 142



APPENDIX C. REPRINTS AND PERMISSIONS 143



APPENDIX C. REPRINTS AND PERMISSIONS 144



APPENDIX C. REPRINTS AND PERMISSIONS 145



APPENDIX C. REPRINTS AND PERMISSIONS 146



APPENDIX C. REPRINTS AND PERMISSIONS 147



APPENDIX C. REPRINTS AND PERMISSIONS 148


