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“It is necessary ... for a man to go away by himself ... to sit on a rock ... and ask,

‘Who am I, where have I been, and where am I going?.”

Carl Sandburg



Abstract

Natural and biological phenomena continue to be a strong source of inspiration in the

robotics field, as scientists and engineers aim to solve synonymous problems. The capa-

bilities of traditional robots have seen significant development, where a new frontier into

more soft and compliant actuation and sensation structures has seen recent exploration

and the emergence of a new branch of research: soft-robotics. The intrinsic nature of

these new technologies is that they are capable of soft and continuous interaction with

their environment, which facilitates new actuation, transport, and locomotion modes.

The main aim of this research initiative was to develop complementary actuation and sen-

sation technologies, inspired by the esophageal phase of swallowing in man, to replicate

biological swallowing. It is motivated by the differing swallow capability of individuals,

to understand swallow efficacy as a symptom mitigation method for patients suffering

from dysphagia, difficulty with safe swallowing.

The peristaltic transport process in the esophagus has been previously investigated by

a range of medical, mathematical, food scientific, and engineering methods. However,

each of these techniques has their own unique caveats. The processes of abstraction,

specification, and subsequent conceptual development of a physical swallowing system

external to the human body have taken these limitations as a set of input constraints.

The swallowing robot and sensation technologies embody the interdisciplinary knowledge

in this field, and facilitate a complementary physical evaluation technique to augment

and support the alternative avenues of investigation.

This thesis examines the methods towards delivery of a soft, biomimetic, peristaltic,

swallowing robot, consisting of actuation, trajectory generation, and sensation elements,

to achieve clinically significant swallowing trajectories for the purpose of physical food

bolus investigation external to the human body. By demonstrating the capability of

these systems independently, and in their integrated final state, the research provides a

unique platform for biomimetic swallowing that brings the diverse knowledge from the

medical, mathematical, food science, and engineering fields together. It presents new

opportunities to investigate the relationships between these domains, towards developing

foods, which exhibit intrinsic swallow safety in man.
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Chapter 1

Introduction

1.1 Biologically-Inspired Robotics

In disciplines ranging from mathematics to engineering, researchers are continually in-

spired by ingenious biological solutions to complex problems. These typically manifest

as observations from the natural world that can be applied to solve problems of similar

function with those experienced in the engineering domain. Biological organisms are

intrinsically adapted to their environments, where they may demonstrate nearly insur-

mountable feats of resilience to survive and carry out living functions. Research in these

fields is inspired by these biological phenomena, where the underlying principles or tech-

niques can be exploited as useful robotic features. This trend is particularly evident in

the emerging field of soft robotics, where continuous, distributed, and compliant modes

of actuation and sensation are investigated in biological systems after which interdisci-

plinary techniques are applied to have them expressed in the engineering domain.

Biomimetic and soft-robotic techniques provide a promising avenue through which to

quantitatively investigate biological actuation and sensation phenomena in the engineer-

ing domain. These techniques are then particularly suitable for modelling soft organs

of the human body. The interdisciplinary nature of this research field generates com-

plementary domain knowledge with insight towards improving the understanding of the

physical principles underlying both biological and robotic behaviour.

1
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1.2 Motivations for a Biologically-Inspired Swallowing Robot

The biological process of human swallowing manifests as a complex interaction between

the human body and swallowed material. To accentuate the quantitative understanding

of this interaction in food science, medical and engineering contexts it is imperative

to make progress towards exploring the acceptability of bolus materials for swallowing.

This section unravels the needs that current techniques do not sufficiently address, and

the opportunity for bridging research in the field of biomimetic swallowing.

1.2.1 Background and Motivation

The process of swallowing is requisite to the maintenance of adequate nutrition and

hydration in man [1–3]. The typical oral ingestion route requires the preparation of

boluses (parcels of material) which are transported from the mouth to the stomach by

occlusive motions of the tongue, pharynx, and esophagus [4]. This action requires the

temporal-spatial co-ordination of many muscle groups in order to successfully deliver

the swallowed material to its final destination, the stomach. The swallowing process is

incredibly robust in that it adapts its actuation profoundly in response to its sensory

interaction with bolus material. In healthy people, boluses are transported with a wide

variety of rheological and tribological properties.

From an engineering perspective the ‘system behaviour’ of the biological swallowing

process is governed by the neural co-ordination (control) of muscle assertion (actua-

tion), which responds to perceived bolus transport (sensation) and is dependent on

bolus properties (process). This architectural view of the swallowing function divides its

contributing elements in much the same way as differential diagnosis is undertaken in

the medical field. The synergy of these elements is required to achieve safe and effective

swallowing. When these constraints are no longer met, or the coordination of the process

becomes disordered, people suffer from swallowing difficulty.

Dysphagia, the medical term for impairment of the swallowing process, is a common

symptom of many pathologies; such as, stroke [5], cancer of the head and neck [6],

diabetes [7] and neuromuscular disease [8]. It can occur in any region of the swallowing

tract, and result from the loss of muscular actuation, sensation, or neural co-ordination.

Oral ingestion of regular food and liquid may become challenging to achieve as a result
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of this condition [1]. The large range of causes requires specialist interpretation of the

symptoms throughout the diagnosis and intervention phases of treatment.

The medical understanding of the swallowing process from both the anatomical and

physiological perspectives has improved significantly over the last decades. This has

led to better causative analysis in the diagnosis of dysphagia. However, despite these

advances, the safe maintenance of nutrition and hydration in these patients has still been

challenging [1]. Testing on healthy subjects has helped clarify the successful process,

however, inter- and intra-subject differences from swallow to swallow do not allow for

standardised measurement. Monitoring of the process in vivo has been hindered by the

difficulty, invasiveness, and associated risks of the measurement techniques involved [9].

Difficulty with swallowing is a common complaint in the elderly [10] (in > 50 % of

the population over 65 [11]), which can be exacerbated by other co-morbidities and

medications. It is estimated to affect approximately 8 % of the world’s population [12].

Furthermore, it is expected to become an increasing problem as life expectancy increases

[13]. The symptoms of dysphagia significantly affect patients’ independence and quality

of life [14, 15], and thus, there is a strong demand to increase the rigour of intervention

in this field in order maintain swallow safety and meal preparation autonomy.

One of the prevalent treatment avenues for dysphagia involves changing the patient’s

diet to simplify the structures of food formulations to those which are more easily swal-

lowed, such as by mashing or pureeing solids, and artificially thickening liquids [16].

These techniques tend to lead to difficulty in managing adequate nutrition, hydration

and interest in food [1–3]. The current trends for managing dysphagia are toward de-

veloping nutritious foods with rheologically safe consistencies. There is difficulty in this

management because the swallow safety and flow characteristics of novel food formula-

tions cannot be adequately predicted by current means. Due to the dangers of failed

swallowing such as bolus back-propagation, it is undesirable to test new formulations

on dysphagic subjects. Additionally, the current prescription techniques in the medical

field are subjective and trial-and-revise in nature [5,17] which puts patients at risk while

evaluating the boundaries of their swallow capability. The technique is based on the ex-

perience of the practitioner and qualitative guidelines that are highly subjective [5, 17].

These limitations and associated risks reveal the demand and motivation for alternative

methods in this field.
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In order to investigate, and alleviate the symptoms of dysphagia, research in the food

technology and medical fields is required to elucidate the relationship between the prop-

erties of boluses and their transport behaviour [18]. It is known that rheological char-

acteristics in conjunction with bolus volume and oral perception profoundly affect the

swallowing trajectory. The involuntary control and actuation elements are intrinsic to

the human body, where swallowing strategies and bolus formulation are available to food

scientists and medical professionals, to indirectly influence swallowing behaviour.

1.2.2 Opportunity Identification

A strong demand exists to deepen the understanding of swallowing mechanics for both

healthy and impaired populations. The current understanding of peristaltic transport,

with emphasis on the esophageal phase of swallowing, has been investigated by tech-

niques such as engineering modelling, rheometry, and medical experimentation (See

Chapter 2). The mathematical investigation methods are reaching maturation in their

respective fields, though their findings have not been readily applied in a clinical con-

text due to domain-specific limitations. Conversely, medical experimentation methods

for bolus transport have been limited by inter- and intra-swallow variability and concerns

for safety of subjects.

Interdisciplinary research in the medical, food science, and engineering fields, is required

to better understand peristaltic transport of real bolus materials in the physical domain.

Current modelling techniques are inadequate to investigate swallow efficacy of complex,

multiphase boluses that are typical of those at mealtimes and medical investigation raises

ethical concerns, particularly when exploring the limits of swallow capability. Rigorous

modelling of the swallowing process is needed to bridge these complementary sources of

knowledge and provide an alternative method for the evaluation of peristaltic transport

performance of different bolus materials.

In current practice, rheology is described by empirical, numerical, and mathematical

modelling techniques. These approaches are employed heavily in the food science and

medical fields in order to characterise materials that would typically be ingested. While
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these offer mechanical, fluid-dynamic engineering measurements, there are intrinsic chal-

lenges in communicating the complex bolus transport phenomena between the mathe-

matical and medical fields. This is particularly true of modelling peristaltic fluid trans-

port in biological organisms [19], and more specifically, digesta through the alimentary

system in humans [20,21]. However, more needs to be understood about the complex link

between bolus formulation and transport behaviour. Research in this domain has been

plagued by the difficulty of performing measurements of bolus deformation in-vivo [9].

In response to the limitations of current swallow modelling and measurement, it is pro-

posed that a repeatable, reliable, and robust physical technique, external to the human

body would provide a strong alternative avenue for peristaltic food bolus transport in-

vestigation. Investigation by biomimetic, robotic, methods has several advantages: it

does not endanger the health of dysphagic patients, it does not fatigue, quantitative

data can be captured by more invasive methods than biologically acceptable, and the

process is inherently repeatable. Through investigation of these mechanics, it is pro-

posed that further advancement of the medical and technological fields will facilitate the

development of novel foods with rheologically safe bolus consistencies for both healthy

and impaired populations. Although bolus formulation in the oral cavity is a function

of many variables outside the control of the food designer, characterising the transport

of a range of bolus formulations can be used to develop a target envelope for the food’s

final consistency.

Quantitatively investigating the relationships between bolus transport efficacy and for-

mulation metrics for emulated swallowing is expected to open up new possibilities for

standardisation of food formulation testing methods and perhaps future formulation and

prescription protocols in the clinical setting. It is expected that this will promote new

prescription philosophy surrounding therapeutic interventions for dysphagic patients, to

improve both their health and quality of life.

1.2.3 Specification of Requirements

The smooth, continuous, and compliant nature of the esophageal conduit surface and

its peristaltic actuation strategy are dissimilar to that of conventional robots. The

emerging class of soft-robots, with compliant and distributed actuation, are particularly

suitable to emulate the principles of the biological system in the engineering domain.
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In order to thoroughly investigate the esophageal swallowing process the muscle struc-

ture, orientation, actuation, and overall outcomes based on simultaneous co-actuation

are required to be communicated into the engineering specification. Parameters of the

swallowing conduit including geometrical constraints additionally play an important role

in determining process boundaries.

The continuous nature of the peristaltic occlusive swallowing trajectory presents multiple

modelling challenges in the engineering field. The muscular actuation technique exhibits

an essentially infinite input and output degree of freedom with distributed actuation.

These factors are to be addressed by interdisciplinary specification of the biological

process, such that the robot may exhibit biomimetic swallowing trajectories. Modelled

swallowing can then be conducted on the device to determine bolus transport behaviours

via current medical investigation techniques, which facilitates interdisciplinary interpre-

tation of the findings.

One of the major limitations in the medical and mathematical modelling fields is that the

pressure interaction between the bolus and the conduit wall is not directly observable.

Manometry in the medical field is excellent at transducing the intrabolus pressure profile;

however, this is not the region where the body measures its feedback from. In the

mathematical field, assumptions are made about the material deformation behaviour,

to predict this relationship, though this is challenging to achieve for complex materials.

The deformation of food boluses in the human body, and the tissue’s concurrent per-

ception by interactive sensation sites is known to provide feedback about swallow effi-

cacy [22]. Thus, it is important not to speculate about the extrabolus pressure behaviour.

Due to access issues to the esophagus, it is challenging to insert any further sensation

instruments to evaluate this behaviour.

The development of a soft robotic swallowing robot brings together knowledge from

diverse swallow investigation fields and facilitates a complementary method of bolus

transport investigation, rooted in the physical domain. It is not without its own limita-

tions, though can overcome many of the constraints, which limit the applicability and

generation of new knowledge from the contributing fields. It is envisaged that such a

device operates in a reliable, repeatable, and robust manner, which is intrinsic to robotic

processes, to offer a research platform that faithfully emulates the biological process.
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The swallowing robot is required to actuate, and sense biomimetic transport trajectories

inspired by medical investigation of the swallowing process in man. This involves signif-

icant interdisciplinary specification, to understand the swallowing process and develop

the mechanical, conceptual, and methodological aspects for biomimetic experimenta-

tion. In order to achieve this depth, the remainder of this chapter aims to establish the

aim, objectives, methodology, and scope for research to deliver the requirements for a

soft robotic, peristaltic swallowing robot inspired by esophageal swallowing.

1.3 Research Aim and Thesis Statement

The primary purpose of this research initiative is to improve understanding of the rela-

tionship between food bolus constitution and its interaction with the swallowing mech-

anism to determine swallow behaviour of current and novel foods. The aim is to draw

inspiration from the biological process of swallowing in man to achieve a biomimetic

swallowing trajectory in the mechanical engineering field to facilitate highly regulated,

quantitatively driven, experimentation to fulfil this niche.

In order to address the limitations of purely mathematical modelling and medical em-

pirical measurements, physical experimentation by a biologically inspired, peristaltic,

soft-robotic device is exploited to bridge the complementary understanding from these

sources of knowledge. Physical modelling of esophageal swallowing is conducted to com-

municate the principles of biological peristaltic transport into a robotic device, which in

turn represents a novel, rheometric investigation tool to clarify the role of bolus rheol-

ogy throughout swallowing. The physical modelling technique draws on inspiration and

knowledge from the biological and mathematical modelling fields to realise a biomimetic,

peristaltic, swallowing robot, which can be used to investigate bolus transport by clini-

cally significant methods such that it can be exploited in the food science and medical

contexts to investigate swallow efficacy of boluses.

1.4 Methodology

The overall functional outcome of this research is to develop a biomimetic swallowing

robot to investigate peristaltic food bolus transit and clarify the role of bolus rheology
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Table 1.1: Methodology showing the motivations, inputs, techniques, and outcomes
of the research

Motivations Inputs Outcomes

Investigate bolus transport
to understand esophageal
swallowing

Medical knowledge of
anatomy and physiological
parameters

Biomimetic Engineering
methods used to develop
Soft Robotic actuation

Abstract peristaltic trajec-
tory generation to the en-
gineering field

Review of the biological
system to develop specifi-
cations

Mathematical description
of continuous peristalsis

Determine what pressure
the body can sense during
swallowing

Investigation of pressure
sensation structures and
engineering transduction
techniques

A compliant, flexible sen-
sation technology suitable
for measuring extrabolus
pressure during simulated
swallowing

Evaluate swallowing effi-
cacy of differing bolus for-
mulations

Current rheological experi-
mentation and mathemati-
cal investigation methods

Manometric evaluation of
intrabolus pressure signa-
tures

and trajectory parameters throughout the swallowing process (Table 1.1).

The first phase involves abstraction of the biological process into interdisciplinary specifi-

cations to inspire engineering design. This involves determining the aspects and features

that are most important. From an architectural point of view, the actuation, sensation,

and control elements of the biological system can be abstracted as shown in Fig 1.1.

The robotic technique overcomes limitations of current swallow investigation protocols

and is exploited as a bench-top bolus investigation apparatus. In turn, the outcomes of

future research into targeted swallowing strategies can be investigated in this manner.

The model is a new platform upon which quantitative assessment of bolus transit can be

conducted, in an effort to predict how novel food formulations will perform in the human

swallowing process. Both the pharyngeal and esophageal regions transport boluses by

an occlusive luminal motion. However, the peristaltic behaviour in the esophageal region

exhibits more regular temporal-spatial expression than the stripping wave of the phar-

ynx. Additionally, there has been significantly more research and characterisation of the

esophageal swallowing process in the medical field. This has motivated the exploration

of this phase in the engineering context.

Biologically inspired evaluation of peristaltic transport presents novel opportunities for

food science researchers to characterise the relationships between bolus formulation and
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Figure 1.1: Embodiment of the biological system and the analogous engineering ar-
chitecture. In the body, the brain (A) sends control signals to the swallowing central
pattern generator (B), which activates the enteric nervous system of the of the esoph-
agus (C). These systems work in parallel to activate the muscle of the pharynx and
esophagus by D1 and D2 respectively. Receptors in the swallowing conduit respond
to achieve fine, closed-loop control of the process through (E). An intrabolus pressure
signature (F) is achieved by a bolus (G) travelling past a manometry catheter (H)
throughout dysphagia diagnosis. In the engineering analogue, a PC (M) represents
the high-level control system, which communicates bidirectionally with an embedded
controller (N). Pneumatic pressure is asserted by a number of proportional valves (J),
which inflate chambers in both the esophageal region (example (I) shown). Soft sensors
will measure the surface pressure (K) as the bolus traverses for feedback path. The
manometry signature is utilised to achieve rheological investigation and the sensors to

act as feedback (L) to compare to the biological swallowing process.

mechanical aspects of esophageal swallowing. Due to the repeatable, reliable, and robust

nature of robotic processes, parameters such as bolus formulation, swallow velocity and

wavetail length can be evaluated independently. Additionally, this facilitates evidence

towards mathematical predictive models, which draws this science into the physical

domain and closer to clinically significant advances in the medical field.

The swallowing robot represents translation of the biological principles of peristaltic

transport, inspired by the esophagus, into the engineering domain. This generalises the

concept, in that it can be embodied in different robotic applications, as well as inspiring

novel experimental practices in the soft robotic field. The research into realising the new

robot draws together interdisciplinary knowledge surrounding peristalsis and esophageal

swallowing to develop new relationships and knowledge transfer between these fields.
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   Parameter 
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* Integrate 
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Figure 1.2: Relationship between research objectives. The actuation, trajectory gen-
eration, and sensation elements each contribute to the overall objective of realising a

biomimetic swallowing robot.

1.5 Objectives and Scope

A number of fundamental objectives have been identified in pursuit of biomimetically

modelling esophageal swallowing for the purpose of peristaltic transport investigation.

In the process of abstraction from the biological to engineering domain, it is desired

that the macro concepts of the esophageal phase of swallowing are communicated. The

model, rooted in the physical engineering domain, is to embody the actuation, sensa-

tion, and swallowing trajectories as observed and measured in the clinical and medical

contexts. The research outcomes are broken down into four major objectives, relating

to actuation, trajectory generation, sensation, and their consolidation into a biomimetic

experimentation platform. The first three objectives A, B, and C are enabling technolo-

gies, which draw together the knowledge base upon which to inspire the final Objective

D: the biomimetic swallowing robot (Fig. 1.2).

The specific tasks to achieve these objectives are outlined in the following sections. By

achieving these sub tasks, it is proposed that a strong foundation for robotic evaluation

of food bolus rheology throughout biomimetic swallowing is established. The motiva-

tion is then to explore the sensitivity of the device to determine relationships between

swallowing parameters and intrabolus pressure signatures.
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1.5.1 Objective A: Novel Peristaltic Actuation Technology

The peristaltic process of esophageal swallowing exhibits a continuously propagating

wave, which can achieve complete occlusion at every position along the conduit length.

This mode of actuation is unconventional to engineering, though is synonymous with the

capabilities of the emerging soft robotics field. In order to achieve biomimetic modelling,

a novel soft-actuation technology inspired by the esophageal phase of swallowing was

developed.

Subtasks and Constraints

The development of the soft robotic actuation technology required the establishment of

new research methods, suitable for application in this field. The specification, design,

and characterisation aspects represent unique challenges in their own right. In order to

achieve this objective, the following tasks were undertaken:

• Establishing biologically inspired specifications for the mechanical modelling of

peristaltic transport as observed in the human esophagus,

• Designing a soft, continuous and compliant peristaltic actuator with regular and

repeating, co-actuating elements,

• Devising housings and a manufacturing technique to realise the actuator,

• Characterisation of the actuator behaviour in geometrical and wave seal aspects,

and

• Model the robotic “dry swallow” behaviour to inspire an open-loop control strat-

egy.

The achievement of these tasks is constrained by many parameters, which are related to

the specification design, manufacturing process, and robot characterisation (or modelling

of the device behaviour) (Fig. 1.3). This required the use of diverse tools and techniques

to overcome the challenges.
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Objective A: Novel peristaltic 

actuation technology 

considerations

Specifications

- Biomimicry
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parameters

Actuator Design

- Soft and compliant 
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- Construction 

resolution

- Bonding / process

Behaviour / Model

- Develop methods to 

investigate soft 

robotic deformation

- Preparation for 

trajectory generation 

(Objective C)

Figure 1.3: Considerations for the development of the soft peristaltic actuation tech-
nology, organised by sub-objective.

Methods

Development of the soft-robotic peristaltic actuator begins with the specification of pa-

rameters measured and observed from the biological system. These are converted into

an engineering specification by interdisciplinary interpretation and modelling assump-

tions. The actuator is designed to embody these features and behaviours by exploring

and developing soft-robotic modelling practices. The continuous, compliant, biaxial,

and smoothly propagating, peristaltic wave-seal is unconventional to current peristaltic

actuation techniques, and represents a novel opportunity for biological modelling, and

engineering embodiment of these features.

In order to realise the soft-robotic actuator with embedded, distributed actuation, a

suitable manufacturing process is to be designed. This phase is conducted in parallel

with the iterative structure design phase to ensure the actuator can be realised.

Research into soft robotics has been hindered by modelling challenges, as their typically

distributed actuation behaviour is dissimilar to rigid robotic techniques. Additionally,

similar challenges are observed when attempting to model soft tissue deformation of the

human body. Alternative soft tissue displacement techniques need exploration within

this field. The actuator is characterised by methods typical of medical investigation such

as articulography and manometry.

Inverse modelling of the peristaltic actuator is conducted to provide a mapping tech-

nique between pneumatic assertion and wave pressure/geometry to realise mimicry of

the peristaltic transport mechanism as observed in the biological process of esophageal
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swallowing. This is based on experimentation; to provide an open-loop control strat-

egy to follow a displacement or maximal pressure seal trajectory based on biologically

captured data.

1.5.2 Objective B: Engineering Model of Swallow Trajectory

In the medical domain, the temporal-spatial swallowing trajectory in the human body

is investigated by videofluorography and manometry methods in the geometrical and

pressure aspects. These complementary measures of the swallowing process are used to

build up an understanding of where the bolus resides, and to evaluate swallow efficacy

and safety. Peristaltic swallowing trajectories with parameters across the range of those

medically achievable are approximated by engineering methods. Interdisciplinary meth-

ods are applied to capture the swallowing process and translate it into the engineering

domain.

Subtasks and Constraints

The specification of swallowing trajectories inspired by the biological process in man, and

their application towards the peristaltic actuator, required new methods to describe the

robot’s performance. The wave tail model is designed to be parallel to the techniques

of the mathematical investigation field such that the robotic and mathematical tech-

niques are complementary to one another. The capability analysis and implementation

of modelled swallowing is demonstrated through the following tasks:

• Evaluate biomimetic specifications from the medical literature,

• Embody salient features of swallowing trajectory,

• Define and implement wave tail geometrical model, and

• Conduct capability analysis and generate robotic trajectories.

In order to achieve these tasks the following specifications, qualitative features, geomet-

rical modelling, and implementation considerations, are made (Fig. 1.4). The trajectory

generation technique is required to be both analytical to facilitate congruent mathemat-

ical investigations, and exhibit clinically significant peristaltic wave parameters.
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Figure 1.4: Considerations for the development of swallow modelling and trajectory
generation, organised by sub-objective.

Methods

Mechanical parameters of the swallowing process are adjusted by the body in response

to pressure stimulation. In order to biomimetically investigate bolus transport effects;

particular attention is required for designing and achieving the bolus wave tail geometry,

and its propagation velocity. Robotic processes are intrinsically reliable, and robust

at achieving repeatable temporal-spatial trajectories in order to facilitate comparisons

between robotic swallows.

The challenges for measurement of surface pressure, and robot peristaltic geometry, are

synonymous with those faced with measurement in the human body. There are inherent

issues with access to these regions, which promotes indirect prediction techniques. These

relationships are determined from the characterisation processes of Objectives A and B.

The robotic swallowing process is to bridge the fields of medical and mathematical

understanding of esophageal peristalsis. Thus, constraints, advantages, and limitations

of different assumptions are investigated to ensure inter-domain relevance. Analytical

description in the engineering field is preferable as this facilitates continuous modelling.

1.5.3 Objective C: Bolus Transport Sensation and Measurement

The human esophageal conduit monitors swallowing through pressure sensitive nerves in

the surface tissues. In the biomimetic domain, soft-robotic pressure sensation technol-

ogy is required to achieve synonymous differentiation between bolus formulations and to
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investigate swallow efficacy. The robotic process is also to be investigated by manom-

etry, the gold-standard pressure measurement technique for dysphagia diagnosis. The

complementary measurements of these techniques will help to clarify the bolus transport

effort throughout transit.

Subtasks and Constraints

Pressure signature measurement was required to be measured in the bolus (intrabolus)

by manometry, and at the bolus surface (extrabolus) by a new thin, flexible, pressure

sensitive array. In pursuit of this hybrid sensation requirement, the following tasks were

undertaken to develop the sensor technology, and experiment with the medical technique

of manometry:

• Design of pressure sensing sites compatible with soft-robotic actuator,

• Characterisation of pressure transducer output and determination of their normals,

• Integration of sensation technology with actuator, and

• Development of manometric investigation protocols.

Throughout the sensor specification, and design of manometry protocols, a number

of conditions and challenges are expected to arise (Fig. 1.5). These represent the

considerations that must be made when developing the methodology.

Objective C: Bolus sensation and 

measurement considerations

Specification/Design

-  Thin extrabolus 

pressure sensing 

array

- Should not interfere 

with bolus or actuator

- Biomimetic

Characterisation

- Calibrate extrabolus 

pressure sensors

- Determine normals 

to create pressure 

vector

Integration

- Soft robotic 

techniques and 

material presentation

- Construction 

resolution

- Bonding / process

Manometry

- Establish similar 

protocols to medical 

field

- Conduct concurrent 

inar- and extrabolus 

pressure evaluation

Figure 1.5: Considerations for the development of bolus transport sensation and
measurement, organised by sub-objective.
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Methods

Bolus interaction with the biomimetic swallowing robot is of importance to improving

knowledge surrounding esophageal swallowing, as this is the only interface where the

body can perceive bolus transport. In order to address this, pressure sensors are em-

bedded near the surface of the robotic swallowing conduit to measure the effort that is

applied on the bolus tail throughout transport. These are characterised into engineering

measurements. Preliminary evidence towards achieving a robotic model with embedded

pressure sensors will be gathered, as simultaneous measurement of both behaviours will

provide empirical evidence towards the device/bolus interaction in the future.

The medical technique of manometry is designed to investigate intra-bolus pressure

signatures, though the relationship between this measurement and pressure distribution

on the bolus surface is known to be extremely challenging to characterise.

Manometry is used as a robotic characterisation technique, and for evaluation of biomimetic

swallowing in Objective D where the sensation objectives are further realised in the

application of the biomimetic swallowing robot. The experimental protocols involve in-

terdisciplinary specifications to communicate the biological and medical manifestations

into engineering targets.

1.5.4 Objective D: Biomimetic Esophageal Swallowing Robot

Realisation of a novel biomimetic swallowing robot is the ultimate mechanical objective

of this research. The experimental platform is achieved by integration of the actuation

and trajectory generation elements outlined in Objectives A and B, and the sensa-

tion outcomes from Objective C. The robotic device draws together these independent

research objectives at the application level, where integration and experimentation chal-

lenges are to be overcome.

Subtasks and Constraints

In order to achieve the integration targets of this objective, a number of subtasks were

required to be undertaken. The diverse modular elements are required to be assem-

bled into a single device, and then applied to biomimetic experimentation. The overall
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objective can be broken down as follows:

• Integrate the technologies developed in Objectives A, B and C into a complete

biomimetic swallowing robot and control system,

• Develop experimental protocols to biomimetically model bolus swallowing, and

• Investigate peristaltic transport behaviour of starch-based model boluses.

The integration and experimental aspects of the swallowing robotic initiative are con-

strained by compatibility and biomimetic specifications (Fig. 1.6). The experimen-

tal protocols involve the specification of bolus formulations, and swallow trajectories

throughout which intra- and extrabolus pressure sensation is undertaken. This facili-

tates the investigation of the bolus from the manometric and interaction surface mea-

surements, in order to shed light on the relationships between them.

Objective D: Biomimetic esophageal 

swallowing robot considerations

Integration

- Compatibility 

between mechanical, 

hardware and 

software components

- Geometrical 

limitations

Experimentation

- Establish medical 
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- Application of 

trajectory generation 

Bolus models

- Material selection 
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- Formulation 

constraints and 

rheological testing

Intra- and extrabolus 

pressure sensation

- Possible 

deformation 

relationships

- Empirical basis

Figure 1.6: Considerations for the integration aspect of biomimetic esophageal swal-
lowing and experimental techniques, organised by sub-objective.

Methods

The biomimetic swallowing process is embodied by the successful integration of the afore-

mentioned biologically inspired actuation, trajectory generation, and sensation strate-

gies. Application of the robot is targeted to understanding the interaction between the

swallowing process and the bolus material. In this manner, it is expected that mechan-

ical, objective, outcomes will exhibit significance in the medical field.

Understanding the interaction between physical boluses and the swallowing process is

critical to design of boluses in the food science field suitable for both healthy and diseased
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populations. This relationship is investigated by biomimetic swallowing of starch-based

thickened fluid, which is a current bolus manipulation technique for alleviation of dys-

phagic symptoms.

In future, the concurrent capture of intra- and extra-bolus pressure will significantly

improve the understanding of the deformation behaviour of real bolus materials. This

will be conducted under experimental conditions synonymous with those of traditional

manometry in the clinical context.

1.5.5 Relationship Between Objectives and Scope

The novel, biomimetic, swallowing robot, and associated methods for its experimental

application of investigating peristaltic bolus transport, have been outlined. The tasks in

Objectives A-C provide the foundations and enabling technologies to realise Objective

D, the biomimetic swallowing platform. This approach is proposed to independently

embody the biological process in the actuation, trajectory generation, and sensation

elements to achieve multidisciplinary rigour such that the experimental findings will

have clinical relevance in the medical field.

The implementation of the physical device represents a novel tool for food scientists

to objectively assess food bolus rheology throughout a dynamic process similar to that

of human swallowing. Achieving this with a biologically inspired geometry and actua-

tion technique is the first step to overcoming the limitations of the currently available

rheometric measurement devices. Experimental findings captured in this manner are

proposed to help clarify the interaction between the food bolus and the swallowing

structure, as well as provide inspiration for the development of novel foods with quan-

titatively measurable characteristics.

Biological inspiration is used both as a motive to understand the mechanics of the human

swallowing system as well as inspire novel engineering concepts. It is proposed that the

development of the rheometric device will package and generalise concepts to provide

inspiration for their use in the food technology, medical, and robotic fields.
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1.5.6 Out of Scope

The scope and objectives cover the extent to which the swallowing robot is to add knowl-

edge and value to its niche research field, and the possibilities for knowledge generation

in the medical, food science, and engineering domains. In pursuit of biomimetically

capturing the human esophageal swallowing process in a robotic device a number of

limitations, and alternative investigation paths beyond the scope of the current research

have been identified. In order to clarify the extent of the current work, a number of

related, complementary tasks have been determined as out of scope. These include:

• Development of adjoining organ structures such as the pharynx or stomach.

• Alteration of the swallowing process in response to surface pressure perturba-

tion is deprecated as the effect of arbitrarily accelerating boluses is non-linearly

related to the intrabolus pressure signature, particularly for boluses which are

non-Newtonian, or exhibit shear history.

• Closed loop control of geometrical displacement as measured online. Soft-robotic

displacement measurement is a large research field in its own right, and would

distract from the primary objectives of the current research.

• Experimental investigation of expectorated, multiphase, boluses is not conducted

as current experimentation is based on laboratory-prepared boluses with well-

understood, repeatable rheological characteristics.

• Development of boluses with targeted characteristics, other than by changing for-

mulations is a research challenge to be overcome by food scientists. Boluses are

limited to those of a starch-thickened nature; a fluid rheology management tech-

nique deployed in the clinical context.

• Exploration of wet swallows with concurrent extrabolus and manometry sensation.

• Patient-specific experimentation will not be conducted due to ethical concerns for

swallow safety. Swallowing trajectories are inspired from those in the published

medical literature.

These tasks, objectives, and alternative investigation avenues provide inspiration for fu-

ture work, particularly in the medical application of the novel rheological technique. The
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novel biomimetic swallowing robot inspires many new research possibilities for exploring

esophageal peristalsis in a physical manner.

1.6 Research Contributions

In pursuit of achieving the aforementioned research outcomes, fundamental contribu-

tions are made to scientific knowledge. The opportunity for research into biomimetic

swallowing was identified by examining limitations in the current state of the art. The

path upon which these are addressed bridges the fields of knowledge surrounding the

swallowing process and contributes scientific methodologies and alternative investigation

techniques in the physical domain.

Biomimetic robotic techniques have been committed to the application of modelling the

human esophageal organ to understand the roles of the swallowing conduit and bolus rhe-

ology throughout swallowing. The application is achieved through an interdisciplinary

specification, design, and implementation process to embody the biological principles in

the engineering domain.

The translation of biological peristaltic swallowing principles into the mechatronics engi-

neering domain requires novel scientific application of soft-robotic techniques and devel-

opment of domain-specific experimental protocols. This includes embodiment of peri-

staltic actuation, pressure sensation, specification of swallowing trajectories, and evi-

dence towards clinical interpretation of experimental findings. The proposition of each

of these contributions and their functional elements are outlined below:

1. Soft-robotic embodiment of the swallowing structures and actuation capability

presents unique specification and design challenges. A novel peristaltic actuator

is developed as a physical model of the human esophagus. The design and char-

acterisation principles behind a co-actuating, compliant, continuous, peristaltic

actuator represent contributions to soft-robotic modelling of the human organ.

These principles are abstracted such that they can be used in diverse engineering

applications such as pumping. Particular contributions include:
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• Developing a novel, linear, peristaltic actuator to overcome current design

limitations in the start of the art where not all regions of the conduit may

completely occlude,

• Abstracting the principles of esophageal peristalsis into an interdisciplinary

specification such that findings can be interpreted in both the robotic and

clinical contexts, and

• Achieving distributed, continuous, co-actuation to model complex biological

actuation.

2. Pressure sensors compatible with the soft robotic actuator are developed to mea-

sure the interaction between the bolus surface and the modelled esophageal con-

duit. Sensation in soft-robotic structures particularly in a constricting environment

cannot be achieved by current means. This contribution involves development and

deployment of a flat, thin, array of pressure sensors for measurement of bolus

surface interaction pressure. The sensation element of the research initiative is

proposed to provide inspiration for sensation in elastomeric substrates, and more

specifically in the closed-loop force/pressure control of fluid interaction robots in

the future. The components of this contribution include:

• Outlining the unique constraints of sensation for the peristaltic actuator from

both engineering and behavioural requirements, and

• Developing methods to transduce contact pressure and electrically terminate

sensors such that they are flexible and have an extremely low profile.

3. Trajectory generation inspired by interdisciplinary specifications and objective ca-

pability analysis methods, to evaluate their achievement in the robot. The robotic

device facilitates the new capability of expressing peristaltic trajectories in the

physical domain, which enables new possibilities for investigating bolus flow be-

haviour. This contribution can be generalised as establishing continuous peristaltic

pumping capability of variable geometry in the engineering domain. This can be

applied as a robotic feature for applications on different scales, such as modelling

other peristaltic conduits such as the urethra or bowel in man, or other organisms.

This involves:
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• Establishment of methods to communicate medically captured swallowing

trajectories into an engineering specification,

• Implementation and achievement of biologically inspired swallowing trajecto-

ries, and

• Development of generalised methods to objectively evaluate the quality of the

robot’s behaviour at achieving such trajectories.

4. In pursuit of achieving scientific rigour in biomimetically transporting boluses, the

methodology and approach to how these procedures are specified, validated, and

applied represents a novel contribution to the scientific field. The design of ex-

periments represents the inspiration and appreciation of the demand for improved

knowledge in the biological and food technology fields surrounding food defor-

mation and transport. The experimental techniques and methods developed to

exploit the advantages of physical peristaltic modelling include:

• Undertaking swallowing experiments with clinically-significant parameters to

investigate intrabolus pressure signatures captured during the medical and

robotically modelled processes,

• Investigating dry swallow, extrabolus pressure signatures by surface pressure

sensors, and

• Establishment of the swallowing robot as a tool and research platform for

further investigation of peristaltic esophageal transport and bolus formulation

to find benefit in the medical and food technology fields.

These contributions aim to generalise interdisciplinary concepts and bridge the comple-

mentary medical, mathematical and food science understandings of the research issue.

The benefits of this research path benefit each of these fields independently, as well as

collectively. Biological inspiration motivates the generation of novel engineering con-

cepts, and the application of modelling the esophageal organ promotes new possibilities

for investigation of bolus transport in this region for medical and food science benefit.
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Figure 1.7: Chapter organisation and flow demonstrating the elements that contribute
to the overall research objective.

1.7 Thesis Synopsis

This thesis examines the opportunity for a biomimetic robot to improve knowledge

about human swallowing and the role of food bolus rheology on this process. The

motivations, objectives, and scope, that envelope the demand for this research have been

identified and discussed in the introduction chapter. The remaining chapters discuss the

background and current state of the art before describing the details of each objective

and concluding with the findings and future work considerations (Fig. 1.7).

In order to establish the base line understanding of research and understanding in the

engineering, medical, and food science fields, Chapter 2 examines the state of these

arts, and their relationship to one another. The research niche identified for the cur-

rent work is based on identifying the strengths, weaknesses, and inspiration of other

research, by reviewing scientific literature, and discussing with domain-leading profes-

sionals. Given the interdisciplinary nature of emulating a biological process in the en-

gineering field, domain knowledge is required to be acquired and translated by different

methods. Complementary investigation techniques, such as medical experimentation

and mathematical modelling, also deserve attention, as robotic techniques are proposed
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to bridge these independent knowledge sources. Soft-robotic techniques are surveyed,

especially with reference to mimicry of biological phenomena such as organ mechanical

behaviour. This chapter clarifies the opportunities in the soft-robotic space for niche

research into biomimetic swallowing.

The esophagus, in a mechanical sense, can be thought of as a peristaltic actuator,

which joins the oral cavity, and subsequently the pharynx, to the stomach. Chapter

3 documents the interdisciplinary specification of requirements, soft-robotic design phi-

losophy, material selection, and use, as well as the manufacturing process to realise a

biomimetic structure. The actuator plays a central role in the research as the geo-

metrical, biomimetic embodiment of the peristaltic swallowing tissue, and surrounding

muscles. Design challenges are overcome in the soft-robotic space to facilitate construc-

tion of the novel device.

The techniques of articulography and manometry are then described and exploited to

characterise the displacement and contact pressure behaviours of the robot. Chapter

4 addresses these novel characterisation techniques to develop an open-loop model to

relate actuation pressure and the device behaviour. The robot exhibits geometric and

wave-seal characteristics under dry-swallow conditions (where there is no bolus). These

are complementary behaviours and are evaluated independently. The input-output be-

haviour of the robot is investigated, in order to explore the efficacy of applying continuous

mathematical models.

The method of trajectory generation is explored in Chapter 5, where raw data from

the previous chapter is used to generate overlapping pressure trajectories for each of

the whorls of pneumatic chambers in the actuator. Specifications for the geometry, and

propagation, of waves inspired by mathematical and biological constraints are discussed.

The capability of the device is tested against sinusoid- and cubic polynomial-based peri-

staltic wave tail geometries, inspired by the use of such models in the mathematical

modelling field of peristalsis and esophageal swallowing. The capability analysis shows

the degree with which the swallowing robot can undertake the specified trajectories.

Chapter 6 investigates the transport of model boluses by the swallowing robot, in order

to measure and evaluate intrabolus pressure signatures in response to swallowing trajec-

tories. A three dimensional analysis is conducted into the bolus formulation, transport

velocity, and wave-front length to determine the sensitivity of manometry to each of these
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stimuli, and investigate the salient features intrabolus pressure signatures captured dur-

ing peristaltic process. The trajectories are based on the methods of Chapter 5 where

swallowing parameters and fluid formulations are chosen to thoroughly investigate the

envelope of acceptable swallowing processes in man.

In order to complement the intrabolus pressure signatures, extrabolus pressure sensa-

tion, at the conduit contact surface, is investigated in Chapter 7. This is important, as

this is the interface with which the human body can evaluate the swallowing process, and

ensure swallow efficacy for a wide variety of bolus formulations. Sensation on the sur-

faces of soft robots, and in particular the constraints of the swallowing robot, presents

a number of unique constraints. These are overcome throughout the development of

a series of pressure sensors, which are designed to capture the extrabolus pressure in

the four quadrants of the device. This functionality will facilitate thorough investiga-

tion of complex bolus deformation in the future. Additionally, an experimental trial is

conducted for dry swallows in order to evaluate the new sensors’ performance.

The knowledge generated throughout the research, interdisciplinary specification, design,

development, and experimental methods is briefly reiterated in Chapter 8 before making

concluding remarks. This chapter summarises the findings of the research initiative,

reflects on the major contributions, and outlines the direction for future work. The

Objectives A-D from Chapter 1, the development of: (A) a novel peristaltic actuation

technology, (B) an engineering model of swallowing trajectories, and (C) bolus transport

sensation and measurement structures and methodologies, are combined to achieve the

ultimate objective (D) a biomimetic esophageal swallowing robot.
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Literature Review

2.1 Structure and Scope

In response to the multidisciplinary nature of research into biologically inspired engi-

neering, new niches such as bioengineering and bio-mimetic engineering have emerged.

These fields focus on understanding, and improving the interdisciplinary understand-

ing of biological concepts through modes such as theoretical, mathematical, and phys-

ical modelling. In its natural progression, the demand to elucidate the physiological,

anatomical and control concepts upon which the human body operates has led to vast

publication in the niche of biologically inspired engineering scholarship.

The research niche of biologically inspired robotic swallowing is at the intersection be-

tween diverse contributing fields (Fig. 2.1). Assessment of the literature in these do-

mains is conducted to identify, and draw together, the current state of knowledge, which

encapsulates this interdisciplinary space.

A brief introduction to the medical understanding and associated investigation tech-

niques is given to reconfirm the biomimetic targets. This is conducted to a level that

facilitates engineering justification of modelling depth, but is not an intimate review of

the wider medical knowledge on the process of esophageal swallowing.

In order to survey the relationship between the medical and food science disciplines,

concepts pertaining to bolus formulation, transport and rheology are investigated. These

sciences are focussed on achieving safe and effective swallowing in the clinical context.

27
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Figure 2.1: Relationship between contributing research fields which relate to swal-
lowing robotics.

The biomimetic, swallowing robot technique being investigated in this research initiative

is aimed to augment the possibilities of experimentation in this field.

Rheological investigation of boluses begins to cross into mathematical and engineer-

ing territory, where flow and deformation characteristics are measured or predicted by

diverse models. Complementary investigation methods in the theoretical modelling do-

main are explored to clarify the penetration of biomimetic peristaltic behaviour in these

disciplines. Mathematical and engineering approaches, based on a range of interdisci-

plinary assumptions, are designed to embody features of peristaltic transport processes

inspired by biology. These techniques of numeric, analytical, and physical natures are

evaluated, before focussing on the minority of research targeted at the niche application

of modelling esophageal swallowing.

The emerging field of soft robotics is identified as a strong candidate for biomimetic

modelling of soft tissue organs such as the esophagus. The possibilities for distributed

and continuous actuation behaviour are synonymous with those of modelling peristalsis,

which has driven research into this field. The motivations for biological inspiration, and

the opportunities to contribute to this novel field, are reviewed to identify the research

niche.

The motivation for this approach is to bring the complementary understanding from

these diverse backgrounds together, and enhance their application in the interdisciplinary

environment. This chapter explores the relationships between, and current state of,
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each of these related arts to identify their strengths, weaknesses, and opportunities

for improvement. The strengths of these fields offer foundations upon which the novel

biomimetic swallowing research can be built, to overcome voids and limitations present

in the current scholarship.

2.2 Medical Background of Esophageal Swallowing

The esophagus has been studied by many techniques in the medical field to clarify its

structure, actuation, sensation, and control architectures. In order to capture, and

biomimetically model, its behaviour the current medical understanding and experimen-

tal practices deserve attention. This section introduces the fundamental concepts of

esophageal swallowing and the diagnostic tools available to practitioners in the medical

field.

2.2.1 Anatomy and Physiology of the Esophagus

The esophagus (Latin: oesophagus) manifests as a longitudinal organ that spans rostral-

caudally from the pharynx in the upper aspect, down to the stomach (Fig. 2.2) [23]. It

performs the last phase of the swallowing process by transporting boluses of solid and

liquid foods from the oral cavity to the stomach for digestion. The esophageal conduit

is surrounded by circular and longitudinal muscles, which are sequentially activated

to achieve a continuous peristaltic constriction behind the bolus [9]. Fluid materials

typically propagate ahead of the constrictive wave, whereas more solid materials are

actively transported. It has been shown that the process does not depend on gravity for

transport, as swallowing can be conducted in inverted persons [9].

There are two basic swallowing trajectory techniques in this region [24], both of which

can be modulated by sensory feedback [4,25]. Primary peristalsis occurs due to triggering

of the swallowing reflex in the back of the oral cavity and pharynx [4]. This halts

peristaltic motion in the esophagus and begins a new wave once the bolus has traversed

the upper esophageal sphincter. Primary peristalsis is achieved by descending control

from the brainstem where trajectory generation is planned, and the enteric nervous

system which surrounds the organ [4, 26, 27]. Secondary peristalsis results from bolus

materials becoming stuck, where sensory perception is used to determine the location and
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Figure 2.2: Gray’s anatomy of the esophagus [23].

trigger spontaneous waves which start just above the position of the bolus [4,28]. These

two biological strategies achieve control redundancy, designed to successfully transport

a wide variety of boluses. Importantly, these two behaviours exhibit the same salient

features in terms of geometric and wave tail seal pressure (Table 2.1).
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Table 2.1: Defining features of biologically inspired esophageal peristaltic transport

Quantitative Features

Attribute Magnitude Refs

Conduit Length 18-26 cm [20,29–31]

Wave Velocity 2-4 cm/s [4, 20]

Maximal Conduit Diameter (Pain) 20-23 mm [32,33]

Medical Wave Seal Pressure 15 kPa [20,34]

Wavetail Length 30-60 mm

Qualitative Features

Attribute Behaviour Refs

Wave Shape Single inflection, Sinusoidal model [35–37]

Transport Type Peristaltic

Conduit Material Compliant, Continuous

Muscle Activation Overlapping-sequential

2.2.2 Current Techniques of Medical Investigation In Vivo

The biological swallowing system can be viewed architecturally as exhibiting actuation,

sensation, and control. While these elements are working harmoniously in healthy per-

sons they have high swallowing capability, which allows for a wide variety of bolus formu-

lations and structures. However, when one or more of these elements becomes damaged

or disordered, compensation, or swallowing disorders, may result. Medical investigation

of the swallowing process, particularly in the esophageal region, is typically undertaken

by two complementary techniques; manometry and videofluorography. These techniques

measure the axial intrabolus pressure distribution and bolus position respectively. They

are each considered the gold-standard measurement technique in their respective disci-

plines. Typically, these are conducted together in order to discern between bolus, and

luminal pressure effects, and also ensure complete bolus transport [38, 39]. Endoscopy

is also used to investigate tissue health and structure in this region. The techniques

of manometry, videofluorography, and endoscopy are commonly conducted for medical

analysis and diagnosis [40]. Each are briefly described below:

Manometry:

Intraluminal pressure profiles are captured by manometry to determine the swal-

lowing effort and pressure of bolus deformation, known as the intrabolus pressure
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signature. Pressure measurements are captured in a temporal-spatial arrangement

to simultaneously investigate wave location and velocity, as well as pressure distri-

bution. The relationship between these parameters is interpreted in the medical

domain to detect disordered swallowing.

There are intrinsic difficulties in reaching the esophagus for measurement. Manom-

etry is conducted by passing a catheter (typically approx. 4 mm diameter) through

the nasal cavity, behind the soft palate, down the pharynx and into the esopha-

gus. In conjunction with videofluorography, this process is currently a leading

diagnostic technique for dysphagia [41–43].

Videofluorography:

The process of videofluorography captures the transport of barium-laced boluses

(a contrast agent) by x-ray to visually inspect the swallowing process. It can be

used to determine if bolus materials are left on the conduit surface, or investigate

bolus tail location. Typically, measurements are of an axial nature, as the x-ray

technique can only capture a projected view, without depth perception. This

technique should also be limited due to the risk of ionising radiation [44], and

therefore typically only used for diagnostic or research purposes.

Endoscopy:

Similar to manometry, a catheter with video capability may be used to inspect the

surface of the swallowing conduit. This is typically used to investigate lesions and

disease, as nothing can be seen as a bolus passes. While this capability is useful in

the observation and diagnosis of disease in man, this technique does not represent

quantitative investigative value in the robotic domain.

Attempts have been made to determine how characteristics of a food bolus affect the

swallowing process. These have been based on measurements of the healthy process by

both manometric and imaging investigation [45, 46]. Once the effects of bolus rheology

on the swallowing process are understood in healthy subjects, further investigation can

be undertaken to elucidate the facilitatory needs of foods to comply with dysphagic

ingestion. There is a gap in the understanding of the process where no model or aggre-

gation of measurements is able to completely describe the ingestive experience. There

is a strong demand for research in this area, to meet the demands of the medical and

food technology fields.
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2.2.3 Inspiration for Biomimetic Experimentation

The constraints for design of a soft-robotic actuator result in similar access issues for peri-

staltic transport measurement. These previously mentioned medical techniques present

strong opportunities for biomimetic process investigation, and their use additionally

aligns the robotic experimental protocols with those conducted in the medical field.

These medical investigation techniques are then the leading methods to draw the engi-

neering, medical, and food science understandings of swallowing together.

The process of manometry is directly applicable to a robotic implementation, as a

catheter can be fastened in the axial aspect to accurately measure intraluminal pressure

signatures. In the engineering field, the location and velocity of the peristaltic wave can

also be reliably controlled, which facilitates more rigorous interpretation of the resulting

pressure profiles.

The robotic device should facilitate the possibility for videofluorography, in that it should

be radiolucent. However, this method presents less quantitative value in the measure-

ment domain. It may be a useful feature in the future to conduct more biomimetic

experimentation.

In order to evaluate, characterise, and investigate bolus materials in the interdisci-

plinary biomimetic swallowing space, novel measurement techniques compatible with

distributed, soft, and compliant motion were required.

2.3 Food Science Towards Swallow Investigation

Food technologists are interested in developing novel foods with predictable textural,

flow, and mouth-feel characteristics to meet the demands of both healthy and dysphagic

populations [47]. The demand to quantitatively assess food designs for desirable texture

notes and swallow efficacy is emerging rapidly [48]. The development of these types

of foods has been challenging, because although there are many quantitative methods

for engineering investigation of fluid properties of the food bolus, these do not trans-

late directly to suitability for swallowing [49, 50] (Fig. 2.3). The rheometric principles

and bolus deformation models are based on a number of assumptions, which are clar-

ified in the following sections. The critique of these techniques identifies the concepts
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Figure 2.3: Food bolus characterisation is a complex task with many confounding
inputs, which result in mixed effects at the output. This results in many different

avenues of investigation.

upon which they are based, their strengths, and the missing connections, which present

opportunities for enhancement of understanding in this field.

2.3.1 Current Rheological Practices

The field of rheology, the study of deformation and flow behaviour of fluid materials, is

well established [9, 51]. Rheometric devices based on mechanical principles have been

around for decades, which are designed to conduct engineering measurements to predict

flow behaviour. Rheological techniques are used to characterise parameters of food bolus

consistency, and are attempted to be applied to determine swallow safety [51]. The target

for food scientists is to develop food structures that promote suitable bolus formulations

at the end of the oral manipulation phase. The study of bolus rheology aims to define

this target, and predict the associated swallow efficacy.

Food boluses can be of a liquid or semi-solid nature, and consist of masticated food

particles, released liquids, and saliva. The role of saliva is three-fold: to form a co-

hesive mixture [52], lubricate the bolus [53], and maintain a near neutral oral pH [9].

The mechanical study of the food bolus is concerned with quantitatively assessing the

constitution, mechanical, and fluid properties [9, 51].

One of the prevalent techniques to describe these phenomena is to relate the shear stress

and rate of material deformation: the concept of viscosity. Many commercial devices

based on deforming bolus materials in this way have been developed. These are typically

based on rotational (Couette viscometer), telescopic (capillary viscometer) or torsional
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Table 2.2: Viscometry methods

Rotational Telescopic Torsional

Example Couette Capillary Plate and Cone

Ω2 Ω1

R1

R2

P2P1

Ω1

Rotational
Method

The inner and outer (R1, R2) diameter surfaces turn at different
rotational velocities Ω1 and Ω2, where a shear field is created be-
tween them. the torque required to achieve this relative surface
velocity is measured to relate the shear rate and stress.

Telescopic
Method

A cylindrical tube has a constant pressure difference applied be-
tween two ends where the length is at least 8 times the diameter.
Flow rate is measured to determine fluid deformation behaviour.

Torsional
Method

Similar to the Couette viscometer, the top spindle is rotated at Ω1

relative to a fixed plate. The torque required to deform the fluid
is measured to relate the shear stress and rate.

flow (plate and cone viscometer), as these methods can achieve continuous processes,

unlike laminar implementations (Table 2.2).

However, these techniques are not without limitation:

• In terms of food bolus flow and deformation behaviour, the current viscometric

techniques make quantitative engineering measurements, after which mathemat-

ical approximations are applied. These models are typically based on assuming

that the fluid is single phase, and homogeneous, with isotropic deformation be-

haviour. There is difficulty in predicting the flow of foods with multiple phases, or

anisotropic mechanical properties by current techniques, which leaves this domain

open to further investigation.

• The fluid manipulation techniques used to conduct these rheological measurements

are dissimilar to those conducted in the human ingestive tract. This actuation dis-

similarity is particularly important for inhomogeneous bolus materials, or those

that exhibit a shear history. It subsequently limits the generality of the measure-

ments, and could lead to disappointingly low correlations between the engineering

approximation and the biologically induced flow behaviour [54].
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• Fluid slip at the boundary is challenging to characterise, and often ignored.

• Many models apply the concept of Young’s Modulus, which is only acceptable for

small deformation.

• Non-Newtonian fluids are typically characterised with an instantaneous viscosity

at 50 s−1 though this can be misleading in the clinical swallowing context as this

behaviour is dependent on the swallowing speed / rate of deformation.

The concept of viscosity is an engineering method to empirically, and mathematically

describe the observations of fluid flow behaviour. However, it has been considered that

the measurements made to understand and model the swallowing process should reflect

those that the human body could conceivably measure and interpret [54]. This level

of understanding has not been achieved in the current scholarship. Additionally, in

the medical context, manometry, the gold-standard intrabolus pressure measurement

technique, provides an indirect relationship between swallowing effort, and real bolus

formulations. However, for improving the understanding of the swallowing trajectory

and control methodologies in the biological system, bolus surface pressure is a much

more obvious measurement and target. Inspired by these complementary techniques,

the actuation, deformation behaviour, pressure measurement location, and bolus for-

mulation are identified as important factors for rheological modelling, and behaviour

prediction.

Aside from viscosity, additional qualitative parameters such as cohesiveness, elasticity,

brittleness, chewiness and gumminess are used in sensory perception studies [9]. Each

of these describe the sensations of how people appreciate food, though these parameters

suffer from qualitative confounding variables and factors such as bolus volume, shape,

temperature, and pH [51].

The contributions of the diverse transport parameters, combined with the compliance

of the tissue in the biological form, facilitate behaviours that cannot be modelled by

rigid mechanical structures. The limitations of the techniques are exacerbated by the

wide range of large fluid flow assumptions imposed at the swallow modelling stage. In

order to model this process in a more clinically significant manner, the range of bolus

properties, the measurement techniques, and the transport process are required to more

closely embody the swallowing process.
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Figure 2.4: Hutching-Lillford bolus preparation model. Reprinted from [9] c© (2009),
with permission from Elsevier.

2.3.2 Swallowing Trigger Models and Theories

There has been significant speculation as to which factors determine readiness for swal-

lowing; where bolus rheology and volume have been found to play major roles in trig-

gering the swallowing reflex [9, 52, 55, 56]. The Hutchings-Lillford [57] (Fig. 2.4) and

Prinz-Lucas [52] bolus preparation models suggest degrees of qualitative and quantita-

tive evidence to determine bolus swallow suitability. These models of bolus preparation

for swallowing aim to uncover the conditions at which the swallowing trigger is initiated.

The Hutchings-Lillford model [9,57] is conceptual in that it describes the food breakdown

trajectory, and the path towards an acceptable formulation that fits inside a swallow-

ready region. It proposes that oral manipulation of food prepares boluses by achieving

a suitable magnitude of oral residence time, reducing the degree of structure, such that

it can be deformed, and incorporating saliva to stick the bolus together.

The Prinz-Lucas model [52] focusses on bolus cohesion and the role of particle size

distribution, as well as saliva incorporation. The hypothesis was that the swallowing

trigger is initiated at the point of maximal cohesion. However, this theory has been

contested [53], as boluses at this point would be most difficult to deform, which is not an

obvious physiological choice when swallowing is supposed to be relatively effortless [58].

Chen and Lolivret [1] additionally suggest that more saliva may be introduced such that



Chapter 2. Literature Review 38

understanding swallowing by defining a lubrication
threshold in addition to a size threshold. In their view,
both thresholds have to be satisfied before swallowing
can commence. An attempt to define these thresholds
was made by Prinz and Lucas (1995) by looking at
average chewing rates on nut–yoghurt mixtures. The
results suggested that the critical nut particle size
threshold for swallowing is of the order of 1.4 mm in
diameter while the necessary liquid:solid volume mix is
of the order of a 4:1 ratio. This ratio seems rather high
to have general applicability.

An alternative to a two-threshold model is to try to
understand the aggregation of food particles into a
bolus (Prinz & Lucas, 1997). A food particle may
adhere to the oral lining due to a primary attraction
through surface tension. Given the simple geometry of
Fig. 9a, then the adhesive force is

FA ¼ 4�rl

where r is the radius of the spherical food particle and l
is the surface tension of the oral fluid. Food particles are
packed together by the tongue against the palate during
the early opening phase of jaw movement. Imagining
these particles as being packed into a ball, then the
maximum force, FV, holding them together can be esti-
mated by taking a central section between two disc-like
surfaces (Fig. 9b). The viscous force required to separate
these discs is

FV ¼ 3��D4=64d2t

where � is the viscosity of the oral fluid filling spaces
between the food particles, D is the radius of the disc, t
is the time span over which the separation takes place
and d is the average distance between particles.

Thus, if the force that tends to stick food particles
together is FV, while that which would attract them to
the oral cavity is FA, then bolus formation should begin

when the cohesive force FV�FA>0 and swallowing to
take place when FV�FA is maximized. To test whether
this model has any validity, breakdown rates for two
simple foods, raw carrot and brazil nuts, were used to
produce particle size distributions (Lucas & Luke, 1986;
Lucas, Luke, Voon, Chew & Ow, 1986). These foods
were assumed to produce negligible fluid themselves
when chewed, meaning that the ‘oral fluid’ could be
assumed to be saliva. To estimate the strength of the
bolus-forming force, these foods needed to be packed
together as though between tongue and hard palate.
There seemed to be no non-arbitrary way to do this.
Thus, a computer simulation was developed (details in
Prinz & Lucas, 1997). By selecting values for the various
parameters (also given in Prinz & Lucas, 1997), the
results shown in Fig. 10 were obtained. Early on in
chewing, FV�FA is negative, meaning that food particles
are more likely to stick to the mouth than stick together.
The peak cohesive force lies somewhere between 15–30
chews and is similar in both brazil nuts and raw carrots
despite their different breakdown rates. There is a much
higher cohesive force in brazil nuts but the number of
chews after which FV�FA is maximized is similar in
both foods. If chewing is extended, large amounts of
saliva flood the bolus and particles separate. These
results seem to coincide with Lillford (1991) who shows
the state of particles of cooked beef at different stages in
mastication. They also seem to explain why raw carrots
do not form a very stable bolus (Lucas & Luke, 1986).

4. Texture sensitivity

The above experiments demonstrate that the mastica-
tory system of humans is highly responsive to changes
in food texture. There is evidence that this is also true of
other mammals, even so-called primitive ones such as a
tree shrew (as judged from variation in jaw movements
shown by Fish & Mendel, 1982). This sensitivity to

Fig. 9. (a) The geometry assumed for a surface tensional force, FA, which could attract a spherical food particle to the relatively flat lining of the

oral cavity. This force depends on particle size but is independent of the distance between the particle and lining. (b) An idealised ball of spherical

food particles, after being packed by the tongue against the hard palate, with the spaces between particles being filled by saliva. There is a highly

distant-dependent viscous force that tends to hold the particles together to form a bolus.

210 P.W. Lucas et al. / Food Quality and Preference 13 (2002) 203–213

Figure 2.5: Prinz-Lucas bolus preparation model. Reprinted from [59] c© (2002), with
permission from Elsevier.

the bolus can flow and stretch well; this is proposed to occur after reaching ‘maximum

consistency’. The particle size distribution and number of phases have direct effects on

the rheological properties of boluses. It is suggested that to be easily swallowed particles

should probably be smaller than 2 mm, except for soft particles [53]. Thus, it has also

been hypothesised that this parameter is at least partially responsible for the swallowing

reflex as indicated by the Prinz-Lucas and Hutching-Lillford models [52,57].

Both of these leading hypotheses have been investigated significantly in the medical

and food science fields. The research community in this interdisciplinary space purport

evidence, and experience, for and against each of these hypotheses, and consider elements

of both to be true. The hybrid descriptions in the qualitative and quantitative fields

highlight the differences in approach from researchers of different backgrounds. It is with

such knowledge that the diverse understandings of bolus formulation can be brought

together.

New methods are required to understand the techniques used by the human body to

determine swallow suitability. These can then be abstracted to the engineering or math-

ematical domains in order to develop models and predictions towards the biological

behaviour.

Division of Food Design Problem

There has been difficulty in formalising suitable procedures to assess mechanical char-

acteristics across different bolus types as different testing methods are used for different

materials. This is synonymous with the diverse range of oral manipulation strategies
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used when preparing boluses of different materials for swallowing. In response to these

limitations, it would be desirable to quantitatively express an envelope in which bo-

lus properties should land for safe and effective swallowing. This technique divides the

design of foods into two discrete steps:

1) Define the boundaries for which formulations can be safely swallowed (experimental

process through which correlation between the human process and the robotic device is

evaluated).

2) Develop novel formulations or consumption strategies, which encourage consumers to

construct boluses within these boundaries.

The first element describes one of the future-looking targets for this research initiative,

and its purpose in the greater field. The second element represents the shifted scope

for food scientists in the development of novel foods. It is proposed that this method

shall inspire new approaches to food science and the prescription practice for successful

management of dysphagia through bolus modification techniques.

2.3.3 Summary of Food Science Practice

The field of food science holds many of the clues and possibilities for the successful

management of dysphagia, by bolus modification techniques. The outcomes of this

research area are very closely related to the medical field, where interdisciplinary research

would be beneficial to influence diet modification practice. The current methods of

rheology, and more specifically, viscometry, hold very strong, objective, information

about the deformation and flow of fluid materials. However, there is still scope for

significant research in the domain of multiphase fluids, or ones that diverge from the

current material models currently used.

There are many confounding factors when modelling such a complex deformation envi-

ronment; many parameters require careful assumptions and selection. In order to predict

swallow efficacy, this field would benefit significantly from rheological investigation based

on the occlusive transport mechanisms in the human body, as this overcomes many of

the modelling challenges. New insight could also be gained by measuring the pressure

distribution on the bolus tail to determine the sensation the human body can interpret

throughout this process.
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The prevalent bolus cohesion models of Prinz-Lucas and Hutching-Lillford are inspired

mathematically, and conceptually, by the oral manipulation process and the swallowing

trigger in man. More investigation is required in this space in order to develop a syn-

ergistic model such that bolus formulation and swallow efficacy can be related to one

another. This would provide a strong foundation for food science research into achieving

such structures and formulations in the clinical context.

2.4 Biologically-Inspired Models of Peristaltic Transport

Peristaltic phenomena, inspired by those observed in biological organisms, have been

investigated, and approximated, by many different mathematical and engineering meth-

ods. These will be outlined in the following sections to draw attention to their strengths

and weaknesses. They offer complementary evidence and knowledge to the field, and

have been demonstrated in a range of applications. It is important to discern between

peristaltic techniques used to perform locomotion and pumping as the relative motion

is different: locomotion involves moving a robotic device relative to the environment

whereas pumping is deforming and moving a fluid relative to a pumping structure. The

rest of this discussion will be focussed on the latter, though similar principles apply.

Peristaltic pumping is a common fluid transport technique, especially in biological sys-

tems. In order to exploit similar behaviour in the engineering domain, and learn about

fluid flow effects in response to this mode of transport, many models have been con-

structed on different scales, with varying levels of biological inspiration. The methods,

and their associated advantages and limitations, are explored in the following sections

in order to reveal the current state of modelling in the mathematical and physical do-

mains. This section explores the general field of peristaltic modelling techniques as well

as focussing in on those specifically related to the esophagus.

2.4.1 Mathematical Peristaltic Modelling

Mathematical modelling of peristalsis has two components: (1) description of the peri-

staltic wave tail propagation, and (2) evaluation of pressure and deformation charac-

teristics based on mathematical rheological models. In the physical domain, both in

the medical and engineering measurement aspects, the bolus tail models describe the
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required trajectory generation, and the bolus transport elements reflect empirical mea-

surements such as manometric pressure profiles. The current modelling trends and

techniques are revealed in the following sections.

2.4.2 Mathematical Description of Bolus Tail

The wave of peristaltic contraction in the esophagus causes deformation and transport

of fluid materials. Significant work has been conducted in the mathematical modelling

field for peristaltic conduits of differing morphology and diverse rheological models (see

next section). In terms of modelling esophageal swallowing, techniques are required to

describe the wave tail shape. These techniques are applied to generate swallowing trajec-

tories inspired by medical inference of swallow velocity and wave tail length measured by

videofluorography or manometry. The techniques typically apply analytical models to

continuously describe the wave geometry through a series of direct process parameters.

Mathematical wave descriptions considered suitable for modelling esophageal swallow-

ing are those that exhibit a single gradient inflection, and which can occlude onto a

manometry catheter. Research in this field has explored description of peristaltic waves

with explicit parameters, such as sinusoidal models [35,60], or ones with arbitrary wave

shapes based on alternative force distributions [37,61,62]. Peristaltic wave descriptions

are typically expressed as functions of radius magnitude and time, of the form H(x, t).

The most prevalent explicit models are variations of the root form (2.1):

H(x, t) = ε+
α

2

[
1 − cos

(
2π
x− ct

λ

)]
(2.1)

where ε is the remaining open diameter, α is the peristaltic wave’s radial height, x is the

axial displacement, c is the wave tail velocity, t is time, and λ is the wave tail length.

This style of model provides a strong connection with data collected from the medical

domain, as the parameters are synonymous with those that can be measured. The

function is also continuous, which embodies the constricting behaviour of the tissues on

the surface of the esophagus. Additionally, this style of modelling promotes a standard

technique for investigation in this field, which facilitates comparison between different

rheological models and solution techniques at the next stage of bolus modelling.
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2.4.3 Mathematical Modelling of Bolus Deformation

Mathematical modelling is an alternative avenue of investigation towards improving the

understanding of esophageal peristalsis. However, modelling in this domain has been

hindered by difficulties with measuring and modelling the deformation behaviour of real

bolus materials.

The field of mathematical modelling, as related to peristaltic pumping, can be broken

down into continuous (or analytical) and discrete, numerical methods. These methods

can be applied to describe different relationships, such as those between fluid deforma-

tion, peristaltic wave shape, and intra-bolus pressure. The largest single drawback of

mathematical simulation and theoretical works is that they require modelling of both

the conduit and the food bolus, which is challenging under the current understanding

of rheology. The benefits, assumptions, and outcomes of these modelling techniques are

discussed in the following paragraphs.

Finite element methods are becoming increasingly popular in this field of modelling due

to their applicability to high degree of freedom systems, and their avoidance of challenges

with analytical modelling of the transport behaviour. Yang et al. [34] have conducted

significant research in this field, with respect to biomimetic peristaltic swallowing. Ad-

ditionally, they investigate the mono- and bi-layer for stress distribution in the surface

tissues of the esophagus. The geometry, and material properties were measured from

a porcine esophagus (an animal model of the swallowing and digestive system), while

the peristaltic wave properties and bolus formulation were inspired from that of the

human process from the medical literature. The model showed promise in transporting

modelled liquids, and demonstrating reasonable peak transit pressures between 1 and

15 kPa.

Bolus materials are typically modelled with respect to their shear stress and rate re-

lationship. The different rheological models are based on curve fitting techniques of

deformation data collected by empirical rheological methods. The mathematical tech-

niques aim to generalise these relationships such that diverse material transport can be

predicted. The most prevalent rheological models are as follows (Fig. 2.6):
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Figure 2.6: Fluid rheological behaviours and models.

Newtonian:

Newtonian fluids exhibit a linear relationship between shear stress and rate be-

ginning at the origin. Their behaviour can be described by a single parameter,

viscosity, which is defined as the gradient of the line.

Bingham Plastic:

These fluids also exhibit a linear relationship between shear stress and rate, though

exhibit a yield stress, below which they do not deform, and can hold their shape

under their own weight.

Power Law:

Such fluids become progressively thinner as shear rate increases. This phenomenon

is also experienced with other fluids, which may also exhibit a yield stress.

Shear Thickening:

Shear Thickening fluids exhibit a non-linear relationship with increasing gradient

between shear stress and rate.

These models are typically applied to deformation of single-phase materials which have

simple structures. Conversely, boluses of material that are swallowed at meal times typi-

cally exhibit non-linear, time and shear dependent, behaviour which is more challenging

to model. The inter-relationships between these phenomena require further clarification.
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Fig. 15. Layout of the vibrotactile display. (a) Layout with assigned functions.
(b) Realized demonstrator with highlighted actuator elements and contact areas.

Fig. 16. Recognition rates of the presented states.

voltage. The actuators are driven by a voltage amplitude of
600V and a frequency of 125Hz [28]. Moving the finger over
the surface, a user can identify the actual state of the device. The
five actuators are used to display nine different operating states
by the use of different tactile signals. The operation modes,
play, stop, forward, and rewind, are indicated by a continuous
vibration of the associated actuator. Skip is displayed by the
forward and rewind actuators either. In that case, the vibration
is pulsed. Pulse patterns with different ON/OFF times are used
to display an increasing or decreasing volume.

To verify the functionality of the developed display and
its concept, a test with 15 probands has been performed. At
the beginning of the test, all the states presentable with the
vibrotactile display are shown to each proband. During the
test, all the 15 states are presented to the probands in random
order. Each time the user has to determine the actual state of
the virtual mp3 player.

Fig. 16 shows the results of this test. Generally, the recog-
nition rate is impressively high: play, fast forward, and rewind
are recognized with 100%. The lowest recognition rate with still
75% belongs to the stop state: in all cases of misinterpreted stop
states, users confound this state with the play state. Both states

Fig. 17. Peristaltic pump made of DEAs.

Fig. 18. Flow characteristic of the peristaltic pump. Both pumps have the
same geometry, but different driving signals.

are presented as continuous signals and are located one upon
the other (see Fig. 15. This problem can be easily solved by
using different signals or by implementing a tactile marker, e.g.,
a small raised dot, in the center between play and stop actuator.

Implementation of the sensor functionality of DEAs offers the
possibility to use the display as an input device. The integration
is object of further studies.

Fig. 17 shows a second application. It is a peristaltic pump,
which is completely fabricated by the presented technology.
Integrating a graphite layer from end to end along the axis of
the PDMS, a fluid channel is created within the sealed PDMS
body. After having connected tubes to the pump’s inlet and the
outlet, a fluid can flow into the fluidic device. Eight actuator
elements on the upper and the lower side of the fluid channel
deform its walls. This periodic motion propels the fluid through
the pump [29].

The automated fabrication process permits the integration
of different types of layers. First, there are two sets of eight
actuator elements. Each actuator element consists of 30 layers
with a thickness of 50μm. Separating layers with a thickness
of 177μm prevents the fluid from diffusing into the actuator
elements. Stiffening layers with a thickness of 350μm direct
the symmetric deformation of the actuator elements toward the
fluid channel.

With this pump, a maximum pressure of 0.4 kPa and a flow
rate of at least 12μL/min are achievable [30] (see Fig. 15).

Figure 2.7: Miniature linear dielectric elastomer pumping concept with sequentially
layered architecture [64]. c© 2011 IEEE

2.4.4 Physical Peristaltic Models

The principle of peristalsis has been applied for decades in the pumping aspect of the

engineering field. These take on many forms, related to how they occlude the peristaltic

conduit. The current techniques are less concerned with the deformation of the fluid,

and more focussed on pumping efficacy and volumetric flow rates. The techniques used

to achieve these actuation behaviours diverge from the biological manifestations of the

process, which limits their applicability for modelling of such systems.

Roller style peristaltic pumps such as [63] have become common in dosing applications,

particularly in the medical field to ensure rigorous volumetric flow. However, the peri-

staltic actuation of the tube is in more of a planar occlusion. The rolling wheels squeeze

two opposing side of the conduit and cause a peristaltic wave that travels ahead of the

rolling wheel. This style of pump is usually manufactured in a circular architecture to

facilitate many wheels, which follow a circular trajectory, which are fixed to a motor.

This pumping method results in continuously moving boluses, though they are deformed

in an alternative morphology to that of the body’s three dimensional behaviour. The

roller technique is also more mechanical and rigid, in the traditional robotic sense. In or-

der to be more biologically faithful, devices of a soft robotic nature have been developed

to exploit distributed actuation technologies to facilitate linear peristaltic pumping with

biomimetic constraints in mind [64–67] (Fig. 2.7). These devices are based on dielectric

elastomer, and pneumatic, actuation principles respectively. These concepts provide

inspiration for the biomimetic swallowing robotic device.
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Fig. 12 Peristaltic pump 

TABLE II 
SPECIFICATIONS OF PERISTALTIC PUMP

Maximum length [mm] 561 
Minimum length [mm] 484 

Mass [g] 1356 

TABLE III 
SPECIFICATIONS OF THE UNIT 

 Extension Contraction
Length [mm] 91.5 78.5 

Maximum diameter [mm] 91.3 147.1 
Bore [mm] 57.8 
Mass [g] 214 

Contraction rate [%] 14.2 

Fig.10 Relationship between rise time and closing area rate 
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Fig.11 Relationship between fall time and closing area rate

0

20

40

60

80

100

0 0.5 1 1.5 2 2.5 3
Fall time [s]    f

C
lo

sin
g 

ar
ea

 ra
te

 [%
]  

 d

Thick of cylindrical tube 1.0 [mm]
Thick of cylindrical tube 1.5 [mm]
Thick of cylindrical tube 2.0 [mm]

Fig.9 Relationship between pressure and volume exclusion rate
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V. PERISTALTIC PUMP 

A. Peristaltic Pump 
The peristaltic pump developed in this study is shown in 

Fig. 12, and its specifications are shown in Table 2. Each unit 
of this pump can be contracted toward the center annularly as 
in the intestinal tract. The peristaltic action of the pump can 
be carried out by contracting each unit according to a pattern 
of regular motion. It is possible to transport the inclusion by 
this peristaltic action. In addition, the number of units can be 
easily changed in case of three or more units. In this study, we 
produced a peristaltic pump with six units 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

B. Internal Structure of a Unit 
The internal structure of a unit is shown in Fig. 13, and its 

specifications are shown in Table 3. When the units are 
connected, the chamber contains an air tube supplying air to 
each unit. The air tube is arranged so as to save space; 
Moreover, it is arranged in a circle to prevent it from breaking 
when the unit contracts. This structure prevents the air 
channel becoming cut. In this unit, flanges A and B form a 
pair. The cylindrical tube is fixed in place by interleaving one 
end of each unit between flanges A and B. Adopting this 
fixation method eliminates conveyance loss due to the 
influence of the thickness of the flanges. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13 Internal structure of the unit 
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Figure 2.8: Linear, module-based, bowel peristaltic actuator model [21]. c© 2010
IEEE

Peristaltic transport in the body is used for longitudinal pumping between bodily struc-

tures. In order to model this process, continuous wave-like occlusive behaviour of a con-

duit is required; however, current longitudinal peristaltic actuators suffer from design

limitations such as exhibiting a non-continuous conduit surface, regions that cannot com-

pletely occlude because of skeletal constraints, or only unidirectional occlusion. These

limitations are caused by discretisation of the continuous process into separate actua-

tion elements, which is common in developing engineering approximations to continuous

systems.

Peristalsis can also be found in the ureter, and throughout many regions of the digestive

tract in humans. In response to this principle, Suzuki and Nakamura [21] developed a

robotic model inspired by peristalsis in the bowel for pumping sludge (Fig. 2.8). This

device offers excellent pumping characteristics on a discrete basis. The mode of trans-

port is captured, but the continuity of transport is lost by the skeletal structures of the

system, which prevent inter-chamber boundaries from exhibiting any occlusive motion.

The device is comprised of a regular and repeating discrete modular nature, with six

axially arranged actuation elements. The conduit deformation, and subsequent peri-

staltic transport, is achieved by pneumatic actuation, which is applied to the complete

circumference of the transport conduit. Wires are used to maintain some deformation

structure, resulting in constriction and shortening of each element as they contract. The

chambers are asserted in series by voltage-controlled pneumatic pressure regulators to

achieve the transport mechanism. This design meets the objective for transporting fluid

with particulate inclusions; however, its application ends in the engineering pumping
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[81,82,84], suggesting that there is merit for mechanical assess-
ment in medical training. To completely describe the swallowing
process, similar concepts may be employed to determine the
behavior of bolus transit through these regions.

5.2. Swallowing robots

To date, there has been no complete development of a robotic
device to reproduce swallowing through the pharyngeal and
esophageal phases. However, there has been recent interest in this
field, with the development of a number of partial models and ro-
botic devices. The research has primarily come out of Japan [66,89–
96], in conjunction with dental and hospital facilities. A number of
biologically-inspired devices have been constructed to reproduce
elements of this process, the inspiration of which contribute to
the state of the art.

Researchers at KobaLab, directed by Professor Hiroshi Kobay-
ashi of the Tokyo University of Science, have conducted significant
research into modeling the human form and are seen to be leaders
in the field. They have developed and presented robotic devices
that model the oral and pharyngeal phases of swallowing, which
concludes with bolus entry to the UES [95] (Figs. 6 and 7). The de-
vice as patented in 2004 (Fig. 6) [95] consists of a continuous tract
of passive rubber material formed in a similar geometry to the
human oral cavity and pharynx of approximately 240% scale. Actu-
ations are applied by artificial pneumatic muscles, and transmitted
to the surroundings of the ingestive cavity via a series of wire
assemblies. When actuated, the cavity constricts which causes
transportation of the bolus.

The most recent revision (2009) is concerned with reproducing
hyoid bone and epiglottis motion during swallowing [90]. It is

actuated by McKibben-type artificial muscles in a biologically in-
spired manner. The pharynx (of silicone) and tongue (of polyure-
thane), have been reported to be capable of reproducing the
required deglutitive motion [90,92]. These elements have been
combined with the model of the hyoid bone (of ABS urethane)
and epiglottis (of flexible urethane) to realize the oral and pharyn-
geal phases of swallowing.

Throughout the development of these devices, many separate
elements were investigated. These include the deglutitive motion
of the tongue, hyoid, and epiglottis throughout the pharyngeal
phase. The trajectory data to represent swallowing was captured
by the fast Medical Resonance Imaging (MRI) technique, where a
range of simplifications were made. It is proposed that the trajectory

Fig. 6. Kobayashi swallowing device [95].

Fig. 7. Rear view of actuation for pharyngeal region [97].

Fig. 8. Waseda swallowing device � [2011] IEEE. Reprinted, with permission [98].
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spired manner. The pharynx (of silicone) and tongue (of polyure-
thane), have been reported to be capable of reproducing the
required deglutitive motion [90,92]. These elements have been
combined with the model of the hyoid bone (of ABS urethane)
and epiglottis (of flexible urethane) to realize the oral and pharyn-
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elements were investigated. These include the deglutitive motion
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phase. The trajectory data to represent swallowing was captured
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Figure 2.9: Pharyngeal swallowing robot concept [68, 71]: (A) architecture showing
location of wires and pneumatic muscles in profile aspect, and (B) a rear view of the

modelled pharyngeal cavity.

domain due to design limitations. There is scope to improve the continuity of actuation

by removal of the rigid structures that currently border each of the chambers. This will

facilitate improved modelling of the biological process.

2.4.5 Swallowing Robots

Research in the niche field of swallowing robotics has become active over the last decade,

with an interest to enhance the understanding of swallowing mechanics in the engineer-

ing, medical, and food science fields [33,68–73]. Applications have been towards medical

training and bio-mimicry, to develop process models and communicate the actuation

possibilities into the engineering field. Many of these models have been focussed on the

pharyngeal phase, which embodies a stripping occlusive wave, thus exhibiting similarities

with peristalsis in the esophageal region.

These inspirations reflect similar constraints to the process of esophageal swallowing.

Physical modelling of the swallowing process has predominantly been of Japanese ori-

gin. Pioneering work in this field by Kobayashi et al. [68–71] (Fig. 2.9) has focused

more on the oral and pharyngeal clearance mechanisms in the earlier stages of swallow-

ing. The stripping wave in this region is achieved by a series of wires, which are attached
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ment in medical training. To completely describe the swallowing
process, similar concepts may be employed to determine the
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To date, there has been no complete development of a robotic
device to reproduce swallowing through the pharyngeal and
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field, with the development of a number of partial models and ro-
botic devices. The research has primarily come out of Japan [66,89–
96], in conjunction with dental and hospital facilities. A number of
biologically-inspired devices have been constructed to reproduce
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of passive rubber material formed in a similar geometry to the
human oral cavity and pharynx of approximately 240% scale. Actu-
ations are applied by artificial pneumatic muscles, and transmitted
to the surroundings of the ingestive cavity via a series of wire
assemblies. When actuated, the cavity constricts which causes
transportation of the bolus.

The most recent revision (2009) is concerned with reproducing
hyoid bone and epiglottis motion during swallowing [90]. It is

actuated by McKibben-type artificial muscles in a biologically in-
spired manner. The pharynx (of silicone) and tongue (of polyure-
thane), have been reported to be capable of reproducing the
required deglutitive motion [90,92]. These elements have been
combined with the model of the hyoid bone (of ABS urethane)
and epiglottis (of flexible urethane) to realize the oral and pharyn-
geal phases of swallowing.

Throughout the development of these devices, many separate
elements were investigated. These include the deglutitive motion
of the tongue, hyoid, and epiglottis throughout the pharyngeal
phase. The trajectory data to represent swallowing was captured
by the fast Medical Resonance Imaging (MRI) technique, where a
range of simplifications were made. It is proposed that the trajectory

Fig. 6. Kobayashi swallowing device [95].

Fig. 7. Rear view of actuation for pharyngeal region [97].

Fig. 8. Waseda swallowing device � [2011] IEEE. Reprinted, with permission [98].

F.J. Chen et al. / Mechatronics 22 (2012) 556–567 563

Figure 2.10: Anatomical robotic approach to modelling upper swallowing tract [72].
c© 2011 IEEE

to pneumatic muscles that contract to occlude the pharyngeal region. Additional re-

search from this group implements the motions of the hyoid bone through a linkage

implementation, and lingual action to transfer the bolus to the back of the oral cavity.

These complementary elements are still of a robotic and discrete nature. The model

presents preliminary investigation into this field, and identifies the medical techniques

of Cinematic Magnetic Resonance Imaging and X-Ray as candidates for investigation of

such continuous robots.

This research has been complemented more recently by the work of Noh et al. [72]

where a similar device of oral and pharyngeal inspiration was developed with servo

motor actuation and cable driven force transmission (Fig. 2.10). This class of device

is developed in parallel with airway management robots from the same lab which has

seen evolution since the development of their WKA-1 device [74]. The group is tak-

ing a multi-investigative approach to understanding this anatomical region for medical

training. Again, inspiration is taken from the medical field to investigate the transport

process of this device where transport is measured by the medically founded process

of videofluorography. This reinforces the connection between the physical robotic field,

and the medical understanding of the swallowing process.
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H. Miki et al. / Artificial-esophagus with peristaltic motion using shape memory alloy 707

Fig. 1. Prototype of a peristaltic motion actuator unit.

to the inner circular layer of an esophagus, and acrylic plates correspond to outer longitudinal layer.
Peristaltic motion is realized by connecting two or more actuator units which consist of two plates and
SMA, and controlling them.

3.1. Artificial-esophagus actuator unit

In this research, two plates which transfer mastication material have combined acrylics and polyvinyl
chloride (PVC). The reason for having combined the different substance is according to follows. Young’s
modulus of the cartilage which has covered near the trachea is about 17 MPa, and their elasticity is very
high. Accordingly, if a trachea is completely covered with an acrylic plate, a motion of a trachea may
be disturbed or useless pressure may be received in a trachea. PVC is a polymer material used for a
catheter, an infusion solution bag, etc., and is a flexible and strong material. On the other hand, since
sufficient closing pressure would not be obtained if both sides are set to PVC, the combination of PVC
and acrylics was selected.

The artificial-esophagus actuator unit manufactured in this research is shown in Fig. 1. This actuator
consists of a SMA spring, a PVC tube, an acrylic plate, a silicon tube (substituted esophagus), and an
MOSFET. Since the form of the trachea was a cylinder type witha diameter of 15–25 mm, the PVC
tube was cut in the shape of a half circle so that the diameter of a trachea might be suited. In addition,
the acrylic plate was manufactured so that a cross section might become arc-shaped, so that a PVC tube
might be covered fully. Since a chest has restrictions spatially, an actuator can be fitted to the shape of
the trachea which is neighboring of an esophagus by using this structure. The sizes of a silicon pipe are
18 mm in bore diameter, and 1 mm in thickness so that an outer diameter may be set to 20 mm like a
human esophagus.

Two SMA springs are attached to the PVC tube side, and are holding the acrylic plate. Two SMAs
are shrunk with applying-an-electric-current heating, and the silicon pipe inserted into the PVC tube and
the acrylic plate is closed. The diagrammatic illustrationof the food transport system of an actuator is
shown in Fig. 2. It confirmed that the implant test in the living body using a goat was done, and an
actuator suited the shape of a trachea, and also a system could implant at a chest. It confirmed that the
implant test in the living body using a goat was done, and an actuator suited the shape of a trachea, and
also a system could implant at a chest.

3.2. Automatic control system

In order for an artificial-esophagus actuator to make peristaltic motion, the system which makes
interval applying-an-electric-current heating of two or more SMA springs which compose an actuator

Figure 2.11: Shape memory alloy based peristaltic actuator inspired by esophageal
swallowing. Reprinted from [33] c© (2010), with permission from IOS Press.

Looking toward robotic modelling of esophageal swallowing, a biologically inspired device

has been developed by Miki et al. [33] which is actuated upon by Shape Memory Alloys

(SMA) (Fig. 2.11). The implementation of the technology is compact, synonymous with

the size of the biological structure, as the device is targeted toward implantation. The

robotic model of the conduit is occluded by a series of rigid PVC elements, which con-

strict a flexible conduit in a semicircular arrangement. This achieves a semi-continuous

actuation where the device can achieve complete occlusion at all points along its length.

The actuation behaviour is more distributed than the previous wire-driven robotic de-

vices; however, it is still discretised axially by the length of the PVC elements, which

prevents truly continuous peristaltic actuation.

The actuation technique involves heating an SMA spring by passing a high current,

which causes it to deform to an alternative geometry based on its design. Upon cooling,

which can also be achieved in a timely manner, it actively deforms to a prior state

resulting in actuation. This robotic device has been demonstrated to be capable of

transporting a jelly bolus at a representative force and velocity to that of the human

process. However, the process is still modular in nature with a discrete actuation.

Inspiration is sought from the actuation mechanisms and design methodologies of these

devices as they demonstrate robotic mimicry of similar biological structures. The out-

comes have been focussed on techniques to mimic the geometrical deformation of related

regions of the swallowing conduit by utilising biologically inspired anchor points and ac-

tuation techniques. The approaches are distinctly different, with pneumatically actuated

McKibben-type artificial muscles, wire-drive servo systems, and SMA actuation. These
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devices have primarily targeted medical training applications, with the research direc-

tions now turning to the transport of food [33,72].

The actuation methods used in swallowing robotic devices, to date, have exhibited dis-

crete, non-continuous actuation. In order to achieve biomimetic peristaltic transport the

behaviour should emulate the more continuous nature of biological actuation, by either

increasing the actuation resolution, or applying more distributed actuation methods.

This will more closely reflect the capability of the human esophageal organ in order to

mimic the biological process.

Medical imaging and measurement techniques have been identified as interdisciplinary

tools to draw interpretation of the engineering process models into the medical field.

This concept facilitates comparisons between the real and emulated processes, which

may be used to evaluate the model quality and validate experimental findings.

2.4.6 Summary of Biomimetic Modelling of Peristalsis and Swallowing

The swallowing process has been investigated by many biomimetic modelling methods

of mathematical and engineering origin. The motivations stem from improving the un-

derstanding of the process, which includes investigation of bolus flow dynamics and the

effect of bolus rheology on interaction with the swallowing conduit. Mathematical mod-

els of the peristaltic wave and fluid deformation behaviour have been developed in the

analytical and numerical domains. Modelling of swallowing in the purely mathemat-

ical domain is challenging due to assumptions and limitations made when modelling

bolus behaviour. In order to overcome these, experimentation in the physical domain

is proposed to link true bolus behaviour with parameters of the peristaltic swallowing

mechanism. Exploitation of this technique is aimed to measure and investigate bolus

transport, which is more similar to that exhibited in the human body.

Current rheological techniques provide strong engineering relationships for predicting

fluid deformation and flow in well-organised shear fields. However, swallowing is a

complex process, where many variables are at play. Additionally, modelling effects such

as shear history are extremely challenging in a complex shear environment.

The human body has only the capability to sense pressure to determine the deformabil-

ity of a bolus and predict its subsequent suitability for swallowing. It has been proposed
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that although the current methods are excellent in the engineering field, perhaps their

correlation with the biological process is not so strong, and more biologically significant

measurement modalities are required. These limitations can be overcome by investigat-

ing peristalsis in the physical domain by deforming real boluses and measuring clinically

significant parameters such as intra- and extrabolus pressures. More research is required

to elucidate the relationship between traditional rheological measurements and their ef-

fect on swallow safety and efficacy in the human body. Such biomimetic approaches

follow the current trend in the swallowing investigation space, where the biological be-

haviour is embodied at many different levels of modelling.

The field of swallowing robotics is still in its infancy, where a few preliminary devices of

biological inspiration have been developed as models of the pharyngeal and esophageal

phases. The techniques used in this interdisciplinary domain, as well as for other devices

inspired by peristaltic actuation have achieved the basic principles of bolus transport;

however, there is still significant scope to improve the continuity of their actuation.

The soft, distributed, and smooth transport observed in biological conduits provides

inspiration for development of novel engineering actuation techniques. It is apparent

that the field of swallowing robotics is becoming more anthropomorphic in the movement

towards rubber material interfaces, which mimic the tissue interaction. However, the

application of soft robotic techniques that offer the compliance and novel shapes of these

structures has received little attention.

Physical investigation of peristaltic bolus transport where true boluses can be inves-

tigated is advantageous in the interdisciplinary medical, food science, and engineering

fields. Although these robotic devices present evidence towards biomimetic actuation,

it is apparent that they still avoid pressure measurement on the surface of the bolus.

This is an important measurement, as it clarifies the mathematical boundaries for bo-

lus flow investigation, and is the location at which the human body can measure and

interpret swallow progression. Measurement of bolus surface pressures will bring the

mathematical and engineering understanding of the swallowing process closer together

by facilitating validation of mathematical predictions. This newly refined understanding

can then be applied in the medical context to investigate swallow efficacy of novel bolus

formulations.
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2.5 Biomimetic and Soft Robotics

As knowledge in the robotics fields advances, engineers are seeking novel sources of

inspiration for development of new technologies. Many phenomena in the biological

domain present interesting and useful behaviours to solve synonymous problems in the

engineering field. The depth of embodiment depends on the application and target

outputs, but over the last two decades significant research has been applied in modelling

functions of the human body.

Modelling biological systems, especially those with continuous tissue structures is dis-

similar to discrete engineering methods, which encourages exploration more continuous,

distributed and compliant actuation. Interdisciplinary knowledge generated between

the engineering and biological fields provides inspiration for development of novel the-

ories, and their application. The demands and motivations for biomimetic robots and

structures, as well as the sources of inspiration are revealed in the following sections.

2.5.1 Biological Inspiration

Biologically inspired robotic devices take on many forms, with levels of abstraction

ranging from detailed features to embodiment of complete behaviours. In the biomimetic

engineering field, principles learnt from biological systems are exploited to develop new

engineering technology as well as emulate biological systems through robotic models.

The generation of knowledge in this space is interdisciplinary, which stimulates new

ideas in both fields.

There are differing views about the change of biological characteristics over time, and

whether they converge to an ‘optimal’ solution, or one that satisfies the minimum re-

quirements. However, the frequency with which these principles are exploited in differ-

ent organisms, of separate origin, raises confidence in their reliability. The principle of

biomimetic emulation in the engineering field is to express learning from diverse back-

grounds.

Biological structures have inspired the development of devices spanning many fields

such as exoskeletons with anthropomorphic structures and insect-like flying devices [75].

Moving closer to the demands of the current research, biology has additionally inspired
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the development of many robotic locomotion strategies. Robotic devices such as me-

chanical fish and snakes [76] have been developed which exhibit high degree of freedom,

and take advantage of the embodied intelligence of their structures. These strategies,

similar to the peristaltic swallowing esophageal swallowing conduit, exhibit travelling

waves to cause relative motion with the environment.

The expression of continuous tissue structures has been challenging by conventional

robotic techniques, where more continuous and distributed actuation and sensation

strategies are required in the biomimetic field. In response to motivations pushing

research into this area, the emerging field of soft robotics was founded.

2.5.2 Soft Robotics

Traditionally, robotic devices are manufactured from rigid mechanical elements, con-

nected by mechanical joints, which act along well-organised trajectories. This design

philosophy results in structured outcomes and motions with finite degree of freedom

that can be modelled by current mathematical techniques. Soft robotics is a new field

where more distributed and continuous robotic devices are being developed which offer

high, to infinite, degree of freedom [76]. This divergence from the traditional robotics

space results in many design, characterisation, and application challenges, which require

novel techniques to be developed.

Actuation in this field has evolved: moving from wire-driven assemblies that were cou-

pled with conventional actuator systems, to more distributed and continuous meth-

ods [77]. The emulation of biologically inspired actuation by these techniques has become

more imperative at the actuator design stage, as the material structures demonstrate

embodied intelligence; the design directly affects the workspace and capability of such

devices, which need to satisfy interdisciplinary constraints. Actuation in this field now

encompasses methods such as dielectric elastomer actuators [64,78], pneumatics [79] and

shape memory alloys [33]. Each of these has their own inherent advantages and limi-

tations such as size, force capability, safety, and power consumption. These methods

present novel possibilities for complex and distributed actuation trajectories.

Elastomeric materials are typical in these applications as they facilitate high strain before

failure. The use of silicon rubbers such as Polydimethylsiloxane (PDMS) [63,65,80] and
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Ecoflex 00-30 (Smooth On, USA) [79,81–83] for manufacture of soft robotic sensors and

actuators have become prevalent in their own right, as well as in composite devices of

the two materials. Such material selection dictates the possibilities of manufacturing

techniques, which can be tailored to different applications. The aforementioned rubbers

can both be manufactured by casting techniques at room temperature, which makes

them particularly accessible for prototyping and research. Soft-robotic developments

from the micro-robotics research group of Harvard University [79,84] have been identified

as achieving good research into soft and biomimetic robotic applications in the actuation

and sensation disciplines. The casting manufacturing method is used to develop each of

the devices, where research explores possibilities of pneumatic actuation, liquid metal

tactile sensation, and alternative concepts such as camouflage [84].

This class of robotic devices exhibit different design methodologies and more intimately

couple the actuation and structures. The targets for continuous and distributed actu-

ation also invite new methods of using materials that can undergo significant strain.

Research in the soft robotics field spans many different applications, from soft-grippers

to biological models. In order to exploit the advantages of soft robotics, the novel ac-

tuation and sensation strategies are required to be modified to fit niche applications.

These alterations overcome domain-specific issues, which can be generalised to improve

possibilities in the general soft robotic space.

Structures and organisms that exhibit continuous behaviour like octopus grasping and

swimming [81,85], as well as peristaltic [86,87] and walking [79] locomotion are particu-

larly suited as inspiration and target applications of soft robotic technologies. Devices of

such origin have been developed by a range of biomimetic research groups. The common

features include exhibition of continuum behaviour, co-operative trajectory generation,

and biological inspiration. In this emerging field, there is significant research oppor-

tunity to apply modelling to surface deformation problems, and continuously describe

distributed actuation behaviour. The relatively loose and small constraints on degree of

freedom additionally complicate orchestrating desirable actuation trajectories.

Soft robots are particularly suitable for interacting harmoniously with their environ-

ment to distribute actuation force as a surface pressure. This is synonymous with the

behaviour of soft tissues and muscles in diverse organisms.
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2.5.3 Soft Robotics as a Tissue Modelling Technique

Due to the distributed and continuous possibilities of soft robotic actuation techniques,

they are particularly suitable for modelling continuous systems such as biological organs.

Biomimetic robots in this domain are increasing in frequency, which are being used to

understand the biomechanics of organisms, and the human body.

The concept of co-actuating elements to achieve macro behaviour is synonymous with the

layout and control structure of muscles, and their fibrous arrangement. Thus, actuators

can be developed to achieve continuous and distributed behaviour by increasing their

resolution and allowing their behaviour to influence their neighbouring elements. Similar

approaches have been taken with pneumatic artificial muscles (PAMs) where elements

are combined in parallel and series to achieve combined actuation tasks.

Elastomeric soft-robots can be designed to exhibit compliance and interact harmoniously

with their environment in much the same way as humans and their organs sense and

react to stimuli. This is in contrast to rigid robots, which typically express all of their

compliance at the control level. This concept can be considered as embodied intelligence

as the behaviour is intrinsic to the physical structure.

A human gastric simulator [88] to model food digestion in the stomach demonstrates a

hybrid of rigid actuation on soft latex material, which is designed to achieve peristalsis-

like contractions of the stomach. The device is used to study the effect of mechanical

and chemical reduction of particle sizes to produce chyme, which is passed on to the later

organs of the digestive tract. The latex structure is not exploited for its extensibility,

though achieves three-dimensional distribution of pressure in response to rollers, which

massage the model stomach axially.

2.6 Formalisation of the Research Opportunity

Knowledge generation and investigation methods towards understanding and modelling

esophageal swallowing have been reviewed and critiqued to evaluate the advantages

and limitations of the current state of the art. The interdisciplinary research space
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takes inspiration from the overlapping sources of medical, food science, and engineer-

ing knowledge, the relationships of which have been revealed in order to establish the

foundations for further investigation.

The contributing avenues of swallow investigation have been explored, where the ma-

jor advantages and disadvantages of each technique are summarised in Table 2.3. The

advantages represent traits that a swallowing robotic technology can be compared to,

where the disadvantages provide inspiration for improvement. The disadvantages then

represent the constraints that the new peristaltic bolus investigation technology is de-

signed to address. The interdisciplinary techniques from these fields are to be brought

together, by the consideration of their interfaces with this new avenue of research.

The medical field provides inspiration for the geometric structure, pressure requirements,

and process embodiment such that the peristaltic swallowing process of the esophagus

is captured in the physical sense. Interdisciplinary specifications aim to guide the re-

quirements to inspire the methods for modelling this behaviour. The main barriers to

advancement of this field have been with respect to predicting bolus deformation and

transport behaviour, and finally, determining the relationships between bolus formula-

tion and swallow efficacy.

Measurement and modelling of the esophageal swallowing process is undertaken by di-

verse methods in each of the sub-disciplines of the newly identified swallowing robotics

field. These provide complementary avenues for investigation, and inspire the devel-

opment of novel engineering methods with diverse capabilities. Physical embodiment

of the swallowing process, such that biomimetic rheological measurements can be con-

ducted throughout a dynamic process similar to swallowing is proposed to offer a greater

understanding of the interaction between the food bolus and the ingestive conduit. This

area of research is designed to bridge the medical and food rheometrical fields, by using

interdisciplinary techniques (Fig. 2.12). Current swallowing robotic experimentation

has been inspired by traditional medical measurements of manometry and videofluorog-

raphy in the pressure and geometrical domains respectively. These techniques facilitate

common ground between clinical and robotic measurements such that they can be in-

terpreted and compared in a clinically significant manner.

In the current literature, the reciprocity of biological and engineering theories pertaining
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Figure 2.12: Swallowing robot research bridges and reinforces the field between the
clinical effects of bolus formulation and rheological investigations.

to the function of the human body has led to significant advancement, and understand-

ing, of both fields. It is envisaged that the bridging technology of swallowing robotics

will bring together a diverse range of knowledge from the variety of disciplines surround-

ing the swallowing process in order to drive further research into the formulation of food

boluses and their characterisation from a rheological perspective. The methodology

stems from identification of current limitations, and surveying alternative investigation

methods in related fields. Each of the current techniques provides complementary ideas

and evidence to describe the swallowing process.

The current understanding of the swallowing process provides multidisciplinary inspi-

ration for the development of a biomimetic, soft, swallowing robot. Transfer of the

biological process across this boundary into the engineering field opens up possibilities

for physical examination of peristaltic swallowing behaviour in a controlled manner. The

specifications embody knowledge from the biological and medical fields, which includes

the structural layout and behaviour of the swallowing tract from the actuation, sensa-

tion, and control perspectives. The continuous and compliant nature of tissues in the

esophageal region is synonymous with the novel actuation behaviours exploited in the

emerging soft robotics field. Taking advantage of these features and design methodolo-

gies facilitates strong embodiment of the biological system. Engineering design of the

biomimetic actuator additionally supplements understanding of the field of peristaltic

pumping, where current design concepts are revised to offer more continuous motion.

Food modification to improve swallow safety is currently still a trial-and-revise process,
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which puts patients at risk of swallowing complications. It is proposed that rheolog-

ical flow measurement and evaluation be undertaken outside the human body in the

biomimetic manner to determine the overall swallowing effort at the bolus boundary.

It is at this interface, after all, that the human body can measure and interpret the

progress of swallowing and determine its actuation strategy. This more physical exam-

ination will more closely reflect the macro rheological behaviour of food boluses, and

perhaps facilitate more clinically significant experimentation to determine the role of

bolus formulation on the peristaltic swallowing process. This can then be exploited in

the food science field to overcome current rheological modelling limitations, and aid in

the development of swallow-safe bolus formulations.

2.7 Chapter Summary

In order to establish the current state of the art surrounding esophageal swallowing and

survey alternative avenues of bolus deformation and analysis techniques, the literature

review focussed on four major topics:

• Medical understanding of the swallowing process,

• Food science techniques for bolus investigation,

• Biologically inspired methods for describing esophageal swallowing, and

• Biomimetic and soft robotics.

It was used to demonstrate the interdisciplinary knowledge surrounding esophageal swal-

lowing from the medical, food science, mathematical, and engineering backgrounds. The

research opportunity and direction for a biologically inspired swallowing robot was de-

veloped throughout this process.

The swallowing robot is aimed to complement current investigation methods, by facil-

itating a biomimetic, physical experimentation platform external to the human body.

Congruence between these fields will allow for further interdisciplinary research and sys-

tem validation/comparison. Additionally, empirical data will add strength to the theo-

ries and modelling assumptions made in these fields. The specification of its behaviour,
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geometry, and transport performance will be rigorously tested through experimentation

in the coming chapters.

The opportunities for furthering the understanding of bolus flow by novel engineering

methods will require the exploration of new frontiers of research. The knowledge from

these diverse fields creates a foundation upon which the initiative is built. The research

documented in the remaining chapters of this thesis delves into these sub-disciplines and

reveals novel techniques to exploit their knowledge in the interdisciplinary swallowing

robotic research space.





Chapter 3

Design, Manufacture and Control

of the Peristaltic Actuator

3.1 Introduction

The compliant, deformable, and continuous nature of biological tissue materials, actu-

ation, and sensation strategies, has seen the emergence of a new field of biomimetic

research: soft-robotics. This emerging field has been driven by the demands to commu-

nicate and exploit the principles of continuous and high degree of freedom phenomena,

inspired by biological systems, in the engineering domain.

This research is focused on communicating the esophageal phase of swallowing and its

peristaltic, occlusive transport technique into the engineering field. Inspiration for the

actuation aspects of the device stem from observations and medical specifications from

the biological swallowing system [89, 90] and through consultation with medical profes-

sionals. The interdisciplinary specifications address the macro principles of esophageal

transport to be addressed throughout engineering design.

There are inherent challenges in modelling biological muscle actuation and deformation

in the engineering domain as their behaviour is dissimilar to conventional robotic ac-

tuators. This required the exploration of novel actuation technology to emulate the

distributed, continuous, and compliant behaviour of the biological structures. The field

of soft-robotics offers synonymous possibilities, which inspired the exploitation of these

61
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principles in developing the biomimetic swallowing robot. This new avenue of research

acts as a bridge between the complementary, though sometimes mutually exclusive,

understandings of the swallowing process from the mathematical and medical fields.

The design phase of developing the swallowing robot addresses the techniques used to

achieve the aforementioned requirements. The concepts of soft-robotics, and the novel

possibilities that this class of device offers are exploited to develop the new peristaltic

actuator. This chapter documents the design, manufacture, and application interface for

a biomimetic, soft-robotic, peristaltic actuator for modelling of esophageal swallowing.

3.2 Interdisciplinary Process Specification

The esophagus manifests as a longitudinal conduit, surrounded by circular and longi-

tudinal muscles that transports boluses of swallowed material from the pharynx to the

stomach. The peristaltic actuation cascades smoothly and continuously along the organ

in its axial aspect. Primary peristalsis, which is initiated by the pharyngeal phase of

swallowing, propagates over the entire length of the esophagus. The peristaltic waves

typically have a single peak and traverse at a speed between 2-4 cm/s [4, 20]; the actu-

ation of individual muscle groups is intrinsically low frequency.

The tissues of the swallowing tract offer a compliant interaction with food materials as

they are in transport. The compliance is governed by the materials at the conduit surface

and the structures of actuation, which is an intrinsic feature of the swallowing conduit.

In the engineering field, there is currently no such actuation technique that sufficiently

achieves these smooth, compliant and continuous features of peristaltic actuation as

exhibited by the biological system. Previous work in this field (as described in Chapter

2) has demonstrated basic abstraction of this process into the engineering field. However,

there is significant scope to improve on the continuity and smoothness of modelled

peristaltic propagation.

Muscles in the human esophagus are activated in an overlapping-sequential, rostral-

caudal, manner by neural pathways descending from the brainstem, which may be fur-

ther mitigated at the local ganglionic level [26]. This results in a multi-input, distributed,

actuation protocol, which achieves smooth wave propagation. An engineering analogue

can exhibit similar behaviour, by combining distributed, co-actuating elements along
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the conduit axis. Development of actuator devices still requires a degree of discretisa-

tion, though this limitation can be overcome by having sufficient actuator resolution and

allowing for compliant and elastic constraints.

The fundamental aspects required to communicate the biological process of esophageal

swallowing into the engineering field are: peristaltic mode of transport, being continuous,

compliant, and lacking skeletal elements, with a single inflection wave tail that exhibits

biologically faithful luminal distension. These specifications should achieve swallow-

ing trajectories with manometric pressure characteristics reasonably attainable in the

medical field.

The actuation method, its structural design, and control strategies each contribute to

the translation of the biological concept into the engineering domain. Each of these

aspects will be clarified independently throughout explanation of the development phase

to realise the novel actuator.

3.3 Actuator Development

The novel peristaltic actuator is designed to embody the aforementioned interdisciplinary

specifications. Design of the anthropomorphic structure is conducted by abstracting

elements of the biological system into the engineering domain. Throughout the design

phase, additional engineering constraints were addressed through the exploitation of soft

robotic techniques and selection of materials with compatible manufacturing methods.

This section elaborates on the methodology, soft robotic design, and manufacture of

the novel actuator. The design of the device, material selection, and manufacturing

were developed and revised in a recursive manner, due to their interlinked relationship.

The motivations for material selection are explored, before explaining the design and

manufacturing techniques.

3.3.1 Soft Robotic Techniques

The biomimetic specifications inspired the exploration of soft-robotic techniques and dis-

tributed actuation for the mimicry of peristaltic transport. The continuous architecture

of the esophagus and its peristaltic actuation strategy required the biomimetic device to
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be constructed of a compliant, elastic, material, which can deform to distribute pressure

to the tail of boluses in transit. These requirements are significantly aligned with the

possibilities of soft-robotic actuation, where a number of design and characterisation

research challenges lie.

A plausibility study was conducted into a range of soft robotic actuation techniques

such as shape memory alloys (SMA), pneumatic and hydraulic artificial muscles, and

dielectric elastomer actuation (Table 3.1). The advantages of pneumatic actuation be-

came apparent where intrinsic compliance, distributed actuation, and compatibility with

elastomeric interfaces were synergistic with the requirements. In response to this, a soft-

robotic swallowing robot of elastomeric and pneumatic interaction was conceived. Addi-

tionally, this facilitated unique possibilities for an implementation of robotic peristaltic

transport without any internal skeletal structures, which is the same as the biological

system.

Pneumatically actuated devices exhibit intrinsic compliance; the actuating fluid is com-

pressible. This is advantageous for the proposed overlapping-sequential actuation strat-

egy of the biomimetic peristaltic actuator as it promotes smooth interactions between

individual pneumatic chambers. The layout of the chambers will be addressed in Sec-

tion 3.4. However, it is important to emphasize that it is the synergy of the design and

intrinsic properties of pneumatic and elastomeric actuation that facilitates the improved

biomimetic behaviour of the novel actuator.

Elastomer materials can be processed by many different methods, each of which require

different tooling and design philosophies. Due to the low volume production of the

robotic actuator, casting of the elastomeric component was found to be the most time

and cost effective manufacturing method. This mode of manufacturing is synonymous

with the processes of other researchers in the soft-robotic field [79, 81, 84, 91, 92]. This

technique additionally facilitates rapid development of this class of robot. In response

to selection of this technique, the methods of manufacturing a suitable actuator and

associated tooling required investigation. This chapter continues to explore the mate-

rial selection, design philosophy, and fabrication techniques to develop the soft-robotic

esophagus.
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Table 3.2: Material specification for Ecoflex 00-30 [93]

Attribute Standard Specification Metric Conversion

Tensile Strength ASTM D-412 200 psi 1.38 MPa

100% Modulus ASTM D-412 10 psi 68.95 kPa

Elongation at Break ASTM D-412 900 % -

Mixed Viscosity ASTM D-2393 3000 cps 3 Pa·s
Specific Gravity ASTM D-1475 1.07 g/cc 1.07 x 103 kg/m3

Specific Volume ASTM D-1475 26.0 cu.in/lb 9.4 x 10−4 m3/kg

Shore Hardness ASTM D-2240 00-30 -

Die B Tear Strength ASTM D-624 38 pli 6.65 kN/m

Shrinkage ASTM D-2566 < 0.001 in./in. < 0.001 m/m

Pot Life ASTM D-2471 45 min -

Cure Time - 4 hours -

3.3.2 Material Selection and Testing

In order to further constrain the design, and determine structural geometries, a material

with suitable elastomeric properties was required to emulate the swallowing tissues and

muscles. Due to the requirements for high degree of freedom, intricate hollow geometries,

and low volume production, a casting method was proposed for the manufacture of

the soft-robotic actuator. Castable Room Temperature Vulcanisation (RTV) rubber

materials were explored due to their favourable material characteristics such as: being

essentially incompressible, exhibiting high elongation before failure, being acceptably

tear resistant, having low pour viscosity, and a suitable pot life. Additionally, there is a

range of commercially available formulations of these products to investigate.

Ecoflex 00-30 (Smooth On, USA), a RTV silicon rubber was selected for this application.

It exhibits well suited manufacturing parameters for the casting operations and highly

elastic, though resilient deformation characteristics (Table 3.2). It was selected for its

low pour viscosity, low 100 % modulus, high tear resistance and surplus elongation at

break.

Additionally, the Ecoflex 00-30 material has excellent mating characteristics for surface-

contact adhesion operations. This means that un-cured silicon material can be used

as an adhesive, or cast against another body of the same material to create additional

features on other base parts. This allows for complex geometries to be achieved, such
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Table 3.3: ASTM D-412 material testing protocol and environment specifications /
measurements

Attribute Specification/Magnitude

Load Frame (Instron, MA, USA) Instron 5567

Load Cell (Interface, AZ, USA) Interface 50N

Specimen Type D

Nominal Gauge Length 25 mm

Nominal Cross-sectional Area 6 mm2

Crosshead Speed 500 mm/min

Pneumatic Grip Pressure 150 kPa

Temperature 21.5 ◦C

Humidity 67 %

as facilitating hollow chambers. This will be exploited to manufacture the pneumatic

actuation elements of the soft-robotic swallowing robot.

In order to evaluate the true tensile characteristics of the material achieved by our

laboratory manufacturing method, sample sheets of rubber were fabricated and tested

by the ASTM D-412 method [94]. The parameters of the tensile testing are summarised

in Table 3.3.

It was found that by our in-house manufacturing technique, the material had a similar

ultimate tensile stress and 100 % modulus compared to the materials specification,

though, suffered from slightly pessimistic elongation at failure at 660 ± 30 % (Fig. 3.1,

Table 3.4). However, this is significantly above the threshold for safe operation of the

robotic device, where the design is proposed to exploit the more linear deformation

region of up to 200 % strain. This results in a safety factor of approximately three,

which is more than suitable for the modelling application. The largest risk for failure is

material tear, which can be mitigated at the design phase to reduce stress raisers, and

achieve smooth, continuous deformation. Investigation of these samples facilitated more

comprehensive design decisions, which were implemented at the design phase.

3.4 Actuator Design

The swallowing robot actuator was designed to embody the features and specifications

from the biological swallowing system through soft-robotic techniques. The principle
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Figure 3.1: Stress-strain characteristic for Ecoflex 00-30 material by the ASTM D-412
tensile testing method [95]. c© 2014 IEEE

Table 3.4: Ecoflex 00-30 ASTM D-412 material specification and testing results [95].
c© 2014 IEEE

Attribute Specification Measured

Tensile Strength 1.38 MPa (200 psi) 1.4 ± 0.1 MPa

100% Modulus 68.95 kPa (10 psi) 57 ± 3 kPa

Elongation at break 900 % 660 ± 30 %

of pneumatic actuation on a soft and deformable elastomeric, silicon rubber, conduit

was explored to develop continuous and compliant behaviour. First, the complete robot

is introduced, before its internal structure is revealed, and the design methodology ex-

plained. The swallowing robot is housed in a protective structure where it is additionally

supported by pneumatic pressure control hardware (Fig. 3.2). This section explores the

actuation chamber shapes, dimensions and layout.

The robotic actuator manifests as a longitudinal, cylindrical, conduit surrounded axially

and radially by pneumatic actuation chambers. The arrangement, and axial resolution,

of actuation chambers in the robotic device reflects the layout of muscles surrounding

the biological conduit. In order to reflect the continuity of the muscle and conduit

tissues, these elements of the biomimetic actuator are constructed as a single device,

cast entirely of RTV silicon rubber.

The nature of pneumatic actuation, though distributed, requires the containment of air.

This imposes the limitation that individual actuators must be manufactured discretely.
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Figure 3.2: The swallowing robot (left) in its protective aluminium and acrylic enclo-
sure. The conduit is vertical, starting midway between the handles (top). The regular
and repeating 12-layer architecture is evident (left). The control system and pneumatic

valves are observed on the right.

However, reducing the rigidity of the boundaries between adjacent actuation chambers

and increasing their axial resolution improves the continuity of actuation. The design

was based on the concept of actuating multiple chambers in an overlapping sequential

manner, similar to recruiting muscles in a rostro-caudal fashion, to achieve smoothly

transitioning peristaltic transport.

3.4.1 Actuator Architecture

The swallowing robot is constructed in a regular and repeating architecture (Fig. 3.3),

inspired by the layout of muscles in the biological system. In order to achieve a sufficient

axial resolution, and subsequent variety of peristaltic wave shapes, the actuator was

discretized into 12 axial levels over the 185 mm long actuation zone (Fig. 3.4A, 3.4B).

Each level consists of four pneumatic chambers (marked 9 in Fig. 3.4C) which are
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Figure 3.3: Isometric view of a single whorl of 4 pneumatic actuation chambers. It is
observed that each chamber is rotationally-symmetrically arranged, 90 degrees to one
another around the conduit (centre), and that the chambers are connected by external

pneumatic lines to a single inlet (left) [96]. c© 2014 IEEE

arranged concentrically around the transport conduit with pneumatic inlets protruding

externally. This results in a total of 48 embedded chambers.

In both the axial and concentric aspects, the chambers are enclosed by silicon rubber

material. The luminal conduit of 20 mm internal diameter has a thickness of 8 mm. The

chambers, viewed as a horizontal cross section in Figure 3.4C, are 10 mm in height and

are separated vertically by 5 mm layers of silicon rubber (Fig. 3.4B). The cylindrical

conduit is evident in the centre of Figures 3.4B, 3.4C, and 3.4D. The case that surrounds

the actuator (marked 5) is manufactured by printing ABS plastic.

The architecture of each whorl of chambers is regular and repeating, with a total of

12 whorls in the axial aspect. The geometry of the chambers, and their arrangement,

are more easily viewed in the isometric orientation, where the silicon material is made

translucent (Fig. 3.3). The wire frame view shows the circular swallowing conduit in

the centre, and the 4 chambers in the whorl located concentrically around it. The view

shown has a height of 15 mm (2.5 mm of the chamber floor, 10 mm of the chamber

height, and 2.5 mm of the chamber ceiling).

The dimensions for the chamber whorls were decided through optimisation of modelled

FEA behaviour (Fig. 3.5). This was achieved by implementing a Mooney-Rivlin mate-

rial model based on the aforementioned material testing results, and investigating the

occlusive deformation of the esophageal swallowing conduit. The optimisation process
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(a) (b)

(c) (d)

Figure 3.4: Cross-sectional views of the peristaltic actuator in the vertical and hor-
izontal aspects: (A) Front view of the peristaltic actuator, (B) Section A-A in the
vertical aspect, (C) Section B-B in the horizontal aspect, (D) Section C-C in the hor-
izontal aspect. (1) The complete actuator device, (2) pneumatic tubing, (3) silicon
rubber elastomer, (4) centre of conduit, (5) ABS plastic printed housing, (6) pneu-
matic tubing, (7) pneumatic tee fitting, (8) pneumatic inlet for whorl of chambers, (9)

pneumatic actuation chambers (collectively), (10) centre at bottom of conduit [97].
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(a) (b)

Figure 3.5: ANSYS Finite Element Analysis: (A) Model, and (B) Deformation be-
haviour in response to pneumatic actuation [98]. c© 2014 IEEE

was recursive in nature, and involved reconciliation of the specifications at each level.

The wall thickness, chamber height, and floor ceiling thickness relationship significantly

affected the smoothness of possible wave shapes, and was adjusted to prevent ribbing

between the chambers, as this would result in a discontinuous peristaltic surface. In

order to facilitate observation of the behaviour, a cross sectional view of a quarter of

the device is shown, to demonstrate the deformation in response to pneumatic assertion.

Many aspects were in trade-off; the chamber whorls deform both occlusively as well as

vertically, though as the ceilings and floors of these whorls are stiffened, the deforma-

tion of the modelled swallowing conduit becomes ribbed, which is undesirable. The FEA

method provided inspiration for the ideal outcomes of the device, and confirmed that the

behaviour was in the operating range of the interdisciplinary deformation specifications:

achieving sharp enough, smoothly propagating transitions.

3.5 Actuator Manufacture

3.5.1 Mould Manufacturing and Casting Process

The actuator mould and housing was rapid-prototyped by the printing method from ABS

plastic (Elite Printer, Dimension, USA) (Fig. 3.6A). This facilitated the generation of

the complex exterior wall shape and enclosing caps. The pneumatic chambers were
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achieved by casting the conduit and surrounding cavities of the silicon rubber material

(Ecoflex 00-30, Smooth On, USA).

Due to the design requiring very large hollow chambers with small pneumatic inlets, a

manufacturing process that allowed for removal of chamber place-holders was required.

In order to remove these elements, a multi-casting process was designed. The actuator

was manufactured by five separate casting operations: A single cast was used to construct

the conduit and pneumatic chambers, and then four additional castings were used to

close the external faces of the chambers and create the pneumatic inlet nipples.

The first cast was conducted in a vertical orientation with the mould shown (Fig. 3.6A)

and resulted in the component (Fig. 3.6B). The conduit opening was created by a

plastic rod of 20 mm diameter being fixed in the axis of the swallowing robot, and four

components representing the 48 chamber negatives were installed. The Ecoflex 00-30

was prepared in accordance with the manufacturer’s specifications, and poured slowly

to avoid bubbles forming in cavities. The four outer castings to seal the chambers were

then conducted in a horizontal orientation on a bath of silicon (Fig. 3.6C, shown in use

Fig. 3.6D). This results in flat walls at the outer surface of the chambers. In order to

create the pneumatic inlets for the chambers, and prevent trapped air in the chambers

from inhibiting the new casting to bond with the first component, hollow needles were

used to equalise the pressure with the external atmosphere (Fig. 3.6C). This results in

the silicon rubber bath being able to level under gravity, to achieve a uniform material

distribution. Finally, the soft robot was allowed to rest, and cure.

3.5.2 Pneumatic Interface

Polyurethane pneumatic lines were inserted into the inlets and fastened with an elas-

tomeric epoxy (Silpoxy, Smooth On, USA). This finally sealed off the chambers and

provided a convenient interface for quick couple pneumatic fittings (Fig. 3.7 and mod-

elled in Fig. 3.3). The four chambers in each whorl are joined to achieve a 12-input

pneumatically asserted, soft-robotic, peristaltic actuator.

The electro-pneumatic interface to the device is achieved by a series of proportional pres-

sure regulating valves (ITV-0030-3BS, SMC, USA). The valves are supported by an inter-

facing PCB and firmware protocols developed on a microcontroller (PIC24FJ128GA010,
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(a) (b)

(c) (d)

(e)

Figure 3.6: The casting processes for manufacturing the peristaltic swallowing robot:
(A) Exploded view of the main mould with the four chamber place-holders arranged
at 90 degrees to each other (B) the resulting silicon mandrel after the first casting
stage, (C) shows the bath mould used to seal the chambers, with the hollow vertical
needles which were used to evacuate the air in each chamber. This casting process was
undertaken for each of the four sides of the device in configuration (D) which results in
the final silicon geometry(E). This device is encased in a plastic housing and supported

by pneumatic plumbing shown in Fig. 3.7.
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(a) (b)

Figure 3.7: The complete swallowing robot (A) model, and (B) physical system
housed in its ABS plastic enclosure, with supporting pneumatic plumbing which results

in the final 12-input architecture.

Microchip, USA). Pneumatic pressure to the system is regulated externally at 0.6 MPa

to ensure stable and reliable dynamic behaviour.

3.5.3 Actuation Principle

The actuation protocol involves inflating all chambers in a single axial level (whorl)

with the same pressure. Pressure is independent, and variable, between levels. This

facilitates the possibility of achieving peristaltic wave shapes on the order of 45 mm

long by actuation of 1-3 adjacent whorls simultaneously. This behaviour is exemplified

in Fig. 3.8 where chamber levels labelled P4, P5 and P6 are inflated at different pressures,

of descending magnitude, to achieve a peristaltic wave shape to occlude the conduit in

a continuous manner throughout the region marked 11.

Peristaltic waves are achieved by simultaneously commanding time-variant pressure tra-

jectories into adjacent whorls of chambers. These trajectories cascade along the actuator

length to achieve a geometric occlusive wave to propagate in the rostral-caudal direc-

tion. The elastomeric boundaries of the chambers allow them to co-actuate, in that

expansion of one chamber affects the geometry of the next. This is exploited in the
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Figure 3.8: Peristaltic transport principle shown in axial cross section of the swallow-
ing robot. Pressures of descending magnitude are applied to P4, P5 and P6 to achieve
a wave shape (11), which will in turn be designed to propagate in direction marked

(12) [97].

generation of continuous peristaltic waves. The device can be actuated arbitrarily for

different applications; however, for modelling esophageal swallowing, it is desirable to

maintain well-defined wavefronts with appropriate lengths (30 - 60 mm [39]) inspired by

medical investigation of the swallowing process. The methods of trajectory generation

and the quality of their achievement will be discussed further in chapter 5.

3.6 Control

The biomimetic motivation of this project surrounds communication of the peristaltic

transport mechanism of the human esophagus into the mechanical engineering domain.

In lieu of this, automated assertion is required to achieve an orchestrated biologically
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Figure 3.9: Trajectory assertion relationships from the assertion pressure concept in
the PC, to the pressure behaviour in the swallowing robot.

inspired wave of actuation. The swallowing robot is asserted by an electro-pneumatic

interface consisting of proportional valves, supporting circuitry, an embedded processor,

and a PC-Based GUI (Figs. 3.9, 3.10). The interface facilitates communication with the

PC such that meaningful tasks can be commanded in a time-constrained environment.

The GUI (Fig. 3.10 top left) facilitates both manual and automated actuation such

that a range of trajectories of mathematical and biologically inspired natures can be

commanded and followed. It offers both command and data acquisition operations

simultaneously to monitor the device behaviour both on- and offline. Commands are

sent from this interface, which is running on a PC, to the embedded platform (Fig.

3.10 top middle). In order to achieve a stable actuation update frequency, pneumatic

trajectories are loaded onto the microcontroller system such that it can assert them

independently, and relay findings back to the PC. The electronic and pneumatic elements

meet at the array of 12 ITV-0030-3BS proportional valves (SMC pneumatics). These

link the pneumatic pressure supply from the compressor (Fig. 3.10 bottom left) with

the swallowing robot (Fig. 3.10 bottom right) in an electronically orchestrated manner.

The pneumatic actuation system offers closed-loop control of pneumatic pressure, where

the device behaviour is measured, characterised, and synthesised into models, in later

chapters, to relate the geometrical and pressure aspects of actuation to the combinations

of pneumatic input. This results in open-loop prediction of the device behaviour based

on empirical modelling.

The relationship between pneumatic pressure, geometrical deformation, and finally oc-

clusion pressure, where opposing walls of the swallowing conduit touch, is non-linear,

resulting in the need for models. The geometric and occlusive pressure behaviours are
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Figure 3.10: Electro-pneumatic architecture showing physical components of the swal-
lowing robot interface. The GUI (top left) communicates with the electro-pneumatic
interfacing PCB (top middle). This provides signals to the 12 pressure regulating valves
(bottom middle) which convert the signals from the pneumatic source (bottom left) to
commanded pressure trajectories that are administered to the swallowing robot (bottom

right).

designed to achieve swallowing trajectories/objectives, which need to be converted into

the device actuation space. The inversion of this process is conducted through the

method described in Chapter 4, which converts the requirements into a series of 12

independent pressure trajectories. Given that each whorl of chambers is asserted inde-

pendently through a pressure regulating proportional valve, the device achieves closed

loop control at the pressure level.

3.7 Chapter Summary

The biomimetic, soft, peristaltic swallowing robot was designed and manufactured based

on pneumatic actuation of an elastomer conduit. The design phase was inspired by
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salient features of the biological system and aimed to emulate and embody the structural,

layout and control elements, based on interdisciplinary specifications. The material

selection was based on the engineering design requirements, where a significant safety

margin was required, as the material goes through large deformations, which results in

high strain. The Ecoflex 00-30 material exhibits desirable elastomeric behaviour, which

is particularly suitable with the constraints for modelling esophageal swallowing.

Casting operations were used to develop the actuator structure, where embedded pneu-

matic chambers were created. This method facilitated rapid prototyping and produc-

tion of the robot, and the generation of large internal chamber geometries. Perhaps

the biggest advantage of the current technique is that the conduit is manufactured as

a single component from a single material. This additionally results in the depreca-

tion of skeletal elements, which prevented previous designs from being suitable for the

biomimetic application. The co-actuating nature of the new device facilitates a new

avenue for exploring biomimetic, peristaltic transport.

The electropneumatic interface facilitates assertion of pneumatic pressure trajectories,

which result in occlusion of the peristaltic conduit. In order to assert biologically inspired

trajectories of a geometric and occlusive pressure nature, the device behaviour requires

characterisation. This topic will be further explored in Chapter 4.





Chapter 4

Characterisation of the Peristaltic

Actuator

4.1 The Role of Experimental Characterisation

The high degree of freedom actuation in soft robotic devices presents new challenges

for behaviour analysis. This is exacerbated by the continuous and under-constrained

motion of deformable components. Additionally, for the swallowing robot device, there

are inherent access issues to the conduit surface, much the same as throughout medical

testing in humans. Thus, novel experimental protocols were required to study the robot’s

response to actuation, which facilitated modelling of its behaviour to establish an open

loop model of its behaviour to inspire trajectory generation.

This chapter addresses the application of medically-founded measurement techniques for

characterisation of the peristaltic actuator. It is made clear that the geometrical and

pressure profile outputs of the device are linked, though evaluated by different means,

where both are required to completely describe the behaviour of the actuator. The

techniques of articulography, for geometrical measurement, and manometry, for pres-

sure measurement, are both described, after which they are applied as characterisation

methods to measure the robot’s peristalsis.

The esophageal conduit of the robotic device (see Chapter 3) is manufactured in a

distended configuration with a 20 mm open internal diameter. The relationship between

81
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peristaltic transport metrics such as wave geometry and subsequent seal pressure are

imperative to characterisation of device behaviour. The assertion of pneumatic actuation

into layers (whorls) of chambers causes the deformation of the silicon rubber material

such that force equilibrium is achieved, and the conduit occludes. The components of

transmission perpendicular to the axis result in the occlusive motion of the conduit

until opposing walls make contact resulting in no further displacement but increasing

reaction force. The nature of this relationship for the dry-swallow (no bolus material)

case is entirely determined by the material properties and geometrical design of the

actuator.

The robotic counterpart is characterised to determine suitable trajectories for biological

process mimicry. This process involves investigation of wavefront geometry and the

subsequent peak wave-seal pressure. The characterisation process is used to investigate

the device response to unimpeded actuation (dry-swallow). This process explores the

workspace of the novel actuator and is a method to develop predictive, open-loop, control

of geometry and wave-seal pressure based on closed loop pneumatic pressure control.

This can then be used to develop trajectories inspired by the mathematical and biological

literature surrounding esophageal swallowing.

Articulography, a magnetic position and orientation technique, was found to be suitable

for measurement of surface deformation to characterise the geometry of the peristaltic

wave. The swallowing robot was compatible with this technique, as it contained no

metal parts when removed from its aluminium case. The sensing nodes were used to

trace the device surface for varying pressure combinations to develop an open loop

model across the useful biomimetic range. This measurement technique was favoured

over videofluorography, the typical geometrical measurement protocol in the medical

field, as it resulted in clear measurement of the device behaviour.

Manometry, the medical ‘gold standard’ for luminal pressure investigation in the human

esophagus, was used to characterise the relationship between pneumatic pressures in the

actuator with wave-seal pressure in the conduit. Under dry-swallow conditions, where no

bolus is transported, only the pressure of conduit contact is measured, which describes

the quality of the wave-seal. This is one of the salient features of the swallowing process,

which ensures that the bolus propagates only in the downward direction towards the

stomach.
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These two complementary characterisation techniques describe the two output variables

of the actuator, which can be tailored to achieve biomimetic trajectories. They are not

independent in the respect that wave seal pressure can only occur after 100 % displace-

ment, though the wave seal can be manipulated thereafter to model the process in a

biomimetic manner. This is also synonymous with the swallowing conduit in man; pro-

cess mimicry is not lost in this behaviour. The characterisation phase is later supported

by biomimetic swallowing experimentation, which demonstrates the intrabolus pressure

signatures which is discussed later in Chapter 6. The transition between geometrical and

pressure behaviours is described before investigating the behaviour of these parameters

in the swallowing robot.

4.1.1 Dry-Swallow Behaviour Transition

As pressure in adjacent whorls of pneumatic chambers is increased, the conduit wall

first deforms to achieve a wave-shaped geometry. For low pneumatic pressure combi-

nations in adjacent whorls of chambers (eg. amplitude <50 kPa) the conduit does not

occlude completely, which means that each point of the surface in that region exhibits

displacement, but does not achieve a wave-seal behaviour. When pneumatic pressure in

the chambers is increased sufficiently, the wave reaches an amplitude which completely

occludes the lumen and contact pressure occurs on the manometric catheter (Fig. 4.1).

It is important to distinguish between the pneumatic pressure applied internally to the

chambers, and the occlusive pressure of surface contact within the transport conduit.

In the occluded region of the swallowing robot (left of the transition in Fig. 4.1), the

conduit wall cannot further displace for increasing pneumatic pressure as it is met by the

catheter or articulography sensors, which are supported by the opposing wall. However,

in this region, occlusion pressure increases. This behaviour achieves a wave seal. The

displacement and occlusive wave-seal pressure behaviours are mutually exclusive and are

investigated independently.

4.2 Geometrical Behaviour

Establishing the relationship between pneumatic pressure and the actuator’s geometric

deformation is integral to achieving biomimetic, open-loop swallowing trajectories. In
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Geometry/Pressure Transition

Wave Seal Pressure
 Peristaltic Wave Geometry

Manometry Catheter / Articulography Sensor region

Figure 4.1: Peristaltic conduit with wave travelling horizontally to the right, show-
ing the transition zone between geometrical and pressure behaviour and the zone in
which the conduit cannot occlude due to the finite geometry of the manometry and

articulography sensors used throughout experimentation.

the medical field, limited geometric aspects of bolus transport are measured due to access

issues. The favoured method for geometrically observing bolus transit in the medical

field is by videofluorography. However, this technique is only applied quantitatively

for axial components of esophageal transport, as the image is a planar view, not cross

sectional. This method was investigated as a soft-robotic characterisation technique;

however, it was too challenging to accurately discern the shape of the bolus tail. An

exemplary snapshot (Fig. 4.2) from a videofluorographic capture, when exploring the

measurement technique, shows the robotic device with the conduit full of barium contrast

fluid, occluded approximately halfway.

The black components are screws that were later removed. It can be seen that there

is a clear and obvious boundary between the barium material in the distended region

of the conduit in the top half, however, where the device is occluded, the shape is less

clear (difficulty is most obvious at the bottom of the occlusion, which is shown white, as

no barium fluid occupies that region). Radiation exposure settings were explored before

abandoning videofluorography in favour of alternative soft tissue displacement charac-

terisation techniques. In other soft robotic applications, techniques such as filming and

image processing may be used to establish the trajectories and robotic behaviour. How-

ever, the swallowing robot exhibits similar access issues to the investigation of peristaltic

measurement of the esophagus in vivo, and thus, alternative methods were required.

4.2.1 Articulography Technique

In order to quantitatively capture the deformation of the modelled swallowing conduit

in the radial aspect the process of articulography was explored. The technique of articu-

lography was well suited to this modelling application due to its indirect spatial position
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Figure 4.2: Videofluorographic investigation of the esophageal swallowing robot shows
that the device is radiolucent, where the model bolus of barium contrast material is
evident in the device conduit. The technique was inspired by medical practice, though
the lack of sharpness of the bolus at the wave tail required alternative techniques to be

explored.

measurement capability. The process of articulography is typically used for evaluation

of tongue shape during articulation and swallowing [99] or jaw motion tracking [100]

for food mastication studies. The technique is particularly suitable for measuring small

point displacements in three-dimensional space. The medical motivations for its use

are synonymous with the challenges of measuring the displacement and deformation of

biological tissues.

The conduit radial displacement was measured by an Articulograph AG500 (Carstens

Medizinelektronik, Bovenden, Germany). Articulography is a three-dimensional dis-

placement and orientation measurement technique, designed for measuring small lingual

and facial movements during speech. The technique is based on small inductive sensors

(approximately 4 mm diameter) which detect resonating magnetic field strength. The

magnetic field is designed to operate at different frequencies along three perpendicular
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Figure 4.3: Location and layout of articulography sensors (labelled from A-G) in
relation to the occluding chamber whorls which are asserted with pressures PA, PB ,

and PC .

axes, which facilitates calculation of the resultant X, Y, and Z displacements. The ma-

chine is capable of tracking up to 12 sensors simultaneously, resulting in the possibility

for multi-point measurement and relative, datum offset measurements.

The articulography method depends on there being little, or no, metallic objects in the

measurement zone, which may distort the resonating magnetic field. This requirement

is intrinsically synonymous with the design, materials, and structure of pneumatically

actuated, soft robotic devices, including the swallowing robot. It is inherently suitable

for tracking the displacement of soft materials and tissue in the medical and engineering

domains alike.

Displacement of the actuation surface in the cross-sectional aspect of the device was

measured at a series of seven locations (circles in Fig. 4.3) labelled in alphabetical

order A-G from top to bottom. The sensors were arranged axially on a compliant strip,

at the boundaries and midpoints of a set of the pneumatic actuation chambers. The

device displacement was measured in the middle of the row of chambers where maximum

displacement occurs. It deforms a little eccentrically (not perfectly radially) due to the

constraints between chambers.

The sensors were distributed in a linear, axial array with a resolution of one sensor per

7.5 mm. They were additionally supported against the conduit surface by an extremely

thin latex balloon inflated to a pressure of 3.6 kPa to ensure they remained in contact

with the deforming surface. This ensured that the sensors did not slip on the surface
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throughout experimentation. In order to investigate relative motion from the robot

datum, two additional sensors were placed on the outside of the device to ensure that

it did not move. Displacement data for each of the seven conduit measurement sensors

and two datum sensors was collected in three dimensions at a frequency of 30 Hz.

In order to minimise errors in static system characterisation, the following experimental

conditions were observed:

• Each pneumatic pressure combination was asserted for one second to allow the

pressures to stabilise, and the system to settle,

• The room was maintained at 18 ◦C as the articulography measurements are sen-

sitive to temperature variation,

• Allowing the articulograph to warm up and stabilise for two hours,

• Metallic components of the pneumatic control system were at least 500 mm out of

the sensing zone, and

• The swallowing robot was placed near the centre of the articulograph where it is

most accurate.

The robotic device was placed in the articulograph such that the sensors resided near

the middle of the measurement sphere (Fig 4.4)

4.2.2 Articulography Trajectory

Biomimetic swallowing trajectories, in the context of primary peristalsis, are modelled

as waves with a single peak and a single inflection in gradient (as summarised in Table

2.1 in Chapter 2). After the specification and design phases of robot development, addi-

tional constraints were applied to the actuation protocol in order to focus on exploring

pneumatic pressure combinations, which exhibit this behaviour. Due to the co-actuating

nature of the soft robot, each combination of assertion has to be independently evalu-

ated, which results in the demand for exhaustive testing of the workspace, with a high

resolution. In order to reduce the magnitude of this space it was restricted to combina-

tions of pneumatic pressure of equal or descending magnitude in the direction of bolus

transit (PA ≥ PB ≥ PC), which is selected to faithfully achieve single peak peristaltic
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Figure 4.4: Location of the swallowing robot in the articulograph with pneumatic
lines attached. The coloured domes represent the nodes between which the resonating

magnetic field is created [95]. c© 2014 IEEE

waves. This definition was designed to facilitate sufficient behavioural analysis such that

wave models with a wide enough range of parameters could be fitted to the wall shape.

Geometrical investigation was conducted by exhaustive testing of all combinations of the

aforementioned PA ≥ PB ≥ PC criterion, where the range of 0 - 71.5 kPa of pneumatic

pressure was quantised into 20 equal divisions. The range of pressure assertion ensured

adequate geometrical displacement and finally occlusion. Pneumatic pressure was as-

serted into three whorls of chambers simultaneously, based on a tetrahedral actuation

pattern, resulting in a set of three simultaneous trajectories (Fig. 4.5).

Due to the file sizes, and data processing techniques the articulograph has a maximum

recording time. Thus, the 1771 second trajectory (approx. half an hour) was broken

into 9 separate sections, which were divided at steps of PA (Fig. 4.5), and then collated

together.

4.2.3 Articulography Results

The peristaltic actuator behaviour was measured in response to the actuation protocol

outlined in Fig. 4.5. The displacement of each of the articulography sensors is shown in

Fig. 4.6.
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Figure 4.5: Characterisation pressure trajectories for Articulography: (A) Pressure
magnitude PA in upper chamber whorl, (B) Pressure magnitude PB in middle (adjacent)
chamber whorl, (C) Pressure magnitude PC in lower (next adjacent) chamber level [95].

c© 2014 IEEE
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Figure 4.6: Articulography displacement for each sensor, where the figure letter corre-
sponds to the sensor letter. The displacement represents the remaining possible distance
until complete occlusion of the device where the sensors reside in the conduit axis [95].

c© 2014 IEEE
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The magnitude on the Y axis represents the remaining radial displacement through

which the sensor can travel before reaching the axis. Due to the sensor size (2 mm

radius), the measurements begin off the modelled esophageal wall, and end in the axis

of the device. This is the same displacement as the wall travels through to reach the

point where it will contact the manometry catheter in future experimentation as they

exhibit the same radius of 2 mm. Thus, this represents the magnitude of displacement

between the manometry catheter and the peristaltic wave of the swallowing robot’s

wall at seven locations. This represents the magnitude of where the bolus material

can reside throughout modelled swallowing. Once the opposing walls make contact,

increasing pneumatic pressure no longer results in displacement, as discussed earlier in

section 4.1.1. Any further pneumatic pressure results in increased occlusive pressure,

which creates a wave-seal pressure. The datum for measurement of articulography is

the axis of the device.

The articulography response data represents a look-up table model of the swallowing

robot’s behaviour. This is exploited in later chapters for exploring the robot’s capability,

and in the development of open-loop, predictive swallowing trajectories for biomimetic,

modelled swallowing.

Several observations can be made from the data presented in Figure 4.6:

• The displacement of each of the sensors is affected not only by the pressure in its

immediately adjacent chamber, but also by its neighbours. This co-actuating be-

haviour will be exploited in the development of continuous peristaltic trajectories

in later chapters, and is one of the hallmark features of the soft robotic analogue.

This behaviour means that actuation, even only increasing PA has a profound,

though non-linear effect on the displacement of all sensors, not just those at loca-

tions A, B and C.

• Each graph has a flat region between 90 - 150 seconds due to the data being

corrupted in that region. This was caused by a brief inversion of the axis direction

by the proprietary data processor.

• 100 % occlusion occurs when PA reaches approximately 61 kPa. This behaviour

is interpreted as where the sensors exhibit approximately 100 % displacement,

and the behaviour is regular and repeating for pneumatic pressures of greater



Chapter 4. Characterisation of the Peristaltic Actuator 93

magnitude. The reproducibility of displacement behaviour, especially for the last

3 magnitudes of PA suggests that these are beyond this transition.

• The magnitude of remaining radius at any given time point increases from sensor

A to G, as pressures in the chambers descend in this dimension, causing lesser

displacement from the original position.

• Due to the thickness and structure of the modelled esophageal wall, the device

does not respond significantly until pressure in at least one whorl of chambers

reaches approximately 30 kPa.

In order to achieve a wave seal, as occurs in human esophageal swallowing, the wave

geometry / pressure transition is required. Thus, the data between samples 1150 - 1771

seconds represents the most significant behaviour to be exploited for the biomimetic

application.

The exhaustive testing method confirms the device behaviour with a resolution of 20

pressure divisions for each whorl of chambers over the safe working range of the robot.

The geometrical profile that the robot takes is dependent on the structure design, ma-

terial behaviour, and the pressure in the co-actuating adjacent whorls of chambers. The

empirical characterisation method is used to wholly evaluate the non-linear and coupled

behaviour of these effects, which is common in soft robots. These effects are challenging

to decouple, as they are intrinsic to the device, and behave differently in each dimen-

sion. This is especially limiting for development of analytical models of such behaviour,

as many modelling limitations and assumptions are required. In order to describe the

robot’s behaviour, the look up table method represents the true robot behaviour, though

it is discrete in its description.

4.3 Manometry Technique and Peak Wave Seal Pressure

Behaviour

The achievement of a wave seal is imperative to modelling esophageal peristaltic trans-

port in a biologically faithful manner and represents a complementary characterisation
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Figure 4.7: Manometry experimental apparatus showing catheter in swallowing con-
duit axis and measurement hardware. Swallowing trajectories are commanded from
the PC-based GUI, whilst the manometry catheter and supporting computer hardware

monitor intrabolus pressure.

metric. The pressure represents an indirect measure of the seal quality, which is imper-

ative to ensure that the bolus continues to travel as a unit in a single direction.

The manometry technique involves measurement of intraluminal pressure signatures of

bolus or tissue contact perpendicular to the direction of the swallowing conduit axis.

Sensors are arranged on a catheter, which is typically passed through a patient’s nose,

past their soft palate, down their pharynx and into the esophagus.

For the purposes of biomimetic experimentation, the catheter was fixed in the axis of the

peristaltic swallowing robot (Fig. 4.7). This facilitated rigorous, repeatable investigation

of the wave seal.

The peak wave-tail seal pressure experiments were conducted under dry-swallow condi-

tions (with no bolus present). This behaviour is independent of whether or not boluses

are transported as the wave seal region is devoid of bolus material (it is 100 % oc-

cluded). It represents the difficulty for material to leak out the bolus tail, and should

be a measurement only of tissue contact on the sensor.
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4.3.1 Peak Wave Seal Pressure Measurement Method

Seal pressure measurements were conducted for inflation of a single whorl of chambers.

A manometric data acquisition system and motility probe (S98-200C, P33-15205CC152,

Sandhill Scientific, USA), were used to capture the occlusive pressure relationship. Due

to the swallowing robot being constructed in a distended architecture, a minimum pneu-

matic pressure is required to occlude the device to the point where it achieves 100 %

displacement with no seal pressure. This was found to occur near 61 kPa by inspec-

tion of the articulography results, though was found, empirically, to occur closer to 51

kPa. This is due to the articulography sensors displacing until they are completely

encapsulated by silicon material. Because the actuation is imperfectly radial, the pneu-

matic pressure between these values causes the silicon material to fill the small voids

surrounding the catheter. This phenomenon will be further discussed in the results sec-

tion. The trajectory was asserted in a linearly increasing manner from the pneumatic

pressure that achieves first catheter contact (50.9 kPa) to the maximal assertion of the

geometrical analysis (71.5 kPa). This is synonymous with the pressure range evaluated

by articulography earlier.

The occlusive, wave-seal pressure experiment was conducted 10 times to ensure repeata-

bility, and reliability, in confirming the device behaviour. This additionally shows that

freeing the sensor and contacting it again exhibits inter-experimental reliability. The

pressure sensor was located in the central aspect of the asserted chamber level to ensure

maximal pressure (Fig. 4.8).

4.3.2 Peak Wave Seal Pressure Investigation Results

The peak occlusion pressure represents the quality of the wave-seal, and is synonymous

with the difficulty for bolus material to remain in that region of the conduit which would

cause it to slip behind the wave. The peristaltic swallowing robot’s peak wave seal

pressure is achieved through pneumatic assertion of chamber whorls. The relationship

between pneumatic pressure and peak occlusion pressure is non-linear, and exhibits

hysteresis (Fig. 4.9).

The hysteresis is far more prominent for assertions above approximately 60 kPa due

to saturation of the voids surrounding the catheter. It manifests as a lingering raised
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Figure 4.8: Manometry catheter sensor location for wave-seal pressure measurement
located in the device axis, with the sensing site at the middle of chamber asserted with
pressure PA. This is where maximal pressure contact occurs, which is commensurate

with the behaviour of the peak wave-seal pressure.
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Figure 4.9: Relationship between pneumatic pressure in a single whorl of chambers
and peak wave-seal pressure at that layer. It is observed that there is a sharp tran-
sition zone between approximately 60-64 kPa, where the final air voids surrounding
the manometry catheter are filled, and 100 % occlusion takes place. This results in
more efficient pneumatic to surface pressure contact conversion, and thus a steeper

gradient [95]. c© 2014 IEEE

contact pressure when deflating the pressure whorl. Two phenomena contribute to

this characteristic; hysteresis in the manometric sensor contact, caused by the material

surface sticking to the sensor, and the dead-band region around the pressure set point,

which is intrinsic to the proportional valve. However, our application of asserting the

esophageal swallowing process relies only on the inflation characteristic; resulting in a



Chapter 4. Characterisation of the Peristaltic Actuator 97

single behaviour so long as future outer closed loop control strategies do not exhibit too

much overshoot and venture too far into the hysteric region. That is, the peristaltic

transport is dependent only on the wave shape ahead of the seal where it is proposed

that only inflation takes place. This results in the lower function being of most modelling

interest.

The sharp transition zone between the geometric and occlusive pressure behaviours was

identified; The manometry measurements show that the transition between geometrical

and wave seal behaviours occurs between 60 and 64 kPa of pneumatic pressure assertion

in chamber whorls at the back of the wave. This is where there is a significant change

in occlusive pressure gradient with respect to pneumatic pressure. In the earlier articu-

lography section, this behaviour was observed to occur at 61 kPa of pneumatic pressure.

This transition occurs over a wider region, though is exemplified by the sharp transition

after approximately 5 kPa of occlusion pressure which overcomes the remaining voids.

This feature is important for generation, and achievement, of biomimetic peristaltic

transport in the future. The pneumatic and occlusive pressure relationship beyond 64

kPa for the inflation behaviour is approximately linear with a gradient of 1.72 kPa/kPa.

This behaviour is unsustainable beyond the scope of this characterisation, as the peak

occlusion pressure will never reach the same magnitude as the actuation pressure.

The maximal occlusion pressure (29.7 kPa) under the current 71.5 kPa pneumatic asser-

tion limit is approximately double that achieved in the biological system (15 kPa) [34].

This demonstrates that the device is capable of occluding to a high enough seal pres-

sure; assertion pressure can be minimized such that occlusion falls within the biologically

faithful range. Because the geometrical and wave seal behaviours are essentially inde-

pendent (apart from the co-actuation effects which flow on to the wavefront shape), it

can be designed separately from the swallowing wave profile. The relationship between

these effects is to be further elaborated on when it comes to biomimetic transport of

model boluses in Chapter 6.

4.4 Chapter Summary

The design and actuation method of the biomimetic peristaltic swallowing robot fa-

cilitates the generation of smooth and continuous waves of radial occlusion. In order
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to understand the geometrical and occlusive pressure outcomes required to design and

achieve biomimetic swallowing trajectories, the robotic device was characterised in both

of these dimensions. Unlike traditional robotic devices, which have well-defined degrees

of freedom, soft robots actuated upon by distributed methods offer more continuous

output. This requires the investigation of alternative measurement techniques to con-

ceptualise such robots’ behaviour. Devices of this type are typically challenging to

characterise in terms of their motion and performance metrics.

The soft-robotic peristaltic actuator aims to mimic a biological process with inherent

access and measurement issues. A number of the characterisation hurdles were overcome

by achieving quantitative measurement of the robot’s behaviour by medical means. The

experimental protocols were designed to exploit knowledge and instrumentation used to

undertake swallowing investigations and impairment diagnoses in the human body. It

was found, though initial evaluation of videofluorography, that the measurement out-

comes were not immediately useful. In response to this, the soft-tissue displacement

technique of articulography was used to capture the geometrical deformation of the de-

vice in the radial aspect. The peak wave-seal occlusion pressure was investigated by

manometry to evaluate its quality and magnitude. It was found that the pressure mag-

nitudes are of acceptable magnitude, and can be commanded almost independently of

the geometrical behaviour due to an abrupt transition zone between the geometrical and

pressure behaviours.

The geometrical and pressure characteristics provide independent inspiration for gener-

ating biomimetic swallowing trajectories based on medically captured behaviour. The

complementary methods describe both the geometrical and luminal pressure relation-

ships as are intrinsic to peristaltic pumping processes of a completely occlusive nature.

This is synonymous with the nature of the biological swallowing system.

The synergy of the medically inspired characterisation measurement techniques has

demonstrated practical use in the engineering field, by capturing the behaviour of the

peristaltic swallowing robot. They have been used to evaluate the dry-swallow behaviour

of the device, such that its unimpeded motion can be predicted within the useful actu-

ation space. The characterisation process demonstrates that the device can completely

occlude with a range of pressure combinations (at least 600 pressure combinations in

the articulography investigation) as well as achieving a large wave-seal magnitude, which
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can be tailored to the application. The characterisation data suggests promise for the

soft robotic peristaltic actuator to achieve functional transport and the possibility for

variation of geometrical wave shape, which can be exploited to embody esophageal swal-

lowing.

The novel methods prompted throughout this investigation were influenced by similar

challenges when accessing and evaluating the performance of the esophagus in man.

This biomimetic actuator design and characterisation pathway introduces alternative

methods and techniques for investigation of robotic devices, particularly soft-robotic

devices, which may be more closely aligned with similar constraints for measurement

as the human body. It is anticipated that these concepts can be applied in diverse

applications for building continuum device models.

The characterisation data for this particular application represents a look up table model

of the device behaviour. The inputs of pressure in adjacent whorls of chambers relate to

the continuous deformation output of the device, where this was captured in a discretised

manner by articulography. This data will be used in Chapter 5 to explore the generation

of mathematically and medically inspired swallowing profiles and facilitate generation

of modelled swallowing trajectories. This inspires the generation of specific trajectories

for further transport parameterisation.





Chapter 5

Trajectory Generation and

Capability Analysis

5.1 Introduction

Biomimetic swallowing requires the generation of geometrical peristaltic wave trajec-

tories, which propagate to transport model boluses. The previous chapter describes

the characterisation of the peristaltic swallowing robot in the geometrical and pressure

aspects. In order to achieve biologically inspired trajectories, the swallowing process

is required to be described in the engineering context. This requires that the desired

outcomes for the robot be translated in an interdisciplinary manner. A basic set of

specifications was outlined in Chapter 2, where additional inspiration from the medi-

cal and mathematical fields is required to make, and justify, a range of swallow mod-

elling assumptions. The swallowing robot structure has been developed to embody the

smooth and continuous deformation required for biomimetic actuation. The challenge

of the current task lies in translating these targets into a mathematical understanding

of the swallowing process, and then subsequently inverting the empirical input/output

behaviour of the characterisation model.

Trajectory generation in the context of this chapter is limited to the temporal-spatial

description of the peristaltic wave, and the methods used to translate these targets into

trajectories that the device can achieve. This results in a desired geometric trajectory,

which is found by a cost function that determines the most suitable characterisation data

101
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record for particular actuator geometry specifications. This translation of geometric

targets into a series of 12 pneumatic, time dependant, trajectories is undertaken in

conjunction with a capability analysis which determines the quality of the fit.

The swallowing robot deformation response to pneumatic actuation in one or many

adjacent whorls of chambers is inherently non-linear, and under constrained. This means

that specific geometric modes of deformation may not be available, and the displacement

resolution may vary significantly with regard to input pressure.

This chapter explores trajectory generation methods inspired by current mathematical

models and medical understanding of the swallowing process. It begins with the mo-

tivations for expressing the esophageal peristaltic waves in a mathematical way, before

exploring the possibilities and advantages of utilising sinusoidal models. In order to eval-

uate the performance of the device at achieving this specification, a capability analysis

is conducted to determine the curve-matching quality.

A mean-squared-error (MSE) cost function is implemented to determine the most suit-

able pressure combination for three adjacent whorls of chambers, which is synonymous

with how the characterisation data was collected in the previous chapter. This method

provides an objective measure, and analysis avenue to determine how accurately the de-

vice can be commanded to mimic conceptual sinusoidal peristaltic waves in the physical

domain.

5.2 Interdisciplinary Description of Esophageal Peristalsis

The first task to achieve biomimetic swallowing trajectories is to describe the process in

an interdisciplinary manner such that its specification, and performance, can be quan-

titatively assessed in the engineering domain. It is additionally advantageous to remain

faithful to methods of mathematical description, and exploration of such processes, as

this is a complementary avenue of investigation, the results of which can be compared.
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Table 5.1: Targets for biomimetic swallow trajectory behaviour

Quantitative Features

Attribute Magnitude Refs

Conduit Length 18-26 cm [20,29–31]

Wave Velocity 2-4 cm/s [4, 20]

Maximal Conduit Diameter (Pain) 20-23 mm [32,33]

Medical Wave Seal Pressure 15 kPa [20,34]

Wave-front Length 30-60 mm

Qualitative Features

Attribute Behaviour

Wave Shape Single inflection, sinusoidal model [35–37]

Transport Type Peristaltic

Conduit Material Compliant, continuous

Muscle Activation Overlapping-sequential

5.2.1 Peristaltic Transport in the Human Esophagus

The esophageal swallowing process exhibits a longitudinal peristaltic occlusion of the

lumen, where boluses are transported actively ahead of the constrictive wave. The peri-

staltic wave’s velocity and wavelength are liable to change throughout transport depend-

ing on stimuli such as actuation pressure. Quantitative measurement and investigation

of the swallowing process in the human body is typically undertaken by manometry and

videofluorography [42]. These methods have been used extensively in the diagnosis and

evaluation of swallowing pathology. The findings and general medical understanding

of the swallowing process are recorded to express the targets for the swallowing robot.

Salient features, their magnitudes, and behaviours are summarised in Table 5.1.

These parameters form the basis of inspiration for the mathematical description of mod-

elling esophageal peristalsis.

5.2.2 Mathematical Description

Modelling of peristaltic processes in the mathematical domain has been undertaken for

many applications, typically related to explaining flow behaviour and intra-bolus pres-

sure for materials of differing rheology [34, 36, 61, 62, 101–104]. While some of these

models have described the wave shape arbitrarily, many have focussed on sinusoidal
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models [20,34,37,62,102] for describing the wave tail shape. This is particularly conve-

nient due to the relatively few parameters required to describe a smooth and continuous

wave shape, which can be inspired by the biological description of the peristaltic wave.

Additionally, these functions are also continuously differentiable, which can be exploited

to find the direction of force perpendicular to the radial wave surface, and periodic,

which could be used for description of train-waves for transporting many boluses in the

lower smooth muscle section of the esophagus.

The description of the wave-front shape is important for modelling and swallow predic-

tion investigations as it dictates the shear field in the material, which directly influences

the behaviour of bolus deformation. This behaviour is just as important throughout

physical investigation as it is in the mathematical field. The assumption that esophageal

peristaltic waves can be modelled as having approximately sinusoidal magnitude was ap-

plied to achieve analytical description of input parameters, guarantee a single inflection

in the wave-front, and establish congruence with the methods of the mathematical mod-

elling field.

In the mathematical field, peristaltic waves inspired by biology are typically expressed

as variations of the form (5.1) [34,36,61,62,101–104].

H(x, t) =


ε x < ct

ε+ α
2

[
1 − cos

(
2π x−ctλ

)]
ct ≤ x ≤

(
ct+ λ

2

)
ε+ α

(
ct+ λ

2

)
< x

(5.1)

where H(x, t) is the time-dependant conduit radius (mm, s), ε = minimum radius (mm),

α = peak-to-peak wave amplitude (mm), x = axial displacement (mm), c = wave velocity

(mm/s), t = time (s), and λ = sinusoid wavelength (mm). This description of the wave

trajectory is based on a constant wave velocity (c), and fixed sinusoid wavelength (λ),

of which only half (λ/2) is used to describe the conduit geometry. This is due to the

moving wave window which propagates (5.2) as part of the middle description of the

piecewise function (5.1) and is only true for the time period that the wave is within the

swallowing robot (5.3).

ct ≤ x ≤
(
ct+

λ

2

)
(5.2)
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0 ≤ t ≤
(

2(L) − λ

2c

)
(5.3)

where L is the actuator length. The gradient of the peristaltic wall is also of importance

to evaluating the deformation of boluses. Due to the sinusoidal description of the peri-

staltic wave shape, its magnitude can be found as the partial derivative with respect to

x, at any given time t (5.4). The maximum value of this formula (5.5) is proportionally

related to the quotient of the wave amplitude and length. This behaviour means that

the peak magnitude is a feature of the propagating wave and cannot be independently

manipulated.

∂H(x, t)

∂x
=
πα

λ
sin

(
2π(x− ct)

λ

)
(5.4)

max

(
∂H(x, t)

∂x

)
=
πα

λ
(5.5)

5.3 Implementation on the Biologically Inspired Swallow-

ing Robot

To achieve the temporal-spatial target of sinusoidal peristaltic waves in the soft robotic

actuator requires translation of the specification into pneumatic pressure trajectories.

These pneumatic trajectories are then asserted on the device to achieve the behaviour

based on open-loop predictive behaviour.

The co-actuating nature of the swallowing robot prevents simple analytical models of

deformation behaviour, so the translation is conducted based on the characterisation

data from the previous chapter, where the data represents a look-up table of the device

behaviour. The data was collected for structured pneumatic trajectories. The reverse

behaviour is required for this phase; to determine the pressure based on the geometric

output desired. In order to invert this description, a capability analysis was conducted

to determine which indexes best-matched sinusoidal targets of different amplitude, wave-

length, and axial displacement (as the wave must be able to propagate the length of a

chamber before the trajectory cascades to the next group).
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The characterisation data was collected for combinations of pressure in three adjacent

whorls of chambers, and thus, apart from maintaining a high pressure in the wave-

seal region, the wave-front is specified across this range. Given the limited number of

sensors, the data collected from this region is assumed to be representative of each triplet

of adjacent whorls of sensors, such that the model can be applied in a cascading manner.

The capability analysis method represents a process by which the quality of the most

suitable robotic behaviour can be investigated in response to diverse trajectory speci-

fications. This is conducted first for the sinusoidal model, which is used prevalently in

the mathematical literature surrounding modelling of esophageal swallowing, before also

investigating a cubic spline wave-front shape.

The methods for specification and achievement of the swallowing robotic targets, as well

as their quality, are described in the following sections.

5.4 Capability Analysis Method

The capability analysis builds from the characterisation data and prescription of si-

nusoidal peristaltic waves. In order to achieve biomimetic swallowing, which exhibits

complete occlusion, a wave-seal, and the assumed sinusoidal wave architecture, a peak-

to-peak amplitude of 8 mm is required. The wave-front length (λ/2) is specified to be

between 30 and 60 mm, and is investigated with a resolution of 1 mm. Because the

deformation of the swallowing robot is inherently non-linear, and may not exhibit rota-

tionally symmetric behaviour about its point of gradient inflection like a sinusoid does,

the lookup table is required to be searched for data with optimum modelling traits.

Inverting the characterisation model is achieved by specifying sinusoidal architectures,

via the continuous description method expressed earlier (5.1), and searching the lookup

table for the best model candidate. Due to the challenge of achieving distributed and

continuous behaviour with a resolution of 7 points (synonymous with the collection of

articulography data) as well as the large amplitude, additional reduced wave amplitudes

are also investigated to determine the trend in modelling error.

The conditions for modelling are the same as throughout the articulography and manom-

etry, where sensors of 4 mm diameter prevent the device from occupying the axis, or
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any region within 2 mm radius of it. Thus, a wave with peak-to-peak amplitude of 8

mm is the target required to completely occlude the conduit.

Revisiting (5.1), and modifying it to be fit for the capability analysis purpose, the

parameter ε is set as 2 mm, ct is replaced by d, a wave displacement parameter which

is evaluated as being from 0 mm to 15 mm in 0.25 mm increments. The motivation for

the displacement of 15 mm is to achieve propagation of the wave across the height of a

chamber, such that the same process can be carried out in the next triad of chambers

in an overlapping sequential manner. The new equation, which takes these factors into

account can be described as (5.6).

H(x) = 2 +
α

2

[
1 − cos

(
2π
x− d

λ

)]
(5.6)

This function is evaluated for x between 0 mm and 45 mm in 7.5 mm increments.

The combination of these resolutions results in the description of 60 axially shifted

sinusoidal waves, each with seven points, which represent the targets for a propagating

peristaltic wave. The objective is search the characterisation data set for an ‘optimal’

set of pneumatic pressures to represent each of these sinusoids. A mean squared error

(MSE) criterion was applied as the cost function to evaluate each of these cases for an

‘optimal’ fit. Each element of the characterisation displacement data G(x) was compared

to the target specification H(x), and a score assigned based on (5.7).

MSE =

7∑
i=1

[G(d+ 7.5(i− 1)) −H(d+ 7.5(i− 1))]2

7
(5.7)

where MSE is the mean squared error. An example of this method (Fig. 5.1) shows

the best for the maximal amplitude case (8 mm) with the middle wave-front length of

45 mm. The continuous line is H(x), the mathematically generated sinusoidal model

with zero axial displacement, where the crosses represent the displacement data G(x)

for the best fitting case. This technique was applied for each wave-front length, am-

plitude, and axial displacement to build up a body of knowledge about the peristaltic

soft robots capability for modelling propagating sinusoidal wave-fronts. It is observed

that the model targets and device behaviour at least show strong qualitative similarities.
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Figure 5.1: Overlay of a sinusoidal wave specification H(x) (line) and the best experi-
mental data fit G(x) (crosses) for a wave of amplitude 8 mm and wavelength 45 mm (by
MSE) (cross-sectional view with conduit horizontal). The MSE is evaluated between
these functions. It is observed that the fit is very close under these conditions [96]. c©

2014 IEEE

Quantitative investigation of this behaviour will be further carried out in the following

results interpretation section.

Each of the minimum cost values were recorded, resulting in a quality record of 60 points

over the 15 mm displacement for each wavelength and amplitude combination.

5.5 Application to Polynomial Trajectories

The capability analysis method can be applied to any arbitrary wave description to

determine the performance of the device at achieving the prescribed trajectory. The

mean squared error cost function is universal in this respect, which significantly weights

outlying points.

Cubic polynomial based waveforms are an alternative modelling strategy, which relies

only on simple algebra, and may be more suitable for embedded applications. The

radius H(x, t) is described by a cubic polynomial function (5.8), with final form (5.9),

having zero gradient at the maximum and minimum radii, creating the notion of wave

amplitude. This model describes a continuous geometry over the wave-front window.

The third order polynomial geometry was explored as an alternative, computationally

inexpensive, mathematical description. The region between the maxima and minima

(zero gradient regions) is extended between the wave front and tail locations.
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Cubic polynomials also have the property of rotational symmetry, with the x ordinate

equidistant from the x-ordinates of the zero gradient regions. This is the region of the

point of inflection, which occurs in the middle of the wave, just as with the sinusoidal

model. The model (5.9) is derived from the parent form (5.8), after which the gradient

function (5.12) and its maximum (5.13, 5.14) are expressed. The process is undertaken

as follows:

H(x) = a3x
3 + a2x

2 + a1x+ a0 (5.8)

Solving for the salient points and converting to a time-dependent function yields the

coefficients for a polynomial of:

H(x, t) =
−2α

l3
(x− ct)3 +

3α

l2
(x− ct)2 + ε (5.9)

with limits of:

ct ≤ x ≤ ct+ l (5.10)

0 ≤ t ≤ (L− l)/c (5.11)

between which the gradient can be calculated by:

∂H(x, t)

∂x
= −6α

l3
(x− ct)2 +

6α

l2
(x− ct) (5.12)

maximal where:

∂2H(x, t)

∂x2
= −12α

l3
(x− ct) +

6α

l2
= 0

∴ (x− ct) =
l

2

(5.13)
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2
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+
6α
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(
l

2

)
=

3α

2l
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The nomenclature for this model shares many variables with that of the sinusoidal model

(5.1), where l is introduced to represents the non-periodic wave-front length (in mm) of

the polynomial description. The linear term does not propagate from (5.8) to (5.9) as

it was evaluated to have a coefficient of zero.

5.6 Interpretation of Capability Analysis Results

The capability analysis method is designed to investigate the quality of wave model fit-

ting for the biologically inspired swallowing robot. It is found that both wave amplitude

and wave-front length play a significant role in the capability of the device (Fig. 5.2).

The mean squared error cost function was used to evaluate the fit of the series of 60

displacement-shifted sinusoidal waves to find the ‘optimal’ set of pneumatic pressure data

records to achieve a wave that travels the height of a chamber (15 mm). Due to this

process being undertaken for 31 wave-front length magnitudes, and 6 wave amplitudes,

large data volumes were generated. These have been summarised in Fig. 5.2A which

represents the average magnitude of these 31 x 6 cost function scores, and Fig. 5.2B,

which represents the actual mean error magnitude for each of the trajectories.

It is observed that the swallowing robot performs better for wave amplitudes of smaller

magnitude, and longer wave-front length as both the average cost magnitude (Fig. 5.2A)

and the mean error (Fig. 5.2B) reduce in magnitude in response to these criteria.

The mean error, apart from the singular case of 8 mm displacement at 30 mm wave-

front length achieves average error magnitude of <10 %. After this, the magnitude drops

quickly between approximately 30 mm to 40 mm wave-front length (Fig. 5.2B) which is

reflected by an even steeper gradient in the average cost magnitude (Fig. 5.2A). This is

due to the squaring of errors with magnitude less than 1 mm in the cost function stage,

as these numbers become smaller instead of bigger. Given that the target full-scale,

peak-to-peak wave amplitude is 8 mm, a mean error magnitude of <0.4 mm represents

a magnitude of <5 %. This occurs for all wave-front lengths between 42 mm and 60 mm
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Figure 5.2: Capability analysis results (sinusoidal wave model): (A) the average cost
magnitude and (B) the mean error magnitude with respect to variation of amplitude

and wave-front length for sinusoidal peristaltic waves [96]. c© 2014 IEEE
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for the 8 mm maximal amplitude case. This suggests promising modelling prospects for

the swallowing robot in this region.

The investigation of polynomial trajectories was similarly conducted for variations in

wave-front length l, and amplitude α with resolutions of 1 mm and 0.4 mm respectively.

This is synonymous with the method of capability analysis conducted for the sinusoidal

model. The effect of varying amplitude and wavelength (Fig. 5.3) is very similar to that

of the sinusoidal model (Fig. 5.2) due to similarities in the geometry functions. This

is exemplified in Fig. 5.4. The functions look almost identical, though there is small

variation between them. The polynomial model has a lower maximum gradient in the

middle, as its gradient is more gradual.

For the cubic polynomial model, it is observed that increasing the wave-front length

has a positive impact on reducing average cost (Fig. 5.3A), until it begins to creep up

linearly. Reduction of wave amplitude also reduces the cost-function magnitude, with

the most significant effects at short wave-front lengths. The combination of these effects

sees optimal fitting performance at 40 mm wave-front length with amplitude of 6 mm.

Similarly, the cost magnitude (Fig. 5.3B) demonstrates an optimal fit at approximately

40 mm. Mean error also reduces to <5% for wave-front lengths >42 mm.

The initial distribution and sharp decrease in mean error and cost magnitude for both

the sinusoidal and polynomial fit trends demonstrates that the device performance of

achieving modelled waves of this nature is incredibly sensitive to variation in both wave

amplitude and wave-front length. It is promising to observe good correlations for all

wave amplitudes up to the maximum of 8 mm for the target 45 mm wave-front length.

For short wave-front lengths, waves of smaller amplitude perform significantly better.

This is caused by the difficulty of asserting pressure combinations that achieve sharp

transitions, and large amplitudes. Naturally, in the soft robotic swallowing device, the

structure is designed to be compliant such that the neighbouring chambers also affect

displacement. These effects, and the demand for continuous and compliant process

embodiment, are constraints which operate in trade-off with one another.

The cubic polynomial model yields slightly more favourable results, given that the tran-

sition requires a slightly less steep transition gradient. This is directly linked to the

co-actuating nature of the swallowing robot, where smoother, lower transition gradients
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Figure 5.3: Capability analysis results (polynomial wave model): (A) the average cost
magnitude and (B) the mean error magnitude with respect to variation of amplitude

and wave-front length for third-order polynomial peristaltic waves.
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Figure 5.4: Sinusoidal and third order polynomial models of wave-front shape. These
functions demonstrate very similar profiles (this example with a wave-front length of

45 mm and a peak to peak amplitude of 8 mm).

are more easily achieved. Lower geometrical gradients require lower pressure gradients

between chambers, where the floor and ceiling of adjacent whorls of chambers deforms

less, which causes less conduit surface bulging, and irregularity.

The swallowing robot capability at performing these continuously propagating waves

has been demonstrated for a range of wave-front lengths and amplitudes of both the

constantly propagating sinusoidal and polynomial models. This shows that the robot

can take a diverse range of shapes, where the investigation turns to applying this to-

wards clinically significant swallowing trajectories. This requires that the velocity, and

wavelength, are independent, time-variant, parameters.

5.7 Capability Analysis for Time Variant Parameters

Thus far, the capability analysis method has been concerned with the quality of fitting

for peristaltic waves with constant velocity (dictated by the same 0.25 mm displacement

per step) and constant wave-front length. This method provides a good description

of what the robot can achieve, and the quality of transition of fixed wave-front length

waves across a chamber. Taking this concept one step further is to analyse the quality

of sinusoidal curve fitting for trajectories of occlusive amplitude where the velocity and

wavelength are both time variant functions.

In order to faithfully model the occlusive peristaltic behaviour of the esophagus, the

wave is required to occlude completely onto a manometry catheter of 2 mm radius. In

the robotic swallowing model, this can be thought of as replacing the parameters of (5.1)



Chapter 5. Trajectory Generation and Capability Analysis 115

with α = 8, ε = 2, and introducing time changing functions of λ = λ(t) and ct = d(t), a

new function to describe the displacement of the wave tail as a function of time (5.15).

H(x, t) =


2 x < d(t)

2 + 4
[
1 − cos

(
2π x−d(t)λ(t)

)]
d(t) ≤ x ≤

(
d(t) + λ(t)

2

)
10

(
d(t) + λ(t)

2

)
< x

(5.15)

This test was conducted on a swallowing trajectory inspired by [30], based on percentage

propagation of esophageal length (which for the purposes of evaluation was selected

at the shorter normative end of 200 mm [20]) (Fig. 5.5A). The wave front, and peak

trajectories are modelled by cubic functions which describe the motions in a smooth and

continuous manner. The difference between the wave front and wave peak represents the

wave-front length (λ/2) which the robot should achieve. The displacement parameter

d can be calculated as the remainder of dividing the distance of the wave-seal from the

start of the swallowing conduit by 15 mm, the chamber height. The chamber whorl at

which the wave tail resides is 1 more than the integer division of displacement by 15,

from chamber 1 to 10 (as the wave model predicts the behaviour for three chambers

simultaneously).

In response to the trajectory (Fig. 5.5A), the device matching performance is evaluated

(Fig. 5.5B). It is observed that, the mean displacement error between the target and

empirical curves typically remains less than 0.6 mm, though breaches this magnitude oc-

casionally. This behaviour occurs where the trajectory crosses the chamber boundaries,

which are more challenging to deform to 100 % occlusion. This additionally makes it

challenging to achieve the complete wave shape. In the central aspect of the chambers,

the behaviour is very promising, with mean error magnitudes falling significantly below

0.4 mm, or <5 %. As the demand for complete occlusion moves away from the chamber

boundaries, the results improve very quickly. The investigation was carried out with a

uniform sampling period of 0.01 seconds.

The mean error magnitude graph (Fig. 5.5), finishes at 3.72 seconds, which is where the

modelled wave reaches the end of the swallowing robot. The robot has a slightly shorter

active actuation zone of 185 mm, compared with the trajectory, which is purported to be

representative of an esophageal organ of 200 mm length. This trajectory truncation was

required, rather than normalisation of the length which was how the data is reported
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Figure 5.5: Time variant velocity and wavelength investigation for a peristaltic tra-
jectory inspired by medical manometric investigation [30]. (A) shows the location of
the wave as it travels along the conduit length, and (B) represents the mean error in the
wave shape, based on selecting the ‘optimal’ pressure combination by the cost function

(mean squared error) minimisation method.

in the paper [30], as otherwise, the velocity and wavelength magnitudes would also be

scaled accordingly, which is undesirable. Similar to the fixed wavelength investigation,

with 8 mm amplitude (indeed all amplitudes), the mean error improves with increasing

wave-front length, as well as reducing the magnitude of error while crossing the chamber

boundary.

In order to visualise the quality of fit in the two dimensions of time and axial displacement

simultaneously, Fig. 5.6 shows the model and capability relationship for the sinusoidal
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Figure 5.6: Propagation of the trajectory, inspired by Clouse [30], showing the si-
nusoidal model (red) and the closest actuator geometry (blue) for propagation along
the model esophagus. The stepped architecture represents crossing from one chamber

whorl to the next.

interpretation of the Clouse-inspired [30] trajectory. The sinusoidal model is plotted

in red, and is overlayed by the robot behaviour in blue. It is observed that colours

on the curved surface keep changing, which demonstrates that they are very close to

being coincident. The black curve represents the continuous leading edge of the wave at

maximum open radius of 10 mm. The square steps represent the chamber resolution,

where initially the wave occupies chamber whorls 1-3, then 2-4, and so on. The planar

surfaces of the graph ahead and behind the wave are removed for clarity.

Throughout the modelled swallowing process (Fig. 5.6) the bolus tail remains in the

region of capability analysis as this is the most important feature to reproduce. The

robot’s wave radius is observed to cover the range from 10 mm at the wave front, to 2

mm at the wave tail. This is commensurate with the aforementioned specification, and

demonstrates the faithful achievement in the physical domain.

This capability analysis approach can be applied to diverse swallowing trajectories of

differing origin, to determine the soft actuator’s peristaltic performance. It represents

an objective method of investigating the quality of fit and comparing alternative robotic
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models in the future. This case study demonstrates a single observation of the robot’s ca-

pability for achieving a biologically inspired swallowing trajectory, though demonstrates

the principle of the tool, and how it can be applied to medically captured trajectories.

The objective measure can be used to establish the degree of confidence with which

robotically captured experimental data can be applied in the clinical context based on

the quality of fit.

5.8 Chapter Summary

The inspiration and techniques towards mathematical and physical modelling of esophageal

swallowing have been clarified. The prevalence of sinusoidal models in the current aca-

demic literature prompted use of the same architecture in the swallowing robot. The

characterisation data collected in the previous chapter is used to describe the geometri-

cal output behaviour of the robot based on pneumatic pressure assertion. However, for

the application of biomimetic swallowing, it is desirable to command geometrical defor-

mation with clinical relevance, and determine which pressure combination best achieves

it.

The capability analysis method involved using a cost function to determine the ‘opti-

mum’ fit between the empirical data and mathematically prescribed swallowing trajec-

tories. This process inverts the input/output behaviour of the previous look-up table of

the device behaviour in order to turn it into an open-loop translator for conversion be-

tween geometrical demands, and the independent pressure inputs. The outcome of this

process is that geometrical trajectories can be commanded of an arbitrary architecture,

where sinusoidal and cubic polynomial models have been investigated. Subsequently,

the device can be commanded to undertake the trajectory, and additionally, the quality

of the fit can be predicted by the capability analysis method.

The capability analysis technique is first applied to simply propagating peristaltic waves

with fixed wave-front length and sampled velocity. These parameters are then abstracted

to facilitate their time independence such that they can be applied to modelling of clin-

ically significant swallowing trajectories. A case study, inspired by a swallowing tra-

jectory captured by Clouse [30], is undertaken to investigate the device capability in
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response to such changes. The resulting cost function and mean error analysis demon-

strate a <0.6 mm mean error, which demonstrates the suitability of the device for

application in this context.

The trajectory generation and capability analysis methods finalise the modelling descrip-

tion of the peristaltic robot’s behaviour, and confirm the quality with which swallowing

trajectory targets can be achieved. This is imperative to add value to the esophageal

modelling field, as the mathematically expressed targets provide interdisciplinary in-

spiration to undertake complementary investigations in the physical and theoretical

domains. The sinusoidal model is additionally motivated by a view to establishing

congruence with mathematical models, as both of these methods are targeted towards

understanding rheological behaviours. The robotic device then represents a method of

generating empirical data to strengthen and refine theoretical concepts in this field.





Chapter 6

Intrabolus Swallowing

Investigation

6.1 Introduction

Masticated food is transported to the stomach by a propagating occlusive motion of

the mouth, pharynx and esophagus. In order to be transported effectively the bolus

is required to be cohesive, extensible, and well lubricated, which limits the envelope of

acceptable rheological characteristics for safe swallowing in man [52, 57]. Food technol-

ogists have a range of tools and measures to investigate the fluid dynamic behavior of

boluses such as viscosity, rheological and tribological models. However, these tests are

performed under significantly different conditions to that of swallowing. The shear fields

achieved in these tests do not necessarily reflect the shear field experienced by a biolog-

ically swallowed bolus which is significant when materials with anisotropic properties or

which demonstrate a shear history are considered [105,106].

Increasingly, in the medical field, novel engineering approaches are being used in the

measurement, investigation, and diagnosis of human health [107–110]. In the robotic

device space, these techniques are based on biomimetic modeling which facilitates inves-

tigation of biological processes.

In order to overcome limitations in relating traditional rheometry measurements with

swallow efficacy in the medical field a novel, biomimetic, peristaltic actuator has been

121
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developed to investigate the esophageal phase of swallowing externally to the human

body [95, 111]. The soft-robot is constructed from a room temperature vulcanization

silicon rubber and actuated by inflating embedded pneumatic chambers. The artificial

swallowing conduit and its surrounding actuation structure are devoid of any rigid skele-

tal elements, which is synonymous with the biology of the esophagus [112]. The robot is

designed to offer a continuously deformable peristaltic occlusion, exhibiting distributed

actuation and compliance in much the same way as the muscle structure that actuates

the biological analogue [31]. The aim is to deform boluses in a biologically faithful

manner in order to perform medically-inspired investigation of transport efficacy. This

technique bridges knowledge between bolus rheometry, empirical investigation of swal-

lowing in the medical field, and predictive models in the mathematical and engineering

fields.

In the medical domain, manometry is considered a ‘gold standard’ bolus transport in-

vestigation technique [15, 42]. Typically boluses of varying formulation are swallowed

by impaired persons throughout this technique to investigate mechanical perturbation

of their swallowing strategies. Intrabolus pressure signatures and then final occlusion

pressure of the conduit are measured throughout the peristaltic swallowing contraction

to determine the ‘system’ behavior: the interaction between bolus formulation and the

reaction of the body. These parameters are then linked to indicators of swallow safety

and efficacy, or conversely, diagnosis of swallowing impairment [40].

However, due to inter and intra-subject variability between swallows and the inability to

control parameters such as wave velocity or mechanical effort it is challenging, if not im-

possible, to reliably or repeatably evaluate the effect of individual transport parameters

in-vivo [113]. Additionally, this process puts patients at risk of aspiration, especially as

they fatigue. Conversely, performing a robotic implementation of the process enables

strict control of variables to repeatably investigate their contributions. By character-

izing these relationships food technologists will be able to develop foods with tailored

characteristics to improve swallow safety for people in both health and disease. This

will provide an alternative pathway to investigate development of functional foods to

alleviate the symptoms of dysphagia.

The interaction between bolus material and the transport trajectory is investigated by

modeled swallowing in the robot to determine the effects of wave velocity, wavefront
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length, and formulation on the intra-bolus pressure signature. The motivation to realize

a biomimetic analogue is to provide an improved method to investigate peristaltic flow

of novel bolus formulations in a clinically significant manner.

This chapter presents an investigation into the relationships between conventional rheom-

etry and biologically-inspired manometric swallow signatures as well as their complimen-

tary contributions to understanding bolus formulation effects on the peristaltic swallow-

ing transport process. The experimentation and commentary are based on esophageal

swallowing, however the concepts are also generalizable to other regions of the alimen-

tary tract such as the bowel and intestine. Intraluminal pressure signatures throughout

swallowing are dependent on wave velocity, wavelength and bolus formulation, the effects

of which are clarified conjointly in this three dimensional investigation.

6.2 Bio-inspired Peristaltic Robot for Swallow Investiga-

tion

6.2.1 Current Swallow Investigation Practice

In the clinical medical field, testing bolus formulation and transport hypotheses on hu-

man subjects by manometry is known to suffer from significant inter- and intra-subject

variability [113]. After the process of swallowing is initiated the motion becomes involun-

tary and proceeds by a trajectory which is modified in response to the bolus interaction

with the swallowing conduit. Variations in muscle actuation strength and speed directly

influence the intrabolus pressure signature captured by manometry. While qualitative

methods can be applied to interpret the data, the intrinsic variation of parameters makes

it challenging, if not impossible, to statistically compare between swallows or subjects.

Due to these limitations, testing in man is a very qualitative measure of swallow efficacy,

where it is challenging to discern between similar rheological properties.

In the engineering and mathematical domains esophageal peristalsis is typically modeled

as an occlusive wave travelling along a conduit [62, 114]. The most prevalent technique

is to model the wavefront as a sinusoid due to its intrinsic periodicity for singular and

train waves as well as direct parameters for amplitude and wavelength. Investigations in
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the mathematical field fall under two categories: analytic methods, and numerical meth-

ods such as finite element analysis which each have their advantages and limitations.

The continuous methods are based on axis-symmetric waves transporting fluids with

mathematically expressed viscosity models. The numerical methods have the advantage

of discretisation which may alleviate the axis-symmetry and bolus model constraints.

However, research into these topics has not been prevalent due to the divergent inves-

tigation space. In order to make comparisons between models it is advantageous that

they aim to solve the same issues. The major limitation of both of the mathematical

methods is that they are typically based on a range of bolus modeling assumptions such

as relying on isotropy, homogeneity, and time independent behavior which is dissimilar

to biological swallowing.

In the medical domain the swallowing process cannot be controlled, and in the mathe-

matical field the bolus must be modeled in some way which may not reflect the complex

behavior of bolus materials.

In addition to these limitations, it has been contested that Newtonian viscosity assump-

tions used in some models might not be best indicator to predict swallow efficacy [115],

considering that most swallowed boluses are multiphase, and non-Newtonian in na-

ture [18,54]. To further complicate matters, the shear fields due to peristaltic actuation

and their associated time/shear dependent behavior are challenging to model mathe-

matically. The esophagus is able to accommodate and adapt to boluses of differing

rheology. Thus, any model requires significant degree of freedom for experimentation.

Our novel method follows the current trend of research in the medical field which is turn-

ing towards establishing empirical methods to predict swallow safety and efficacy [116].

However, these methods typically rely on human experiments which raises ethical con-

cerns for safety. Thus, the research motivation is to exploit a robotic rheometric testing

technique to explore the niche application of biologically-inspired peristaltic transport

externally to the human body.

6.2.2 Biologically Inspired Peristaltic Robot

A biologically-inspired swallowing robot [95, 111] is proposed to overcome these lim-

itations, where well defined trajectories can be asserted to transport physical bolus
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Figure 6.1: Side view of the peristaltic robot inspired by esophageal swallowing in-
cluding control hardware and valves. The robot (off center to left) has 12 regular and

repeating whorls of chambers stacked vertically [117]. c© 2014 IEEE

materials (Fig. 6.1). This technique is still constrained in that it is challenging to ef-

fectively emulate bolus lubrication. However, it bridges the gap between clinical and

mathematical modeling fields and is proposed to more faithfully deform materials to

achieve clinically-significant rheometry.

In order to objectively, repeatably, and rigorously investigate the transport of boluses

due to peristaltic transport, such as in the esophagus, a biologically-inspired peristaltic

analogue was proposed. The robot was designed to mimic this behavior by smoothly and

continuously deforming to achieve peristaltic contraction trajectories which propagate

like those in the human body [95]. Synonymous with the architecture of the esophagus,

the robot has no skeletal structure at the conduit surface. It exhibits distributed actu-

ation in response to inflating air chambers in a similar arrangement to muscles around

the biological conduit.

The wave parameters are specified as: having an occlusive wave tail seal with veloc-

ity between 20 - 40 mms−1 [4] and wavefront length between 30 - 60 mm (inspired

by trajectory measurements in [30]). Peristaltic waves are commanded by inflating a

series of adjacent whorls of chambers. The robot’s geometric response to pneumatic

pressure has been characterized and subsequently fitted to sinusoidal trajectories [95],

the prevalent technique for mathematical modeling of esophageal swallowing. The novel

actuation technique overcomes limitations of current rheometric techniques to clarify the
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interaction between boluses, the swallowing process and intraluminal pressure signatures

(ILPS).

6.3 Experimental Methodology

6.3.1 Biomimetic Swallowing

The biologically-inspired peristaltic swallowing robot offers new possibilities for investi-

gating the flow and deformation characteristics of real boluses of material. The actuator

mimics esophageal swallowing by following geometrical wave trajectories during which

intraluminal pressure signatures are captured by manometry. In this way, the relation-

ships between swallowing parameters can be investigated independently by the robot.

Additionally, this new technique removes the necessity to model the shear fields and

deformation process of complex boluses, as these are intrinsic to the physical process.

This subsequently overcomes the assumptions outlined in section 6.2.1.

The experimental technique takes the clinical approach of manometry to investigate

ILPSs which is a gold standard technique of swallow investigation in man. This approach

facilitates identification of objective relationships between bolus formulation, peristaltic

wavelength, and velocity which are known to profoundly affect the ILPS. Of particular

interest is the region of these curves which pertain to the bolus transport and wave-

tail seal, known as the intra-bolus pressure signature (IBPS). This region captures the

interaction between the bolus material and transport wave before complete occlusion of

the conduit is reached where only material contact pressure is measured.

Bolus formulations are investigated by transporting and deforming them in a peristaltic

manner as is observed throughout esophageal swallowing in man. The earlier stages of

swallowing, though not described as peristaltic, are similarly occlusive with a ‘stripping

wave’ nature [118]. This new technique is a significant improvement on traditional

rheometry techniques for predicting swallow efficacy and safety in the medical domain

as real, anisotropic, boluses can be deformed in a biomimetic manner.

Swallows are modeled as an occlusive, peristaltic wave with a sinusoidal geometry as

prevalent in the mathematical field for esophageal swallowing models. This facilitates
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comparison between simulated mathematical findings and measured biomimetic data

based on this geometry.

6.3.2 Biomimetic Swallowing Trajectory

The process of swallowing in man has been investigated extensively by medical methods

to determine parameters such as wave velocity, wavefront length, intrabolus pressure,

peak occlusion pressure, and their qualitative relationships with bolus formulation. The

current investigation aims to formalize these relationships by specifically adjusting each

of these parameters to determine their effect on the ILPS, and more specifically the

IBPS. Throughout the transport region, the swallowing conduit it is distended into a

wave shape which caresses the bolus tail. Sinusoidal geometrical occlusive models are

most prevalent in the mathematical investigation field [35,60,114], and have parameters

which can be directly linked to clinical data. The conduit radius can be expressed

mathematically as (6.1) which exists over the time range (6.2).

H(x, t) =


ε x < ct

ε+ α
2

[
1 − cos

(
2π x−ctλ

)]
ct ≤ x ≤

(
ct+ λ

2

)
ε+ α

(
ct+ λ

2

)
< x

(6.1)

0 ≤ t ≤
(

2(L) − λ

2c

)
(6.2)

H(x, t) is the time-dependent conduit radius (mm,s), ε is the minimum radius (mm), α

the wave height (mm), x the axial displacement (mm), c the wave velocity (mm/s), t

is time (s), λ is sinusoid wavelength (mm), and L is actuator length(185 mm actuation

zone as described in [95]). Due to the 2 mm radius of the manometry catheter, the op-

posing surfaces of the conduit do not completely contact. Instead they exhibit occlusive

behavior onto the catheter which represents the specification of ε = 2 mm. The device is

constructed with a distended 10 mm internal radius, thus in order to achieve a wave that

contacts the catheter a peak to peak wave amplitude of α = 10 - ε = 8 mm is required.

These parameters were applied for all experimentation throughout this investigation.

In order to investigate the effect of wavelength and velocity on IBPSs these parameters

were independently tested in a 3 x 3 analysis.
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6.3.3 Bolus Preparation

‘Synthetic boluses’ of starch-thickened water (Nutulis, Nutricia, Schiphol, NL) [119] were

used as a clinically-significant substitute to masticated boluses throughout experimen-

tation. Nutulis is designed as an amylase resistant, ready-to-swallow, product requiring

little oral manipulation which makes it particularly suitable as a bolus model. Addi-

tionally, it is one of the prevalent fluid-thickening dysphagia management products used

in the clinical setting [120]. OLeary et al. [120] lead a comprehensive analysis on this

product and its rheological characteristics. Additionally, they discuss the application of

such bolus materials in the clinical setting and concur about the misleading notion of

instantaneous viscosity for non-Newtonian fluids. The Nutulis product also has pow-

dered gums to reduce starch breakdown in the mouth [14], which removes this variable

from our emulation of the clinical setting.

Boluses were formulated on a concentration basis (25, 50, 75, 100, 150 gL−1) by thorough

mixing after which they were left to stand for 10 minutes to stabilize. The settling time

allows the starch granules to take up water and achieve a stable structure which directly

affects the formulation’s rheological properties. These boluses formulations cover the

range from ‘syrup’ thin (450 ± 200 mPas) to ‘pudding’ thick (3000± 1000 mPas) based

on the product specification [119].

This procedure was used for both the preparation of synthetic boluses for traditional

viscometry as well as biomimetic swallowing throughout manometric investigation.

6.3.4 Traditional Viscometry

In order to provide a baseline comparison of starch thickener concentration and defor-

mation behavior the synthetic bolus formulations were tested by traditional viscometry.

These were tested at room temperature (25◦C) by an AR-G2 Rheometer (TA Instru-

ments, New Castle, DE, USA) with a 40 mm diameter, 4◦ draft, cone and plate attach-

ment with an 87 µm truncation gap. This was conducted to discern between differing

rheological effects and demonstrate the non-Newtonian nature of the formulations, as

only instantaneous viscosity at 50 s−1 is quoted in the product specification.
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Table 6.1: Parameters for biomimetic investigation of esophageal IntraBolus Pressure
Signatures (IBPSs) [117]. c© 2014 IEEE

Parameter Variations Unit

Wave Velocity (c) 20, 30, 40 mms−1

Wavefront Length (λ/2) 40, 50, 60 mm

Nutulis Concentration 25, 50, 75, 100, 150 gL−1

6.3.5 Manometric Swallow Investigation Protocol

The manometric swallow investigation protocol is designed to clarify the contributions of

bolus formulation, peristaltic wave velocity, and wavefront length toward IBPSs. In order

to elucidate these effects independently a three-dimensional analysis was conducted.

The manometric catheter is known to alter the swallowing process by giving the bolus

an additional surface to adhere to, though this is synonymous with the medical process

which is a good basis for interdisciplinary comparisons. In the future, it is anticipated

that novel formulations of bolus materials can be tested by the robot in an effort to

predict swallow efficacy before proceeding to clinical trials. Thus, the niche for this

novel application is not only to model the swallowing process, but also to establish links

between its engineering manifestation and measurements and provide evidence towards

clinically-significant outcomes.

The manipulated parameters (Table 6.1) are designed to cover a broad spectrum of

possible trajectories, where each combination was tested in a 3 x 3 x 5 experimental

protocol. Additionally, each experiment was conducted 10 times to ensure repeatability,

reliability, and robustness.

The ILPSs of each swallow were captured using a manometric data acquisition system

and motility probe (S98-200C, P33-15205CC152, Sandhill Scientific, CO, USA). The

prescribed swallowing trajectories are of a constant velocity with a completely occlu-

sive wave geometry which facilitates investigation of the ILPS at fixed locations on the

manometry catheter as the bolus travels past.
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Figure 6.2: Example of intraluminal pressure signal and relationship between bolus
location and the intrabolus pressure signal captured by manometry in the swallowing
robot where starch thickened fluid (75 gL−1, Nutulis, Nutricia) is transported with

velocity 40 mms−1 and wavefront length 50 mm [117]. c© 2014 IEEE

6.3.6 Features of Intraluminal Pressure Signatures (ILPSs)

Intraluminal pressure signatures captured by manometry describe the contact pressure

normal to the manometry catheter axis. It is important to distinguish the different

features of this signature and the causal relationship they share with the swallowing

process. By observing such signatures at stationary points as the wave propagates past,

the spatial behavior of pressure can be captured in the time domain.

Brasseur and Dodds [37] lead a good discussion on correctly interpreting manometric

data, particularly with reference to ILPSs and IBPSs. The relationship between bolus

location and pressure signature is shown in Fig 6.2. The bolus moves to the right with

d0 = 0 at the bolus tail, thus the signature begins at the right. Interpreting the signature

from that end: the resting pressure of the lumen is used as a datum of 0 Pa. Thus, the

measured behavior is relative, not absolute. The initial rise in pressure is due to the bolus

slug touching the sensor; this is the beginning of the IBPS. Pressure slowly rises due to

hydrodynamic pressure as more fluid passes, where pressure ramps up in the bolus tail.
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At the point where lumen occludes fully onto the catheter there is a sharp transition in

gradient. This marks the end of the IBPS. The next region of lumen is devoid of any

bolus material where pressure is caused by direct tissue contact. The peak pressure is

reached in this region of lumen behind the bolus tail. It ensures a quality wave tail seal,

though does not offer any axial contribution to bolus transport. Thus, peak pressure

indicates less about the bolus transport and more about the swallowing effort or swallow

trajectory [37]. Pressure fall off behind the peak is due to muscle relaxation, after the

transport wave has passed sufficiently. Again, this does not contribute to the transport

of bolus material: The conduit settles to a rest state and can accept additional boluses.

6.4 Results

6.4.1 Rheometric Analysis of Model Boluses

The starch based dispersions exhibit a shear-thinning behavior (Fig. 6.3A), where vis-

cosity remains higher at higher starch concentrations. This is particularly important to

understanding the swallowing effort required to safely transport these materials in man.

Especially considering that peristaltic velocity, its subsequent shear field, and deforma-

tion effort, may elicit completely different responses from the swallowing system.

It is observed that as starch thickener concentration increases, the relationship between

shear stress and rate becomes more linear, suggesting a change in the material structure

which causes it to behave more like a Bingham plastic (Fig. 6.3B). The more closely

the material matches this specification, the better mathematical prediction of bolus

transport becomes.

The range of formulations covers the recommended manufacturers ranges for a stage 1

‘syrup consistency’ (40 - 60 gL−1, 0.45 ± 0.2 Pas), a stage 2 ‘custard consistency’ (60 -

80 gL−1, 1.2 ± 0.4 Pas), and a stage 3 ‘pudding consistency’ (80 - 100 gL−1, 3 ± 1 Pas)

when mixed with water. These behaviors are confirmed in Fig. 6.3A at the industry

standard shear rate of 50 s−1.
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Figure 6.3: Relationships between (a) viscosity and (b) shear stress as a function of
shear rate for starch-based dispersions of clinically significant formulations (Nutulis,

Nutricia) conducted by an AR-G2 Rheometer (TA Instruments). c© 2014 IEEE

6.4.2 Intrabolus Pressure Signature Interpretation

The intrabolus pressure signature is directly affected by peristaltic wave velocity and

wavelength as well as bolus parameters such as volume and formulation which encom-

passes aspects such as rheology. This region is of utmost importance to food technologists

and medical professionals, as it reflects the gross result of the interaction between the

bolus material and the elicited human swallowing strategy. It is within these bounds

that swallowing parameters were tested to determine each of their contributions to the

signature. By manipulating these parameters biomimetic swallowing is achieved to test
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bolus materials’ swallow efficacy. The link between each of these parameters and its

effect on the features of IBPS are elucidated in the following sections.

The starch-based bolus formulations used throughout the robotic swallowing investiga-

tion exhibit shear thinning behavior. Due to this non-Newtonian effect it is expected

that the response to different rates of deformation due to peristaltic velocity and wave-

length will have a non-linear effect on the features of IBPSs. These parameters directly

affect the intrabolus deformation dynamics, and subsequently the measured manometric

pressure. Additionally, the range of bolus formulations results in different fluid struc-

tures from particle dispersion to a more networked structure with significantly more

Bingham plastic-like properties.

In the following sections evidence is presented to confirm that starch concentration has

a profound, non-linear, effect on the IBPS.

6.4.3 Peak Seal Pressure

Peak pressure in the wave seal occurs behind the bolus tail, and is not an integral part

of the transport effort. Thus, its magnitude is unimportant so long as it is sufficiently

high that bolus material does not spill from the bolus tail. The wave tail was evidenced

in each experiment by a sharp transition in the pressure gradient due to luminal contact.

A peak contact pressure of at least 20 kPa (150 mmHg) was achieved in all cases which

is higher than clinical measurements [37], and thus, acceptable.

6.4.4 Maximal Pressure Magnitude in Bolus Tail

Even though the material is shear-thinning, maximal intrabolus pressure magnitudes

were found to increase significantly with concentration for all combinations of wave

velocity and wavelength. This effect was much more pronounced for the higher concen-

trations, especially across the material structure transition zone from a dispersion to

networked material.

It is apparent that maximal pressure in the bolus tail is most significantly affected by

the formulation, and less so by the wave tail length and velocity. The minor variations

are linked to the changing shear field caused by both the rate of deformation and the
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Figure 6.4: Maximal intrabolus pressure magnitude in wave tail with respect to
wavefront (bolus tail) length and velocity for Nutulis Concentrations: black = 50 gL−1,

dark grey = 100 gL−1, light grey = 150 gL−1 [117]. c© 2014 IEEE

non-Newtonian viscosity of the fluid. The low sensitivity to wavelength is predominantly

due to the wave tail wall gradient not being sufficiently different, though it is observed

that for higher velocity that maximal intrabolus pressure which occurs in the wave tail

is more pronounced (Fig. 6.4).

6.4.5 Intrabolus Pressure Gradient in Bolus Tail

Due to the non-Newtonian fluid behavior, and sinusoidal wavetail shape the pressure

gradient in this region is an important indicator of swallow efficacy. Pressure rises in

the bolus tail due to bolus rheological effects and the occlusive motion of the modeled

esophageal conduit. It is confirmed that boluses of higher starch concentration exhibit

increased pressure gradient in the wave tail, particularly after the network material

structure transition zone near 50 gL−1 (Fig. 6.5). This behavior is expected as the

viscosity trend lines in Fig. 6.3A do not cross one another at any shear rate.
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A large increase in wave tail pressure gradient is observed between 100 and 150 gL−1

which is supported by the rheological investigation where viscosity and shear stress

exhibit a big jump between these concentrations for all shear rates.

In general the gradient increased with wave velocity for each bolus formulation and wave-

front length combination. However, wavefront length itself had a much less significant

effect on the wave tail intrabolus pressure gradient in all formulations tested. This is

due to the relatively low change in actuation angle of attack, as this directly impacts the

radial component of pressure acting on the manometer. However, this range of values

reflects what has been measured from the biological system, and has been pursued in

order to achieve clinical significance.

The highest tail gradient, 0.33 kPamm−1, was achieved with a 150 gL−1 bolus formu-

lation being transported at 40 mms−1 with a wavefront length of 60 mm. Reduction

of wave velocity or wavefront length each reduced this gradient for the same modeled

bolus material. This trend was observed in general for each formulation tested.

6.4.6 Interswallow Reliability

In order to establish the quality of inter-swallow reliability, repeated trials were under-

taken by the novel measurement tool to determine how rigorous, reliable, and repeatable

its measurements are. Repeated swallows were undertaken for each bolus formulation,

where the mean of each process has been evaluated in the following sections. In order to

demonstrate the reliability of the robot at performing the same trajectory and measuring

synonymous results the standard deviation was evaluated along the pressure signature.

An example of this is shown (Fig. 6.6) for 75 gL−1 Nutulis thickened water being trans-

ported by a wave with wavefront length of 50 mm and velocity 40 mms−1. This hallmark

feature of inter-experimental repeatability will facilitate more comprehensive analysis of

peristaltic swallowing compared to clinical experimentation.

The intrabolus pressure region of the manometric signature in Fig. 6.6 is marked relative

to the bolus tail and extends for approximately 100 mm. Throughout this region it is

observed that the standard deviation is almost constant and significantly less than 1

kPa.
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Figure 6.5: Wave tail pressure gradient as a function of wavefront (bolus tail) length,
velocity and Nutulis concentration (black = 50 gL−1, dark grey = 100 gL−1, light grey

= 150 gL−1) [117]. c© 2014 IEEE

6.5 Chapter Summary

The findings present preliminary evidence for use of the robot as an instrument to

discern between intrabolus pressure signatures in response to manipulating transport

parameters such as peristaltic wavefront length, velocity and bolus formulation. It is

found that starch thickener concentration for model boluses of Nutulis (Nutricia) is the

most sensitive perturbation to the swallowing signature across the clinically-significant

ranges of the tested variables. Additionally wave tail pressure gradient is found to

increase with wave velocity and thickener concentration. The relationships between

these variables are non-linear due to the complex shear field and non-Newtonian nature

(shear thinning) of the model bolus materials.

The swallowing robot, augmented with manometric investigation capability, has demon-

strated good sensitivity to bolus transport parameters. The findings are currently linked
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Figure 6.6: Statistical reliability analysis demonstrated for a swallowing process mod-
eled with starch-thickened water (75 gL−1, Nutulis Nutricia) which is transported by a
wave with velocity 40 mms−1 and wavelength 50 mm. The standard deviation in the

IBPS region is observed to remain <1 kPa [117]. c© 2014 IEEE

to conventional rheology of the bolus (viscosity), though now also demonstrate the re-

lationship between mechanical features of the process and the resulting intraluminal

pressure signature. The manometric signature for the robotic swallowing model exhibits

the same salient features of those captured in the clinical medical setting. This enables

interdisciplinary interpretation of the modeled results, based in the engineering field,

but with a clinical interest.

The swallowing robot was aimed to evaluate peristaltic transport of complex bolus ma-

terials to overcome limitations of current swallow investigation methods in the medical

and mathematical fields. This chapter explored its suitability to investigate intralumi-

nal pressure signatures for starch-thickened bolus transport via the clinical technique

of manometry. These formulations are used in the clinical setting for the management

of dysphagic pathology. This link has brought the engineering understanding of the

swallowing process closer to being able to control and elicit targeted swallowing strate-

gies. In future, the aim is to develop a robotic swallowing protocol to test novel food

formulations in order to predict their clinical manometric profile, and swallow efficacy

in man. This will require testing of boluses with different rheological characteristics to

determine the relationship between each of the independent parameters.





Chapter 7

Tactile Pressure Sensor Design

and Characterisation

7.1 Introduction to Extrabolus Pressure Sensation

In the field of soft robotics, tactile sensation has been challenging to achieve due to com-

plexity with manufacturing soft and deformable sensation technologies that are com-

patible with the requirements of soft and continuous robotic devices. In response to

these challenges, a transducer concept has arisen for compliant electronic sensors to

detect touch/pressure. However, there are a number of deployment challenges, due to

termination issues.

Tactile sensation in the soft swallowing robot is particularly important for understanding

the interaction between the food bolus and the biological esophageal swallowing organ;

Pressure at this interface is the only feedback the body can measure to determine swallow

efficacy. The transfer function of pressure throughout the bolus is complex, particularly

for inhomogeneous and anisotropic materials as they are deformed. Thus, in order to

explore this interaction both the intrabolus pressure (in the centre of the bolus) and

the extrabolus pressure (the contact pressure with the swallowing organ) need to be

measured simultaneously.

This element of the research initiative aims to address this need, to determine the re-

quirements for a biologically inspired tactile sensation technology, to achieve sensation

139
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capability in the soft robotic, peristaltic actuator, to complement manometric investiga-

tion of modelled swallowing. The location of the sensors, and their required behaviour,

provides a unique set of design constraints, in particular access, size, and sensitivity

issues. This chapter explores the biomimetic design specification, the methods towards

implementation, and characterisation/calibration of the sensors to transduce pressure

normal to their surface.

7.2 Motivation to Measure Extrabolus Pressure Signatures

One of the current prevalent dysphagia management practices, in the medical field, is to

modify a patients’ diet [47,49]. Fluid thickening agents are used to increase the viscosity

of thin foods and liquids in order to make them flow less readily, which has been shown

to improve swallow efficacy. However, instantaneous viscosity needs to be interpreted

with care, due to many true foods being non-Newtonian in nature. Additionally, the de-

formation of multiphase boluses, which may exhibit anisotropic properties, is challenging

to predict. The boundary conditions for accurately modelling esophageal swallowing in

the mathematical field can be further inspired by measured pressure signatures from the

swallowing robot in response to mathematically inspired swallowing trajectories.

The measurement of intrabolus pressure signatures by manometry has been used exten-

sively to investigate swallowing behaviour. However, the complex structure of boluses is

expected to distribute pressure unevenly, and non-linearly compared to simple viscous

behaviour. This means that the measurements of manometry and the human perception

of the process may differ significantly. In order to shed light on this issue, it is desired

to conduct measurement of intra- and extrabolus pressure signatures simultaneously.

This facilitates interpretation of the transfer of pressure from the wave-front, through-

out the bolus, to achieve transport. The relationships between the intra- and extrabolus

pressure signatures are expected to be complex, in response to the transported material

deformation behaviour and the changing relative angle of alignment with the conduit

axis.

The human body responds to the distributed stimuli in the esophagus in order to achieve

swallow efficacy. The pressure signature on the bolus surface is identified as one of the

measurement challenges to be overcome in order to evaluate the boundary conditions
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for, and complement predictions in, the mathematical modelling of this process. The

biomimetic swallowing robot provides the unique opportunity to deform boluses in a

biologically inspired manner, following the sinusoidal transport wave assumption, which

is typical in the mathematical field (as identified in Chapter 5). The extrabolus sen-

sation element reduces the gap between predictive and physical modelling to facilitate

further investigation and discussion of these effects for different bolus formulations and

structures.

Future possibilities indirectly benefit the medical field in terms of understanding the

force/pressure requirements of muscles to transport boluses of different types, and may

lead to deeper evaluation and interpretation of swallowing from a manometric perspec-

tive.

7.3 Inspiration from Sensation in the Human Esophagus

The human esophagus is richly innervated with a variety of sensing structures from

chemical receptors to mechanoreceptive sensing sites [121]. Unlike manometry, which

measures intrabolus pressure via a catheter that is passed through the nose, behind the

soft palate and down into the esophagus, the human body can only investigate surface

pressure signatures to determine swallow efficacy. Additionally, sensation is instrumental

in modulating the swallowing trajectory and in initiating secondary peristalsis [121].

Thus, it plays an important role as the feedback path for the human body’s trajectory

generation and control structures at the enteric and brainstem levels. In future, it is

desired to investigate how these structures can be modelled to facilitate more dynamic

generation of swallowing trajectories.

It is still unclear which methods of transduction give rise to mechanoreceptor sensation

in the esophagus [122], though there is evidence that pressure stimulus is indirectly

evaluated by stress and strain characteristics of the surrounding tissue [122,123]. Thus,

sensing site deformation is measured throughout the swallowing process, which occurs in

response to the combined actuation effort of the esophagus and the resistive pressure of

the bolus tail during transport. This behaviour is to be emulated in the robotic domain

to facilitate similar sensation in the robotic device. The contact pressure stimulus is
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to be measured directly at a series of defined sites in order to achieve a synonymous

extra-bolus perception of esophageal transport.

7.4 Specifications and Requirements

The soft-robotic peristaltic actuator architecture causes challenges with implementation

of sensors, in particular, the incompatibility between traditional rigid sensors, and their

electrical termination techniques. Inspired by the continuously deformable behaviour of

human tissue, it was determined that the sensors and their connection technique need to

exhibit considerable compliance, to achieve similar peristaltic wave geometries to remain

in contact with the surface. Additionally, due to access issues, the non-invasive approach

of running the sensor along the conduit surface is undertaken, in a similar architecture

to that of manometry. This was determined to be the most plausible solution, as the

elastic deformation of the silicon rubber structure is challenging to emulate in electrical

circuits.

7.4.1 Geometrical Considerations

The architecture of the swallowing robot, and the small dimensions of the modelled

conduit, restricts the size and design of the tactile sensors. The following sections

clarify the geometrical constraints to be considered when developing sensors for this

niche application.

Circumferential Constraints

The circumference of the conduit is 63 mm, and thus, each quarter of the conduit surface

(where each chamber resides in the whorl) is approximately a 16 mm arc. However,

when this surface is occluded onto the manometry catheter (of 4 mm diameter) during

modelled swallowing the arc that this quarter occupies is 4π/4 = π mm wide. Thus, the

sensation sites are best to be less than approximately 3 mm wide, in order to prevent

them from being deformed horizontally in the circumferential aspect of the swallowing

robot.
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Thickness constraints

In order to faithfully retain the pneumatically actuated conduit geometry, the sensor is

required to be extremely thin, on the order of <1 mm. This is also to ensure that the

cross sectional area is not significantly changed, which would lead to extension of the

bolus. The thinner the architecture, the more compliant the sensing technology would

also be, leading to a good unimpeded fit. This additionally reduces stress at the bonding

surface between the sensor and actuator.

Axial Constraints

In the axial aspect of the device it was envisaged to achieve the same sensor site res-

olution as the manometry catheter. This was proposed to facilitate reconciliation of

measured pressures in both the manometry and surface sensing sites simultaneously.

The manometry catheter has five sensing sites along its length, each with an axial dis-

placement of 50 mm. However, the active zone of the peristaltic actuator is 185 mm in

length; to avoid end effects (within 30 mm of either end), three manometry sensors can

be located in this region. This rationale results in the requirement of a three-sensor, flat

catheter with sensor displacement of 50 mm being developed, with three sensors in the

same axial locations of those from manometry.

The axial height of each manometric site is approximately 4 mm, and thus, sensing sites

were proposed to be designed with equal dimension in this regard. The motivation to

achieve synonymous resolution is so that the intra- and extra-bolus pressure profiles can

be reconciled to determine the relationships that exist between them. This would sig-

nificantly improve the understanding of how the body can appreciate bolus transit, and

investigate whether manometry is a suitable method to predict the human perception

of bolus transport. Additionally, it could be determined how pressure signature mea-

surements can best be used to determine bolus swallow efficacy in the robotic device,

with possible insight as to how this is related to the behaviour of esophageal peristaltic

transport in man.
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Figure 7.1: Mean longitudinal surface strain for sinusoidal peristaltic wave geometries
of varying wavelength.

7.4.2 Strain and Composite Behaviour

The surface of the swallowing conduit in the axial aspect deforms toward the conduit

axis. This geometry has been characterised earlier in Chapter 4, and was further the

subject of trajectory generation and capability analysis in Chapter 5. Throughout these

earlier investigations sinusoidal wave geometries have been commanded and subsequently

investigated for actuator capability. Retaining this specification, the conduit walls are

specified to take on a sinusoidal shape in the axial aspect. The biologically inspired wave-

front length range from 40 to 60 mm investigated in Chapter 6 is used to determine the

average longitudinal surface strain in the axial aspect (Fig. 7.1), to predict the worst-

case sensor boundary shear behaviour of the composite device.

It is observed that for wave-front lengths greater than 40 mm in length that the strain

drops to less than 2 % at the worst case. Thus, fastening a flexible, though inextensible

sensation technology to the conduit was not expected to adversely affect the deformation

behaviour of the device, other than to achieve a little longitudinal shortening. This effect

is also seen in the esophagus where the tissue pulls up to accommodate the bolus and

force it downward. This mechanism, and its significance, is explained in the following

section.

Esophageal Shortening

The combination of longitudinal and circular muscle contractions throughout esophageal

swallowing results in a localised shortening behaviour at the bolus tail, which is pur-

ported to provide mechanical advantage of the conduit to undertake peristaltic trans-

port [124,125]. Measurement of this phenomenon has been undertaken by many different
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Table 7.1: Longitudinal strain study

Strain / Length Change Condition Ref

7 % (range 3.8-11.2 %) Distal segment shortened most significantly [125]

> 5 % From Baseline, 2x 5 cm sections [126]

2, 1.4, 1 cm Hernia model reduction of shortening [127]

2 - 2.6 % 95% Confidence interval 5,10,15 and 20 cm
above LES

[128]

methods, which exhibit a range of results for longitudinal strain. The greatest challenge

is with selecting a datum, and determining how uniform the strain is between two points.

Measurements of differing original displacement exhibit different results as summarised

in Table 7.1.

It is observed that the ranges of esophageal shortening vary significantly, which is caused

by variations in selection of the datum and the point-wise strain calculation. In the hu-

man body, the behaviour is purported to arise in response to both longitudinal muscular

contraction, as well as circular muscle actuation [129], which is how it is implemented

in the swallowing robot. In the body, it is said to be caused by the orientation of the

muscle trajectory being more elliptical with an axis not parallel with the conduit axis,

which results in a pulling motion [129].

In the robotic analogue, the silicon rubber material deforms more radially, though in-

troducing flexible, inextensible, strips on the conduit surface limits the surface strain

behaviour in the axial dimension, resulting in a small longitudinal surface shortening.

The sensor strips additionally distribute the stress over the surface as they take some

load off the silicon rubber material. Given the passive distribution of the stress, the

strain compensation is deterministic along the surface. Given the same limitations of

determining exact distributed strain as the measurement techniques used in the human

body, it is not possible to accurately determine the magnitude of stress imparted on the

sensor strip to maintain its length.

The composite behaviour still allows for continuously deformable and smooth peristaltic

locomotion, with the added benefit that the occlusive component of actuation addition-

ally achieves a local longitudinal shortening of the esophagus at the bolus tail. This

is in line with the biological analogue, and facilitates embodiment of the longitudinal

shortening behaviour at the wave tail without expressly actuating in that dimension.
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Deformation Compatibility

A readily flexible, though inextensible, sensation structure needs to be able to withstand

the shear stress at the interface surface to ensure that it is not damaged throughout mod-

elled swallowing. The tactile sensing structure is required to remain in contact with the

deforming surface and follow its geometrical deformation. In addition to the geometrical

considerations and limitations for sensor design, bonding to the soft silicon surface with

a small surface area needed to be considered. The sinusoidal wave-front specification

(as mentioned earlier in Chapter 5) is deterministic in the respect that selecting a finite

wavelength and wave amplitude yields a single function for the rate of change of gradi-

ent, the maximum of which is related to the tightest radius through which the sensor

strip must be able to bend throughout operation. In order to guarantee longevity of the

sensors, it is desired that they remain within the elastic limits of deformation. This will

be outlined in the implementation phase.

7.4.3 Technology Considerations

As well as considering the geometrical and mechanical specifications, the transduction

technology is required to be reliable, compatible with the soft robotic surface, as well as

not compromise the actuator behaviour.

A plausibility analysis was conducted to determine suitable transduction techniques. It

was determined that a passive electrical element would be the most reliable to man-

ufacture, which resulted in limitation to resistive, capacitive or inductive techniques.

These were evaluated against the ease of manufacture on the scale required, as well as

possibility to exhibit a large enough gauge factor. Techniques such as stretchable or liq-

uid channel strain gauges, Dielectric elastomers and conducting rubbers were evaluated.

The advantages of capacitive sensation became immediately obvious: the architecture

was readily manufacturable, sensitivity could be tailored by use of different dielectrics,

it is compatible with flexible circuit board capabilities, and a variable resistance contact

or material behaviour is not required. In response to the specifications listed above, and

the transduction technique, candidate design, fabrication, and implementation methods

were developed.
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Table 7.2: Summary of sensor design constraints

Specification / Constraint Magnitude / Significance

Sensor Width Approx. π mm

Sensor Thickness <1 mm

Technology Compatible with soft robotic surface

Deformation Undertake sinusoidal deformation

These challenges are the subject of many experimental research methods in the current

literature. Carbon nanotubes as stretchable and compliant electrodes/sensors [130], and

other novel conducting rubber techniques [131] have been applied in different research

domains. However, these have not seen widespread use due to issues with reliability,

manufacturability and electrical termination. As a compromise between these tech-

niques, and a reliable behaviour, a flexible pressure sensor array was developed, which

exploits flexible printed circuit board technology. This technique exploits the possi-

bilities of flexible and bendable circuit boards to facilitate pressure measurement on a

deformable surface.

7.4.4 Summary of Constraints

The sensation technology is required to be of a flexible, readily deformable, construction

with electrical termination that exits the device through the ends of the conduit. In

order to prevent obstruction of the bolus passage, or alter the peristaltic behaviour

of the swallowing robot, the geometry must remain within axial and circumferential

dimensions as detailed in Table 7.2.

7.5 Working Principle and Implementation

The flexible PCB capacitive transduction technique presents many challenges, particu-

larly with respect to the aforementioned geometrical and compatibility considerations.

7.5.1 Transduction Concept and Materials

Due to the flexible PCB technique, transduction from pressure to capacitance is achieved

by a deformable capacitor, which alters plate displacement in the normal aspect in
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response to pressure. This is achieved by displacing the plates with a compressible

material. This parameter was selected as changing the cross sectional area, or dielectric

permittivity are challenging in such a space-constrained environment.

The behaviour of parallel plate capacitors is governed by equation 7.1.

C = ε0
A

d
(7.1)

Where C is the capacitance in Farads (F), ε0 is the permittivity (F/m), A is the cross

sectional area (m2) and d is the distance between the plates (m). The transducer con-

cept is to fix the parallel plate area and vary the plate displacement by deforming an

elastomeric dielectric material.

As observed from 7.1 the relationship between displacement and capacitance is linear.

However, the relationship between pressure/force and displacement is non-linear due

to the deformation behaviour of silicon rubber dielectric, which is used to displace the

capacitive pads. Thus, linearisation is required to relate the digital capacitance mea-

surements to bolus interaction pressure. This will be further investigated in Section

7.6.

In order to sense at only localised sites the sensors were required to be protected with an

active shield, resulting in a multi layer design architecture. The multilayer architecture,

and the conductive layout of each of the layers is shown in Fig. 7.2 and Fig. 7.3.

The highest layer in Fig. 7.3 is grounded; its resting manufactured location determines

the capacitive datum at zero pressure. In the middle, between the ground layer and the

active sensing sites, an active shield layer is placed, which prevents parasitic capacitance

of the active sensing traces to ground. This guarantees that only the capacitance of

the sensing sites is measured; improving immunity to external electrical influences. The

lower layer (with the three independent electrical traces) (Fig. 7.2 and Fig. 7.3) contains

the individual sensing sites, which appear as ovular pads.

The magnitudes of capacitance are measured by an AD7147 capacitance to digital con-

verter. Due to the rigidity of the chip, and its finite size, it is located on a PCB outside

of the modelled swallowing conduit on a rigid PCB.
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Figure 7.2: Design of each flexible sensor PCB layer.

Figure 7.3: Etched flexible sensor PCBs before separation and assembly.

7.5.2 Mechanical Aspects of Design

In response to the geometrical constraints outlined in Table 7.2, the sensor array is de-

signed with smaller dimensions in each aspect. The final sensor design has sensing pads,

which are 2 mm wide and 4 mm in axial length. In order to facilitate additional traces

for other sensors, the final strip is 2.8 mm wide and, when laminated is 0.3 mm thick.

These dimensions are commensurate with the specifications for the niche application.

The extremely thin profile is advantageous, as it does not significantly interfere with the

geometry of the conduit, and therefore, the modelled swallowing process.

The layers are spot-bonded with silicon rubber such that the laminate can relieve shear

between the layers. The ground and active sensing sites are designed to be larger than

the shield window such that this shear does not adversely affect the sensor sensitivity.

Due to the thin profile of the sensor array, and the large relative radii that they are
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Figure 7.4: Sensor Characterisation Process

expected to bend through, the shear response is not large: it results in a slight normal

force.

7.6 Sensor Characterisation

Due to differences in sensor-site track length and slight dielectric differences at each

sensing site, each of them was calibrated individually to relate the digitally measured

magnitudes with the physical quantity pressure. This was achieved by placing the sen-

sors on a curved (20mm diameter), rigid conduit surface (this is the same condition as

the distended shape of the modelled esophageal conduit) and applying pressure to the

surface through an inflated balloon. Increasing pressure was applied to this area with

a resolution of 648 Pa, and the resulting capacitive output measured. The range from

0 - 13 kPa was selected to coincide with the range of pressures typically measured by

manometry in the bolus tail (0-100 mmHg) [30]. This technique applies the pneumatic

pressure across the surface. The characterisation was conducted for 20 equal steps over

the pressure range, and repeated 5 times for each sensor (Fig.7.4).

Intrabolus pressure magnitudes on the order of 50 mmHg are reported to occur in the

most occlusive region of the bolus tail [30]. This occurs where there is almost no bo-

lus left, and the sensors are parallel with those of the manometry catheter. At this

point, the pressure measurements should be synonymous. It is also near the sensitivity

transition zone of the sensors where the deformation mode changes from compression

to deformation. The data is split at this point to determine a series of piecewise-linear
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Table 7.3: Piecewise-linear relationship between pressure and normalised input (com-
plements Fig. 7.5)

Pressure Range 0 - 6.47 kPa 6.47-12.94 kPa

Parameter Gradient Gradient Offset

Sensor A 0.1030 0.0515 0.6667

Sensor B 0.1046 0.0500 0.6768

Sensor C 0.1171 0.0375 0.7576

trends. The coefficients for each sensing site (Table 7.3) result in description of the rela-

tionship between sensor value and physical pressure measurement. These relationships

are evaluated on a microcontroller and sent to a PC for display and logging.

The Piecewise-Linear relationship in Table 7.3 is calculated by expressing the relation-

ship between two lines that pass through a node at (6.47, Y), the points (0, 0) and (12.94,

1). The objective is to find Y, which minimises mean squared error cost between the

empirical and model data. This relationship is then inverted to predict contact pressure

as a function of capacitance to digital conversion input.

Due to the influence of environmental variables, the baseline reading from the capacitive

sensors is calibrated in-place, which is achieved by measuring an environmental datum

with no pressure applied to the sensors. This ensures that the sensor remains functional;

independently transducing contact pressure.

7.7 Implementation in the Swallowing Robot

Four sensing arrays, each with 3 sensing sites are fixed in the four device quadrants,

arranged at the center of each of the chambers in the circumferential aspect. The 12

extrabolus pressure sensors are arranged in three axis symmetric whorls (each containing

four) with an axial displacement of 50 mm between layers. The sensors are interfaced

with a printed circuit board (Fig. 7.6), which contains all of the supporting electronics

for all of the arrays. The sensor interfacing electronics reside externally, at the top of

the swallowing conduit. Each sensor is mounted concentrically to the conduit axis; the

flexible sensors integrate with a series of zero-insertion force clips to arrange them in the

correct orientation in the device.
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Figure 7.5: Relationship between surface contact pressure and normalised sensor
reading for a single array of 3 capacitive sensors (A) lower sensor, (B) middle sensor
and (C) upper sensor. Individual experimental results are plotted in grey, overlaid by

their mean in black.
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Figure 7.6: Printed circuit board to drive the capacitive sensing arrays.

The sensor strips run down the conduit wall in the central aspect of each of the chambers,

where maximum occlusion occurs. This ensures that the sensors undertake the complete

displacement, and finally come into contact with the manometry catheter in the conduit

axis, upon inflation with sufficient pressure. The motivation for having four sensing

arrays is to evaluate the anisotropy of pressure distribution at each of the sensor lev-

els. This will additionally complement the understanding of manometric investigations,

where the upper sensing sites are unidirectional, not circumferential.

The axial displacement is arranged at the same resolution as the intrabolus pressure-

measurement catheter (manometry). The first sensor resides at the top of the active

actuation zone in the peristaltic swallowing conduit, with the other two extending further

inward. The location of the sensing sites with respect to the actuator is shown in Fig.

7.7.

The characterisation process outlined in Section 7.6 was carried out for each of the 12

sensing sites to develop inverse models, which relate the sensor reading to contact pres-

sure. This results in four pressure sensitive sites arranged circumferentially, calibrated to
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Figure 7.7: Cross-sectional location of extrabolus pressure sensors in the axial aspect
of the swallowing robot. Sensors are similarly located in the same positions in the plane
perpendicular to the depicted surface. The conduit is developed axis-symmetrically in

this respect.

achieve contact pressure transduction at each sensor whorl. This facilitates investigation

of material deformation heterogeneity, caused by material anisotropy, which can arise

from stimuli such as boluses having independent phases. The pressure measurements

will capture this behaviour indirectly, where there is significant work to unravel the con-

founding factors to determine the true material deformation and transport relationships.

Each capacitive sensing site is sampled at a frequency of 30 Hz, which was selected to

coincide with the 30 Hz manometric sampling frequency. This facilitates reliable cross-

examination of the pressure signatures without filtering or up/down sampling. The

relationship between intrabolus and extrabolus pressure signatures is of significant in-

terest as this behaviour relates the medical measurement techniques and the feedback

that the body can measure, transduce, and interpret. It also represents a unique advan-

tage of the physical measurement technique, as access to the esophagus in the medical

domain is extremely challenging.

The capacitive sensors are electrically isolated from the bolus region of the swallowing

conduit by means of an extremely thin latex sheath. This technique has many advantages

in the current context, and looking forward to the future application of the swallowing

robot:

• It provides a boundary layer to prevent bolus fluid from entering and interacting

with the surface pressure sensors,
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(a) (b) (c)

Figure 7.8: Flexibility and deformation of pressure sensor array.

• In future, lubrication of the swallowing conduit may be investigated throughout

bolus transport, where these lubricants may otherwise interfere with the silicon

rubber conduit material, and

• It provides a means to access the sensors such that they may be maintained, should

their behaviour change.

The integration aspect brings together the actuation, trajectory generation and sensation

aspects of the swallowing robot. The considerations for this phase, and the subsequent

application of the swallowing robot are discussed briefly, before preliminary evidence for

extrabolus sensation is investigated. In the current research, the extrabolus pressure

sensitive array is tested under dry swallow conditions. However, in future, it will be

applied during modelled bolus swallowing to provide new insight into the actuation effort

on the bolus tail, or facilitate measurement of the boundary conditions for mathematical

esophageal swallowing models.

7.7.1 Sensor Deformation

It is challenging to depict the sensor deformation within the device, due to access con-

straints. Thus, the sensor array deformation and flexibility are demonstrated by bending

externally to the device (Fig. 7.8). From this position, it recovers elastically, which is

promising as this is a much tighter radius than experienced throughout deformation in

the swallowing robot.

The sensor response to such deformation, at the capacitance measurement level, results

in alteration of only a few lowest bits. Thus, it does not significantly confound the
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measurement results, which typically display a resolution of approximately 600-1000

steps across the measurement range depending on sensor construction variables.

7.7.2 Environmental Offset Calibration

Capacitive sensors are prone to parasitic offset capacitance, which depends on the op-

erating environment. The magnitude of these parasitic elements does not change sig-

nificantly over a short period, and is thus, assumed to remain constant throughout

experimentation. The sensing sites still achieve the same relative change in magnitude

throughout transduction, in this case pressure, resulting in only the offset requiring in-

vestigation under different conditions. Due to the slow changing nature of these effects

in the swallowing robot, the offset magnitude is required to be re-evaluated daily.

Confounding, or parasitic, capacitances not related to sensing can additionally be com-

pensated in the AD7147 capacitance to digital converter, up to 20 pF. However, this

was not required, as the conversion magnitude was not observed to overflow. Sensor

traces were kept to a minimum cross-sectional area to ground, apart from at the sensing

sites where they were enlarged to ensure maximum sensitivity. The circuit board con-

taining the supporting circuitry for the sensors was secured tightly and grounded to the

swallowing robot case to ensure a fixed electrical datum.

Offset calibration is undertaken by measuring the sensor output under unloaded condi-

tions, and subtracting the mean of 30 samples. Zero then represents the relative datum,

to which capacitance can be compared and converted into pressure. This process is

required to be undertaken periodically to ensure that environmental drift does not sig-

nificantly affect the capacitance to digital conversion, which would directly confound

with the contact pressure measurement.

7.8 Surface Pressure Normals

The capacitive surface pressure sensors, in the application of pressure measurement in

the esophagus, are continuously changing orientation. The direction and magnitude

of this pressure are both required in order to comprehensively investigate the bolus

transport (Fig. 7.9). Aside from translation in the radial dimension (in the direction of
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Figure 7.9: Components of extrabolus pressure as measured normal to the conduit
wall. The extrabolus pressure sensor is fixed to the conduit wall, which is modelled by
a sinusoidal geometry (in this case having a 45 mm wavefront length). The extrabolus
pressure normal to this surface PEN can be broken down into axial (PEA) and radial
(PER) components as θ can be calculated from the inverse gradient of the wall function.

PER), and slight axial translation due to the inextensible nature of the sensor arrays,

it is assumed that the sensor only undergoes rotation.

The angle of the pressure sensors’ normals is assumed to only exhibit angular deflection

in the axis/radius plane (Fig. 7.9). That is, the vector always lies on the plane created

by the axis and the quadrant in which the sensor is located. This results in three degrees

of motion freedom, where the axial component (in the direction of PEA) is small. The

larger radial motion and sensor angle components can be calculated from the open-loop

sinusoidal trajectory specification, based on the techniques outlined in Chapter 5.

The final experimental protocol involves bringing the trajectory generation, surface pres-

sure measurement, and intrabolus pressure signatures together to develop a greater un-

derstanding of the peristaltic esophageal swallowing process. All measurements begin,

and end, with both the intrabolus and extrabolus pressure sensors’ normals coincident.

Given that the wave trajectory is of a sinusoidal nature, the gradient of the wall on which

the sensor lies also changes with a sinusoidal nature, and so too, does its normal. It

swings from perpendicular to the axis (eg. θ = 0) to an angle as far as θ = tan−1(πα/λ).

This pressure can be divided into axial and radial components at the analysis stage.



Chapter 7. Tactile Pressure Sensor Design and Characterisation 158

7.9 Preliminary Evidence Towards Biomimetic Swallowing

Biomimetic swallowing encompasses all aspects of the actuation, trajectory generation,

and sensation objectives toward achieving a clinically-significant, robotic, analogue to

the biological swallowing process. Throughout the earlier chapters, the specification

and design of these component technologies has been undertaken and rigorously tested,

where their integration represents the completion of the embodiment process.

The integration of these facets facilitates a new bolus investigation paradigm, which

draws together inspiration from the medical, mathematical, food science, and engineering

fields. The trajectory generation and swallowing robot actuator model were integrated

and evaluated in Chapter 5 through the capability analysis technique, and subsequent

investigation of fitting quality to the clinically-significant trajectory inspired by Clouse

[30]. The pressure sensor arrays developed throughout this chapter are designed to

provide extrabolus pressure sensing functionality in each of the four axial quadrants of

the swallowing robot.

The extrabolus pressure sensors have been developed, characterised, and implemented

in the swallowing robot. The last remaining subtask is to determine their behaviour

when they operate in this environment. In order to investigate the sensor behaviour in

the swallowing robot, the calibration and experimental protocols were undertaken for

dry swallows, where their behaviour is measured. This is the first step toward complete

bolus investigation in the robot and required the overcoming of many challenges.

In order to completely realise the potential of the extrabolus sensors, wet swallows will

be required in the future. However, before empirical or data-driven techniques can

be exploited to measure and interpret simple, or complex, boluses a number of further

hurdles are required to be overcome. Thus, attention turns to evaluating the dry swallow

response. The remainder of this chapter addresses the preliminary evidence towards

achieving this goal, including the experimental techniques and current successes, before

detailing the challenges that need to be addressed in future work.
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7.9.1 Dry Swallow Pressure Evaluation

The pressure sensors, in each of the four device quadrants, are located against the

conduit wall. Pneumatic pressure is asserted to the chamber whorls in a rostral-caudal,

sequential form to achieve peristaltic contact that propagates at a velocity of 20 mm

s−1. Due to the constraint of no bolus being deformed, a solid rod element (16 mm

diameter) was used to provide a surface for the sensor catheters to contact. At this

point in the case of wet swallows the pressure magnitude will be of lower magnitude as

the bolus would deform and the some of the stress caused by the pneumatic pressure

would subsequently absorbed by the conduit material.

The extrabolus pressure sensors capture the process in the time domain, where the wave

passes the upper sensors earlier than the middle and lower ones, which means that the

pressure signatures are separated in time for each whorl. In order to investigate their

behaviour in a uniform manner, the propagation time between each whorl is removed,

to show the pressure transfer window (or the time that the sensor is active for). This

technique (Fig. 7.10) facilitates the investigation of the transfer behaviour as pressure

rises, plateaus, and falls. The grey lines represent individual sensor behaviours, where

the black line demonstrates the mean response. It is observed that some sensors behave

more favourably than others do, with higher resolution and a more smooth response.

Experimentally, the measurement noise is observed to be mainly attributable to high

frequency vibrations caused by air being injected and exhausted into the pneumatic

chambers by the proportional valves.

The offset calibration (as explained earlier in Section 7.7.2) is undertaken before the

data is collected and converted into meaningful units.

This evaluation of sensor response is shown to demonstrate the similarity between the

sensor outputs in response to the dry swallowing trajectory. It is possible to discern the

region where contact pressure occurs (when the pressure rises above zero). However,

when bolus material is transported this will be much more challenging to determine,

where elements such as sharp gradient changes will have to be detected. The challenges

to further the design of experiments for wet boluses are briefly covered in the following

section.
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Figure 7.10: Individual extrabolus pressure sensor measurement (grey) and mean
(black) for a dry swallow at 20 mm s−1 (from initial contact).

7.9.2 Direction for Further Experimentation

Throughout the assertion of biomimetic swallowing, aspects such as bolus formulation

and transport parameters are independent variables, which are open to specification.

The measurement protocols (in this case, intra- and extrabolus pressure signatures)

facilitate objective techniques to describe bolus transport. This leads to the assertion

that this act of deformation and concurrent measurement reveals synonymous pressure

signatures that the the body might reasonably be able to feel, measure or interpret

throughout swallowing. These measurements in vivo are challenging to measure due to

access issues.

In order to realise the full potential of the biomimetic swallowing robot technique, with

particular reference to extrabolus sensation, a number of challenges need to be overcome.

This is due to the high number of confounding variables, which occur when modelling

transport of bolus materials. Initially, it is expected that boluses with simple structures

be investigated such that the relationships between intra- and extrabolus signatures can

be investigated. In this manner, progress will be incremental and founded on strong

experimental findings.

In order to guarantee the displacement behaviour of the sensors, they should perhaps be

manufactured as part of the swallowing conduit from the initial outset. However, this

should only be attempted when the sensor design has been established in this manner.

Manufacturing the device in this manner would render the sensors unserviceable which

is undesirable at the current stage of development.
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7.10 Chapter Summary

In order to simultaneously investigate intrabolus and extrabolus pressure signatures

in pursuit of improving understanding of esophageal bolus transport, a bolus surface-

pressure measurement technique was required. The unique constraints of the soft-robotic

application required the development of a flexible and compliant sensing technology.

Capacitive sensation was identified as a strong candidate technology due to their reliable

and readily manufacturable nature. A series of capacitive pressure transducers were

constructed in a linear array format, with a resolution inspired by that of the manometric

catheter used to complement their measurements.

The sensors were characterised to determine the relationship between pressure and

capacitance-to-digital converted input. Contact pressure is measured indirectly by mea-

suring the relative change in capacitance of each sensor, which occurs due to deformation

of a silicon rubber dielectric and subsequent displacement of the parallel plates in the

normal direction. The sensors are frequently calibrated in place to ensure that the

environment does not cause drift in their measurement.

The flexible PCB capacitive sensors have been demonstrated to exhibit preliminary suc-

cess for soft-robotic pressure sensation in the application of modelling of esophageal

swallowing. While the design, transduction, and measurement techniques provide ad-

equate resolution for investigation of this process, there is scope to alter the laminate

sensor strain capability and also further address integration of the circuit boards into

the silicon material. These improvements are extremely challenging in their own right,

and are to be the subject of future incremental research.

The flexible sensing structure provides a novel opportunity to investigate the extrabolus

pressure signature of modelled swallowing concurrently with manometry in the future, to

determine the bolus-deformation transfer function. It is anticipated that deeper analysis

of this information may yield further understanding of the flow dynamics and swallow

efficacy of boluses with differing material structures and properties.





Chapter 8

Discussion, Conclusions, and

Recommendations

8.1 Research Outcomes

Exhibiting such accomplished behaviours, biological phenomena represent a significant

source of inspiration to stimulate novel engineering design and development. The esophageal

swallowing organ, in man, exhibits intrinsically smooth and continuous longitudinal

peristaltic transport behaviour, which is unconventional to traditional robotic actua-

tors. The biomimetic swallowing robot developed throughout this research initiative

was aimed to draw interdisciplinary knowledge from the medical, food science, and en-

gineering fields together in order to address peristaltic embodiment challenges in the

robotic and biomimetic disciplines. The specification, embodiment, and experimental

aspects of the process address diverse research challenges in soft robotics field and offer

an alternative avenue of investigation in the food science and medical disciplines.

The techniques of soft robotics offer new possibilities for emulation of continuous and

compliant biological behaviours, which make them particularly suitable as candidates

for developing biomimetic models of soft organisms and organs. The emulation of these

principles contributes to both their biological and engineering understandings in an

interdisciplinary manner.

The concept of peristalsis has been communicated into the engineering field under nu-

merous guises, predominantly for pumping applications. The current research is built on

163
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this understanding, where the new architecture more closely embodies the capabilities

of the esophageal swallowing organ. The inspiration from the human body prompted

new challenges for the design and characterisation of actuation and sensation strategies

in the soft-robotic domain.

The novel robot is targeted towards biomimicry of the swallowing process in order to

complement theoretical mathematical modelling techniques, and facilitate rheological

investigation of boluses outside of the human body. The structure, actuation technique

and sensation capabilities aim to emulate the esophageal swallowing process, where

biomimetic swallowing outcomes are exploited to add knowledge to the medical, engi-

neering, and food science fields.

The embodiment of esophageal swallowing into the biomimetic robot results from the

amalgamation of diverse engineering concepts and technologies in the soft-robotics field.

In order to realise this ultimate objective a series of contributing technologies, and exper-

imental instruments, were designed to achieve, validate, and interpret the possibilities

offered by the new device. The salient outcomes of this research initiative; the novel

peristaltic actuator, swallowing trajectory description techniques, and pressure investi-

gation techniques, as well as the final objective of demonstrating biomimetic swallow-

ing are briefly reiterated below to re-establish their significance in the interdisciplinary

biomimetic engineering research space.

8.1.1 Biomimetic Soft-Robotic Peristaltic Actuator

Translating peristaltic actuation, inspired by the transport technique of the human

esophagus, into the engineering domain raises unique design constraints and challenges.

Knowledge from the medical and mathematical modelling fields was developed into an

interdisciplinary specification, which both quantitatively and qualitatively described the

behaviour of the biological organ. The field of soft robotics was identified as a strong

candidate for modelling in this domain due to the possibilities for smooth, continu-

ous and compliant actuation, which is synonymous with the actuation technique of the

esophagus.

Pneumatic actuation was exploited for its intrinsically distributed and compliant be-

haviour. Previous structural limitations for radial occlusion by pneumatic actuation



Chapter 8. Discussion, Conclusions, and Recommendations 165

were overcome by designing the device conduit and actuation system of a single silicone

rubber material. This provides a unique opportunity to avoid any rigid skeletal elements,

which impede smooth and continuous actuation as had been observed in linear, radially

acting, pneumatic, peristaltic devices in the past. The design process was recursively

altered to achieve a structure that encapsulated the pneumatic chambers, which was

also compatible with the silicon’s casting manufacturing technique.

The soft-robotic field is still new and emerging, and as such, exhibits many signifi-

cant research challenges. The specification, design, and characterisation techniques of

such continuous deformation devices are dissimilar to those of conventional rigid robots,

and similarly, require alternative methodologies and experimental protocols. The soft,

swallowing robot embodies the salient features of esophageal swallowing based on an

engineering interpretation of the biological process.

In order to investigate the device co-actuation relationships for combinations of pres-

sure in adjacent whorls of chambers, medically inspired experimental techniques were

used. The techniques of manometry and articulography were successful in investigating

the device behaviour and used to build up a characterisation model, and act as the

basis for biomimetic swallowing trajectory generation. This was advantageous in that

the manometry findings are then synonymous with those conducted throughout swal-

lowing investigation and diagnosis of dysphagia in the medical field, as well as having

a compatible structure and transduction technique to overcome access issues that are

the same as in the human body. The swallowing robot is able to undergo videofluo-

rographic examination; however, due to disambiguation challenges with the captured

images, articulography was favoured for evaluation the conduit geometry.

8.1.2 Swallowing Trajectory Generation

The actuation strategy for the swallowing robot required the interdisciplinary specifi-

cation of swallowing trajectories to communicate the process from the biological to the

mechanical engineering domain. The prevalent method of sinusoidal wave modelling

for peristalsis and esophageal swallowing in the mathematical field was applied to the

robotic device, in addition to investigation of a simple cubic polynomial wave model.

The quality of the device fit to these trajectories was carried out in a comprehensive
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capability analysis to investigate how this changes with alteration of amplitude and

wavelength.

The first sets of experiments were concerned with inversion of the pressure/geometry

relationship, as pneumatic actuation pressure in the device chambers is only inciden-

tal to achieving peristaltic transport. The relationship between the displacement and

pneumatic pressure is highly non-linear, and also partially affected by pressure in neigh-

bouring chambers.

A case study was conducted on a medically captured swallowing trajectory to determine

the quality of the robot’s behaviour at achieving this target with time-variant velocity

and wavelength parameters. This approach is generalised such that it can be applied

to any swallowing trajectory, regardless of origin, so long as the salient parameters are

available. The capability analysis is then also an objective method to determine the

confidence with which robotically captured transport profiles can be interpreted in a

clinical manner.

8.1.3 Soft Tactile Sensor Array

The esophagus is innervated with many tactile sensation structures. In response to

mechanical stimulation, the body can evaluate the efficacy of the transport process

to ensure that it propagates to completion. Tactile sensation in the soft robotic and

peristaltic pumping fields for measuring the bolus / tissue interaction pressure has been

largely overlooked, due to inherent difficulties with flexible sensor development and

deployment. Measuring this behaviour is of utmost importance, as it is this interaction

and not the manometric intra-bolus pressure that the body can measure and interpret.

A flexible capacitive sensor array was developed to undertake the interaction measure-

ment task. Pressure sensitive capacitive sites on a flexible circuit board facilitate the

transduction of this behaviour into the electronic domain. This measurement technique

complements manometric investigation by evaluating swallow efficacy; it may be used

to investigate the boluses rheological pressure transfer function in future. The sensor

arrays are required to be capable of undertaking significant deformation in the radial

dimension of the swallowing conduit.
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Tactile pressure sensation has also been largely overlooked in the field of swallowing

robotics due to integration challenges, and is an area of continuing research in the soft

robotics field. There are many challenges to overcome with the compatibility between

electronic sensors, wire termination techniques, and bonding between these structures

and largely extensible devices. The flexible, capacitive sensor arrays will facilitate simul-

taneous measurement of intra- and extra-bolus pressure, which had not been previously

investigated in the physical domain.

The flexible, soft tactile pressure sensation technique is general in its design, and can

find use in a range of different applications. It overcomes challenges of pressure sens-

ing alternatives, which due to their larger profile or stiffness are not suitable for this

application, among others, which demonstrates new capabilities for sensing under these

conditions.

8.1.4 Biomimetic Esophageal Swallowing

Biomimetic esophageal swallowing emerges from the biologically inspired trajectory gen-

eration, and its subsequent application towards bolus transport. Manometric pressure

measurements are conducted on-line whilst starch-based boluses are transported to in-

vestigate the bolus transport interaction; intrabolus pressure signatures. This outcome

is particularly beneficial to the medical and food science fields, where novel bolus ma-

terials, or swallowing trajectory behaviours, can be investigated outside of the human

body.

The swallowing robot offers an alternative bolus rheological measurement and charac-

terisation technique, which complements the medical, food science, and mathematical

approaches toward understanding the role of bolus rheology on the swallowing process.

The actuation results in bolus deformation, while the intrabolus pressure signatures

capture the mechanics of the process. This method overcomes the necessity to model

boluses, as it facilitates investigation of physical bolus materials.

The research initiative set out to communicate the esophageal phase of swallowing, and

its peristaltic transport method, into the engineering field to undertake physical, mechan-

ical deformation of bolus materials. The actuation, trajectory generation, and sensation

methods each contribute interdisciplinary domain knowledge towards this biomimetic
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target. The success of each of these elements is demonstrated individually, before they

are combined to achieve the final functional esophageal swallowing robotic model.

8.2 Contributions to the State of the Art

The embodiment and translation of esophageal swallowing from the biological domain

into a biomimetic swallowing robot required the development of unique methodolo-

gies, design, characterisation, and experimental methods. The contributions to scientific

knowledge fall into the interdisciplinary research space of mathematical modelling, med-

ical understanding of the swallowing process, fluid flow investigation, and soft robotics,

each of which influenced and inspired the research direction.

Throughout the research development, opportunities to improve the state of the art

were identified, and towards these, novel engineering solution methods were applied.

The most significant contributions to scientific knowledge can be summarised as arising

from three of the research pillars; actuation, sensation, and trajectory generation as well

as their union towards biomimetic swallowing:

• Actuation: A soft, peristaltic, actuator that offers compliant, smooth and con-

tinuous bolus locomotion inspired by esophageal swallowing:

– Communication of esophageal peristalsis into the mechanical engineering do-

main (physical actuation), and

– Soft-bodied, silicone rubber design, characterisation, and capability analysis.

• Trajectory Generation: Mathematically and medically inspired methods to-

wards describing, specifying and undertaking swallowing trajectories:

– Specification of wave-front profiles and conversion into pressure trajectories

by device model,

– Evaluation of sinusoidal and polynomial model wave-front profiles, and

– Incorporation of time-dependant parameter inputs such that medically in-

spired trajectories can be commanded.

• Sensation: Bolus transport sensation and measurement strategies:
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– Intrabolus pressure signature evaluation protocols, measured by manometry,

and

– Pressure-sensitive capacitor arrays were developed to overcome the unique

challenges of access and deformation of the soft-robotic peristaltic conduit to

measure pressure interaction at its surface.

• Biomimetic Swallowing: Experimental methods towards application of the

swallowing robot, including the actuation, sensation and trajectory generation

aspects:

– Manometric investigation protocols, intrabolus pressure signature evaluation

for variation of bolus formulation, peristaltic wave-front length and velocity,

and

– Incorporation of extrabolus pressure sensors for dry swallows.

8.3 Proposed Future Work

This research initiative has realised the application of soft robotic practices toward mod-

elling the behaviour of the human esophagus. The biomimetic robotic system represents

a platform upon which to test hypotheses surrounding rheological analysis of boluses

as they are transported in a peristaltic manner. The robot facilitated physical investi-

gation of medically and mathematically inspired swallowing trajectories with predicted

performance. In light of the documented advances, there is still significant scope for the

research initiative to expand and develop. These surround the implemented technologies

and techniques as well as further exploring the application of the robotic device in the

food science and clinical context. There are still large bodies of work to be conducted

in this research space, where major avenues of research are envisioned in the following

aspects:

1. Soft robotics is still a new and continuously evolving field. The current swallowing

robotic device is a single implementation of such a device to implement linear

peristaltic actuation inspired by esophageal swallowing. In future, the actuator

design and capability may be improved by investigating composite material design
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methods for the soft-robotic structure as these possibilities emerge. Yet, it is

challenging to reliably design and manufacture devices of this complexity.

2. Due to soft robotic sensation challenges, the displacement of the conduit wall has

not been measured directly throughout modelled swallowing. This would be ad-

vantageous as closed loop control of displacement could be achieved, as opposed

to the current open-loop prediction method. However, due to the relatively high

pressures required to deform the modelled conduit, and the relatively small mag-

nitude of wave tail bolus / tissue interaction pressure, it is expected that the dry

swallow, and bolus swallow yield similar results.

3. The current experimental methods investigate the relationship between traditional

rheological measurements, such as viscosity, and the surface pressure, as well as in-

trabolus pressure signatures for starch-based boluses. This was motivated by prod-

ucts used in the clinical context for swallow evaluation and dysphagia management.

In order to draw more direct conclusions between the outcomes of the device, and

the experimental methods, they require ‘calibration’ in terms of determining the

relationship between the biological and biomimetic cases. Human-based interdis-

ciplinary experimentation was beyond the scope of the current research, though

in future, it will strengthen the relationship between phenomena observed in the

robotic device, and their translation into medically-significant interpretations.

4. The boluses investigated throughout this research initiative are all of a starch-based

fluid thickening formulation. The experimental protocol will need to be expanded

to encompass more traditional food groups. At this stage, it is expected that

pursuit of this avenue would build up domain knowledge initially by incorporating

simple textures. In the future, this could be expanded to investigation of boluses

with multiple phases, which could perhaps be undertaken on expectorated food

boluses. However, the currently high volume of bolus material required for the

swallowing robot to pinch off its bolus from a fluid reservoir may require several

expectorations.

5. The measurement of intra- and extra-bolus pressure signatures facilitates concur-

rent investigation and higher-level interpretation of the bolus flow. However, there

is still scope to develop models that can predict parameters which relate these
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pressure measurements to clinical concepts such as “swallow efficacy”. The sens-

ing strategies currently allow for wholesale investigation of the behaviour, though

these could be interpreted more rigorously through data fusion methods to extract

additional information about their relationships. Additionally, non-dimensional

measures, such as quotients of the pressure phenomena, may hold information

about the fluid rheology.

8.4 Research Placement

Knowledge from the diverse fields of medicine, food science, mathematics, and engi-

neering has been drawn together in the specification and development of a biomimetic

esophageal swallowing robot. In the process, a number of modelling and engineering

challenges were overcome to achieve the novel device, which is targeted for application

in the food technology and medical domains. The success of the individual actuation, tra-

jectory generation, and sensation aspects, as well as their integration into a biomimetic

swallowing robot has been evidenced by the design, characterisation, and experimental

aspects of this thesis.

The specification techniques, design methods, and experimental interpretations have

been inspired by the desirable traits of alternative avenues of investigation in the com-

plementary research fields. This has seen the exploration of relationships between the

current work and previous investigations, as well as the identification of future research

directions. Embodiment of the esophageal phase of swallowing in a physical model facil-

itates the reliable, repeatable, and rigorous investigation of real boluses to complement

the arsenal of tools in the mathematical and food science disciplines.

The swallowing robot is a new platform upon which interdisciplinary research can be

conducted. Preliminary application of this new technique to starch-based model boluses

has shown promise in mimicking the salient features of the medically captured swallowing

process. Going forward, the advantages of robotic investigation and the additional

extrabolus sensing modality are set to be exploited as experimentation can begin to

investigate ‘real’ bolus materials, which exhibit much more complex deformation and

transport.
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Reflecting on the motivation to model swallowing, the robot addresses the development

of a biomimetic method of investigating bolus rheology. In order to completely realise

its potential, further relationships are required to be drawn between bolus formulation

and the efficacy, or ease, of swallowing, which can now be investigated objectively. It

is envisaged that this will involve modelling swallowing behaviour of humans in both

health and disease with ‘real’ bolus materials. The swallowing robot is destined to

find application in the medical and food technology space, and be used to contribute

to this field of knowledge. In doing so, it is proposed as a method to investigate the

efficacy of swallowing various bolus mediums, which may be used to alleviate symptoms

of swallowing difficulty, dysphagia, in impaired individuals.

This thesis has provided evidence towards an objective, peristaltic, bolus evaluation tech-

nique. The biomimetic swallowing robot represents a novel exploration of soft robotics

with application to modelling esophageal swallowing and investigating bolus rheology.

This new frontier of research has been built on, and inspires further exploration of,

different avenues of swallowing investigation, the fields of which have been integrated

throughout the current work.
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tas, C. Lecko, R. Speyer, P. Lam et al., “The need for international terminology

and definitions for texture-modified foods and thickened liquids used in dysphagia

management: Foundations of a global initiative,” Current Physical Medicine and

Rehabilitation Reports, vol. 1, no. 4, pp. 280–291, 2013.

[13] P. Sopade, P. Halley, J. Cichero, and L. Ward, “Rheological characterisation of

food thickeners marketed in australia in various media for the management of

dysphagia. i: Water and cordial,” Journal of Food Engineering, vol. 79, no. 1, pp.

69 – 82, 2007.

[14] B. Hanson, M. T. O’Leary, and C. H. Smith, “The effect of saliva on the viscosity

of thickened drinks,” Dysphagia, vol. 27, no. 1, pp. 10–19, 2012.

[15] S. B. Clayton, C. Rife, J. H. Kalbfleisch, and D. O. Castell, “Viscous impedance

is an important indicator of abnormal esophageal motility,” Neurogastroenterology

and Motility, vol. 25, no. 7, pp. 563–e455, 2013.

[16] J. M. Garcia, E. Chambers, and M. Molander, “Thickened liquids practice patterns

of speech-language pathologists,” American Journal of Speech-Language Pathol-

ogy, vol. 14, no. 1, pp. 4–13, 2005.

[17] G. N. White, F. O’Rourke, B. S. Ong, D. J. Cordato, and D. Chan, “Dysphagia:

causes, assessment, treatment, and management.” Geriatrics, vol. 63, no. 5, pp.

15–20, 2008.

[18] S. Popa-Nita, M. Murith, H. Chisholm, and J. Engmann, “Matching the rheolog-

ical properties of videofluoroscopic contrast agents and thickened liquid prescrip-

tions,” Dysphagia, vol. 28, no. 2, pp. 245–252, 2013.



References 189

[19] A. V. Bursian, “Structure of autorhythmical activity of contractile systems,” Jour-

nal of Evolutionary Biochemistry and Physiology, vol. 48, no. 2, pp. 219–235, 2012.

[20] J. G. Brasseur, “A fluid mechanical perspective on esophageal bolus transport,”

Dysphagia, vol. 2, no. 1, pp. 32–39, 1987.

[21] K. Suzuki and T. Nakamura, “Development of a peristaltic pump based on bowel

peristalsis using for artificial rubber muscle,” in Intelligent Robots and Systems

(IROS), 2010 IEEE/RSJ International Conference on. IEEE, 2010, pp. 3085–

3090.

[22] R. K. Mittal, J. Liu, J. L. Puckett, V. Bhalla, V. Bhargava, N. Tipnis, and

G. Kassab, “Sensory and motor function of the esophagus: lessons from ultra-

sound imaging,” Gastroenterology, vol. 128, no. 2, pp. 487–497, 2005.

[23] H. Gray, Ed., Anatomy of the human body, 20th ed. Philadelphia: Lea and

Febiger, 1918.

[24] J. Janssens, I. De Wever, G. Vantrappen, and J. Hellemans, “Peristalsis in smooth

muscle esophagus after transection and bolus deviation,” Gastroenterology, vol. 71,

no. 6, pp. 1004–1009, 1976.

[25] C. M. Steele and A. J. Miller, “Sensory input pathways and mechanisms in swal-

lowing: A review,” Dysphagia, vol. 25, no. 4, pp. 323–333, 2010.

[26] A. Miller, “Swallowing: Neurophysiologic control of the esophageal phase,” Dys-

phagia, vol. 2, no. 2, pp. 72–82, 1987.

[27] T. Shiina, T. Shima, J. Wörl, W. L. Neuhuber, and Y. Shimizu, “The neural

regulation of the mammalian esophageal motility and its implication for esophageal

diseases,” Pathophysiology, vol. 17, no. 2, pp. 129–133, 2010.

[28] A. Miller, “The neurobiology of swallowing and dysphagia,” Developmental Dis-

abilities Research Reviews, vol. 14, no. 2, pp. 77–86, 2008.

[29] W. Dodds, “The physiology of swallowing,” Dysphagia, vol. 3, no. 4, pp. 171–178,

1989.

[30] R. Clouse, A. Staiano, S. Bickston, and S. Cohn, “Characteristics of the propa-

gating pressure wave in the esophagus,” Digestive Diseases and Sciences, vol. 41,

no. 12, pp. 2369–2376, 1996.



References 190

[31] B. Kuo and D. Urma, “Esophagus - anatomy and development,” Gastrointestinal

Motility online, 2006. [Online]. Available: http://www.nature.com/gimo/

contents/pt1/full/gimo6.html

[32] K. B. Orvar, H. Gregersen, and J. Christensen, “Biomechanical characteristics

of the human esophagus,” Digestive Diseases and Sciences, vol. 38, no. 2, pp.

197–205, 1993.

[33] H. Miki, T. Okuyama, S. Kodaira, Y. Luo, T. Takagi, T. Yambe, and T. Sato,

“Artificial-esophagus with peristaltic motion using shape memory alloy,” Interna-

tional Journal of Applied Electromagnetics and Mechanics, vol. 33, no. 1-2, pp.

705–711, 2010.

[34] W. Yang, T. Fung, K. Chian, and C. Chong, “Finite element simulation of

food transport through the esophageal body,” World Journal of Gastroenterol-

ogy, vol. 13, no. 9, pp. 1352–1359, 2007.

[35] E. Toklu, “A new mathematical model of peristaltic flow on esophageal bolus

transport,” Scientific Research and Essays, vol. 6, no. 31, pp. 6606–6614, 2011.

[36] J. C. Misra and S. K. Pandey, “A mathematical model for oesophageal swallowing

of a food-bolus,” Mathematical and Computer Modelling, vol. 33, no. 8–9, pp.

997–1009, 2001.

[37] J. G. Brasseur and W. J. Dodds, “Interpretation of intraluminal manometric mea-

surements in terms of swallowing mechanics,” Dysphagia, vol. 6, no. 2, pp. 100–119,

1991.

[38] S. Ghosh, J. Pandolfino, Q. Zhang, A. Jarosz, N. Shah, and P. Kahrilas, “Quanti-

fying esophageal peristalsis with high-resolution manometry: A study of 75 asymp-

tomatic volunteers,” American Journal of Physiology - Gastrointestinal and Liver

Physiology, vol. 290, no. 5, pp. G988–G997, 2006.

[39] S. K. Ghosh, P. Janiak, M. Fox, W. Schwizer, G. S. Hebbard, and J. G. Brasseur,

“Physiology of the oesophageal transition zone in the presence of chronic bolus

retention: studies using concurrent high resolution manometry and digital fluo-

roscopy,” Neurogastroenterology and Motility, vol. 20, no. 7, pp. 750–759, 2008.

http://www.nature.com/gimo/contents/pt1/full/gimo6.html
http://www.nature.com/gimo/contents/pt1/full/gimo6.html


References 191

[40] P. Kuo, R. H. Holloway, and N. Q. Nguyen, “Current and future techniques in

the evaluation of dysphagia,” Journal of Gastroenterology and Hepatology, vol. 27,

no. 5, pp. 873–881, 2012.

[41] R. H. Holloway, “Oral cavity, pharynx and esophagus,” GI Motility Online, 2006.

[Online]. Available: http://www.nature.com/gimo/contents/pt1/full/gimo30.

html

[42] F. H. Gravesen, H. Gregersen, L. Arendt-nielsen, and A. M. Drewes, “Repro-

ducibility of axial force and manometric recordings in the oesophagus during wet

and dry swallows,” Neurogastroenterology and Motility, vol. 22, no. 2, pp. 142–e47,

2010.

[43] A. Solazzo, L. Monaco, L. Del Vecchio, S. Tamburrini, F. Iacobellis, D. Berritto,

N. L. Pizza, A. Reginelli, N. Di Martino, and R. Grassi, “Investigation of compen-

satory postures with videofluoromanometry in dysphagia patients,” World journal

of gastroenterology: WJG, vol. 18, no. 23, pp. 2973–2978, 2012.

[44] F. Barbiera, F. La Seta, D. Berritto, F. Iacobellis, U. Codella, A. Solazzo, and

R. Grassi, “Dysfunctional disorders of the pharynx and the esophagus: VFSS and

VFMSS,” in Geriatric Imaging, G. Guglielmi, W. C. G. Peh, and A. Guermazi,

Eds. Springer Berlin Heidelberg, 2013, pp. 713–740.

[45] H. Imam, S. Shay, A. Ali, and M. Baker, “Bolus transit patterns in healthy sub-

jects: a study using simultaneous impedance monitoring, videoesophagram, and

esophageal manometry,” American Journal of Physiology - Gastrointestinal and

Liver Physiology, vol. 288, no. 5, pp. G1000–G1006, 2005.

[46] T. I. Omari, L. Wauters, N. Rommel, S. Kritas, and J. C. Myers, “Oesophageal

pressure-flow metrics in relation to bolus volume, bolus consistency, and bolus

perception,” United European Gastroenterology Journal, vol. 1, no. 4, pp. 249–

258, 2013.

[47] H. Keller, L. Chambers, H. Niezgoda, and L. Duizer, “Issues associated with the

use of modified texture foods,” The Journal of Nutrition, Health and Aging, vol. 16,

no. 3, pp. 195–200, 2012.

http://www.nature.com/gimo/contents/pt1/full/gimo30.html
http://www.nature.com/gimo/contents/pt1/full/gimo30.html


References 192

[48] A. Burbidge, J. Strassburg, and C. Hartmann, “First steps in understanding tex-

ture perception in the human mouth as an inverse bio-fluid mechanical problem,”

AIP Conference Proceedings, vol. 1027, no. 1, pp. 1235–1237, 2008.

[49] J. Guinard and R. Mazzucchelli, “The sensory perception of texture and mouth-

feel,” Trends in Food Science and Technology, vol. 7, no. 7, pp. 213–219, 1996.

[50] T. van Vliet, “On the relation between texture perception and fundamental me-

chanical parameters for liquids and time dependent solids,” Food Quality and Pref-

erence, vol. 13, no. 4, pp. 227–236, 2002.

[51] S. Coster, B. Schwarz, and W. Schwarz, “Rheology and the swallow-safe bolus,”

Dysphagia, vol. 1, no. 3, pp. 113–118, 1987.

[52] J. Prinz and P. Lucas, “An optimization model for mastication and swallowing

in mammals,” Proceedings of the Royal Society of London. Series B: Biological

Sciences, vol. 264, no. 1389, pp. 1715–1721, 1997.

[53] M. Jalabert-Malbos, A. Mishellany-Dutour, A. Woda, and M. Peyron, “Particle

size distribution in the food bolus after mastication of natural foods,” Food Quality

and Preference, vol. 18, no. 5, pp. 803–812, 2007.

[54] M. Bourne, “Calibration of rheological techniques used for foods,” Journal of Food

Engineering, vol. 16, no. 1-2, pp. 151–163, 1992.

[55] J. Stephen, D. Taves, R. Smith, and R. Martin, “Bolus location at the initiation

of the pharyngeal stage of swallowing in healthy older adults,” Dysphagia, vol. 20,

no. 4, pp. 266–272, 2005.

[56] A. Woda, A. Mishellany, and M. Peyron, “The regulation of masticatory function

and food bolus formation,” Journal of Oral Rehabilitation, vol. 33, no. 11, pp.

840–849, 2006.

[57] J. Hutchings and P. Lillford, “The perception of food texture - the philosophy

of the breakdown path,” Journal of Texture Studies, vol. 19, no. 2, pp. 103–115,

1988.

[58] H. Taniguchi, T. Tsukada, S. Ootaki, Y. Yamada, and M. Inoue, “Correspondence

between food consistency and suprahyoid muscle activity, tongue pressure, and



References 193

bolus transit times during the oropharyngeal phase of swallowing,” Journal of

Applied Physiology, vol. 105, no. 3, pp. 791–799, 2008.

[59] P. Lucas, J. Prinz, K. Agrawal, and I. Bruce, “Food physics and oral physiology,”

Food Quality and Preference, vol. 13, no. 4, pp. 203–213, 2002.

[60] A. Medhavi, “Peristaltic pumping of a non-newtonian fluid,” Applic. and Appl.

Math, vol. 3, pp. 137–148, 2008.

[61] D. Takagi and N. J. Balmforth, “Peristaltic pumping of viscous fluid in an elastic

tube,” Journal of Fluid Mechanics, vol. 672, pp. 196–218, 2011.

[62] J. C. Misra and S. Maiti, “Peristaltic transport of rheological fluid: model for

movement of food bolus through esophagus,” Applied Mathematics and Mechanics,

vol. 33, no. 3, pp. 315–332, 2012.

[63] C. Koch, V. Remcho, and J. Ingle, “PDMS and tubing-based peristaltic microp-

umps with direct actuation,” Sensors and Actuators B: Chemical, vol. 135, no. 2,

pp. 664 – 670, 2009.

[64] P. Lotz, M. Matysek, and H. F. Schlaak, “Fabrication and application of minia-

turized dielectric elastomer stack actuators,” Mechatronics, IEEE/ASME Trans-

actions on, vol. 16, no. 1, pp. 58–66, 2011.

[65] O. C. Jeong and S. Konishi, “Fabrication of a peristaltic micro pump with novel

cascaded actuators,” Journal of Micromechanics and Microengineering, vol. 18,

no. 2, pp. 025 022 –025 027, 2008.

[66] A. E. Bowers, J. M. Rossiter, P. J. Walters, and I. A. Ieropoulos, “Dielectric

elastomer pump for artificial organisms,” Proc. SPIE, vol. 7976, pp. 797–629, 2011.

[67] R. Ban, Y. Kimura, and T. Nakamura, “Development of an insertion-type peri-

stalsis pump,” in Robotics and Biomimetics (ROBIO), 2013 IEEE International

Conference on. IEEE, 2013, pp. 1710–1715.

[68] Tokyo University of Science, “Swallowing robot apparatus,” Feb. 9 2006, JP 2006-

39311A.

[69] H. Kobayashi, A. Minato, T. Kobayashi, and Y. Michiwaki, “Development of

swallow robot for research of the mechanism for the human swallow,” Nippon

Kikai Gakkai Robotikusu, vol. 23, p. 1P2N1, 2005.



References 194

[70] A. Minato and H. Kobayashi, “Research of the mechanism for the human swallow

and development of swallow robot,” Nippon Robotto Gakkai Gakujutsu Koenkai

Yokoshu, vol. 22, p. 3H21, 2004.

[71] A. Minato, H. Kobayashi, and Y. Michiwaki, “Development of swallow robot for

analysing the mechanism of the human swallow,” in 2006 JSME Conference on

Robotics and Mechatronics, Waseda, Japan, 2006.

[72] Y. Noh, M. Segawa, K. Sato, W. Chunbao, H. Ishii, J. Solis, A. Takanishi, A. Kat-

sumata, and Y. Iida, “Development of a robot which can simulate swallowing of

food boluses with various properties for the study of rehabilitation of swallowing

disorders,” in Robotics and Automation (ICRA), 2011 IEEE International Con-

ference on, 2011, pp. 4676–4681.

[73] T. Kamiya, Y. Toyama, and Y. Michiwaki, “Swallowing simulation device and

method,” May 7 2014, EP Patent App. EP20,120,805,238.

[74] Y. Noh, M. Segawa, A. Shimomura, H. Ishii, J. Solis, K. Hatake, and A. Takanishi,

“Wka-1r robot assisted quantitative assessment of airway management,” Interna-

tional Journal of Computer Assisted Radiology and Surgery, vol. 3, no. 6, pp.

543–550, 2008.

[75] R. Wood, “The first takeoff of a biologically inspired at-scale robotic insect,”

Robotics, IEEE Transactions on, vol. 24, no. 2, pp. 341–347, 2008.

[76] D. Trivedi, C. D. Rahn, W. M. Kier, and I. D. Walker, “Soft robotics: Biological

inspiration, state of the art, and future research,” Applied Bionics and Biome-

chanics, vol. 5, no. 3, pp. 99–117, 2008.

[77] K. J. Cho, J. S. Koh, S. Kim, W.-S. Chu, Y. Hong, and S.-H. Ahn, “Review

of manufacturing processes for soft biomimetic robots,” International Journal of

Precision Engineering and Manufacturing, vol. 10, no. 3, pp. 171–181, 2009.

[78] A. D. Poole, J. D. Booker, C. L. Wishart, N. McNeill, and P. H. Mellor, “Perfor-

mance of a prototype traveling-wave actuator made from a dielectric elastomer,”

Mechatronics, IEEE/ASME Transactions on, vol. 17, no. 3, pp. 525–533, 2012.



References 195

[79] R. F. Shepherd, F. Ilievski, W. Choi, S. A. Morin, A. A. Stokes, A. D. Mazzeo,

X. Chen, M. Wang, and G. M. Whitesides, “Multigait soft robot,” Proceedings of

the National Academy of Sciences, vol. 108, no. 51, pp. 20 400–20 403, 2011.

[80] P. Lotz, M. Matysek, and H. F. Schlaak, “Peristaltic pump made of dielectric elas-

tomer actuators,” in SPIE Smart Structures and Materials and Nondestructive

Evaluation and Health Monitoring. International Society for Optics and Photon-

ics, 2009, pp. 72 872D–72 872D–8.

[81] M. Calisti, A. Arienti, F. Renda, G. Levy, B. Hochner, B. Mazzolai, P. Dario,

and C. Laschi, “Design and development of a soft robot with crawling and grasp-

ing capabilities,” in Robotics and Automation (ICRA), 2012 IEEE International

Conference on, 2012, pp. 4950–4955.

[82] Y. L. Park, B. R. Chen, and R. J. Wood, “Design and fabrication of soft artifi-

cial skin using embedded microchannels and liquid conductors,” Sensors Journal,

IEEE, vol. 12, no. 8, pp. 2711–2718, 2012.

[83] F. Ilievski, A. D. Mazzeo, R. F. Shepherd, X. Chen, and G. M. Whitesides, “Soft

robotics for chemists,” Angewandte Chemie, vol. 123, no. 8, pp. 1930–1935, 2011.

[84] S. A. Morin, R. F. Shepherd, S. W. Kwok, A. A. Stokes, A. Nemiroski, and G. M.

Whitesides, “Camouflage and display for soft machines,” Science, vol. 337, no.

6096, pp. 828–832, 2012.

[85] F. Giorgio Serchi, A. Arienti, and C. Laschi, “Biomimetic vortex propulsion: To-

ward the new paradigm of soft unmanned underwater vehicles,” Mechatronics,

IEEE/ASME Transactions on, vol. 18, no. 2, pp. 484–493, 2013.

[86] S. Sangok, C. D. Onal, R. Wood, D. Rus, and K. Sangbae, “Peristaltic locomotion

with antagonistic actuators in soft robotics,” in Robotics and Automation (ICRA),

2010 IEEE International Conference on, 2010, pp. 1228–1233.

[87] S. Seok, C. Onal, K. J. Cho, R. Wood, D. Rus, and S. Kim, “Meshworm: A peri-

staltic soft robot with antagonistic nickel titanium coil actuators,” Mechatronics,

IEEE/ASME Transactions on, vol. 18, no. 5, pp. 1485–1497, 2013.

[88] F. Kong and R. P. Singh, “A human gastric simulator (hgs) to study food digestion

in human stomach,” Journal of Food Science, vol. 75, no. 9, pp. 627–635, 2010.



References 196

[89] F. J. Chen, S. Dirven, W. L. Xu, J. Bronlund, X. N. Li, and A. Pullan, “Review of

the swallowing system and process for a biologically mimicking swallowing robot,”

Mechatronics, vol. 22, no. 5, pp. 556–567, 2012.

[90] S. Dirven, W. Xu, J. Allen, L. K. Cheng, and J. Bronlund, “Strategic alignment

of swallowing robotic research with the demands of the medical and food technol-

ogy fields,” in Mechatronics and Machine Vision in Practice (M2VIP), 2012 19th

International Conference. IEEE, 2012, pp. 436–440.

[91] Y. Sun, Y. S. Song, and J. Paik, “Characterization of silicone rubber based soft

pneumatic actuators,” in Intelligent Robots and Systems (IROS), 2013 IEEE/RSJ

International Conference on. IEEE, 2013, pp. 4446–4453.

[92] Y. Elsayed, C. Lekakou, T. Geng, and C. Saaj, “Design optimisation of soft sil-

icone pneumatic actuators using finite element analysis,” in Advanced Intelligent

Mechatronics (AIM), 2014 IEEE/ASME International Conference on, 2014, pp.

44–49.

[93] Smooth-On, “Ecoflex 00-30 datasheet,” Dec 2014. [Online]. Available:

http://www.smooth-on.com/tb/files/ECOFLEX SERIES TB.pdf

[94] “Standard test methods for vulcanized rubber and thermoplastic elastomers-

tension, ASTM-D412-06a,” 2013.

[95] S. Dirven, F. Chen, W. Xu, J. Bronlund, J. Allen, and L. Cheng, “Design and char-

acterization of a peristaltic actuator inspired by esophageal swallowing,” Mecha-

tronics, IEEE/ASME Transactions on, vol. 19, no. 4, pp. 1234–1242, 2014.

[96] S. Dirven, W. Xu, and L. K. Cheng, “Sinusoidal peristaltic waves in soft actuator

for mimicry of esophageal swallowing,” IEEE Transactions on Mechatronics, (In

press) 2014.

[97] W. Xu, S. Dirven, F. Chen, and J. Bronlund, “Fluid asserted peristaltic actuator,”

New Zealand Patent No. 607 834, 2012.

[98] F. Chen, S. Dirven, W. L. Xu, and X. Li, “Soft actuator mimicking human

esophageal peristalsis for a swallowing robot,” Mechatronics, IEEE/ASME Trans-

actions on, vol. 19, pp. 1300–1308, 2014.

http://www.smooth-on.com/tb/files/ECOFLEX_SERIES_TB.pdf


References 197

[99] C. M. Steele and P. H. H. M. V. Lieshout, “Use of electromagnetic midsagittal

articulography in the study of swallowing,” J Speech Lang Hear Res, vol. 47, no. 2,

pp. 342–352, 2004.

[100] W. L. Xu, J. S. Pap, and J. Bronlund, “Design of a biologically inspired parallel

robot for foods chewing,” Industrial Electronics, IEEE Transactions on, vol. 55,

no. 2, pp. 832–841, 2008.

[101] S. W. Walker and M. J. Shelley, “Shape optimization of peristaltic pumping,”

Journal of Computational Physics, vol. 229, no. 4, pp. 1260–1291, 2010.

[102] T. Hayat, Y. Wang, A. M. Siddiqui, K. Hutter, and S. Asghar, “Peristaltic trans-

port of a third-order fluid in a circular cylindrical tube,” Mathematical Models and

Methods in Applied Sciences, vol. 12, no. 12, pp. 1691–1706, 2002.

[103] S. K. Pandey and D. Tripathi, “Peristaltic flow characteristics of maxwell and mag-

netohydrodynamic fluids in finite channels: Models for oesophageal swallowing,”

Journal of Biological Systems, vol. 18, no. 3, pp. 621–647, 2010.

[104] X. Li, D. Ruan, and A. van der Wal, “Discussion on soft computing at FLINS’96,”

International Journal of Intelligent Systems, vol. 13, no. 2/3, pp. 287–300, 1998.

[105] M. C. Bourne, “Limitations of rheology in food texture measurements1,” Journal

of Texture Studies, vol. 8, no. 2, pp. 219–227, 1977.

[106] R. Chhabra and J. Richardson, Non-Newtonian Flow and Applied Rheology: En-

gineering Applications. Elsevier Science, 2011.

[107] M. Callejon, D. Naranjo-Hernandez, J. Reina-Tosina, and L. Roa, “A comprehen-

sive study into intrabody communication measurements,” Instrumentation and

Measurement, IEEE Transactions on, vol. 62, no. 9, pp. 2446–2455, 2013.

[108] American Institute for Medical and Biological Engineering, “Medical and biological

engineering in the next 20 years: The promise and the challenges,” Biomedical

Engineering, IEEE Transactions on, vol. 60, no. 7, pp. 1767–1775, 2013.

[109] T. Costa, M. Piedade, J. Germano, J. Amaral, and P. Freitas, “A neuronal signal

detector for biologically generated magnetic fields,” Instrumentation and Measure-

ment, IEEE Transactions on, vol. 63, no. 5, pp. 1171–1180, 2014.



References 198

[110] C. Ionescu, G. Vandersteen, J. Schoukens, K. Desager, and R. De Keyser, “Mea-

suring nonlinear effects in respiratory mechanics: A proof of concept for prototype

device and method,” Instrumentation and Measurement, IEEE Transactions on,

vol. 63, no. 1, pp. 124–134, 2014.

[111] S. Dirven, W. Xu, L. K. Cheng, J. Allen, and J. Bronlund, “Biologically-inspired

swallowing robot for investigation of texture modified foods,” International Jour-

nal of Biomechatronics and Biomedical Robotics, vol. 2, no. 2, pp. 163–171, 2013.

[112] R. Goyal and A. Chaudhury, “Physiology of normal esophageal motility,” Journal

of Clinical Gastroenterology, vol. 42, no. 5, pp. 610–619, 2008.

[113] R. E. Clouse, A. Alrakawi, and A. Staiano, “Intersubject and interswallow vari-

ability in topography of esophageal motility,” Digestive Diseases and Sciences,

vol. 43, no. 9, pp. 1978–1985, 1998.

[114] C. Barton and S. Raynor, “Peristaltic flow in tubes,” The bulletin of mathematical

biophysics, vol. 30, no. 4, pp. 663–680, 1968.

[115] M. C. Bourne, Food Texture and Viscosity: Concept and Measurement. Academic

Press, 2002.

[116] S. Leder, B. Judson, E. Sliwinski, and L. Madson, “Promoting safe swallowing

when puree is swallowed without aspiration but thin liquid is aspirated: Nectar is

enough,” Dysphagia, vol. 28, no. 1, pp. 58–62, 2013.

[117] S. Dirven, W. Xu, L. K. Cheng, and J. Allen, “Biomimetic investigation of intra-

bolus pressure signatures by a peristaltic swallowing robot,” IEEE Transactions

on Instrumentation and Measurement, (In press) c© 2014 IEEE, reprinted with

permission.

[118] S. M. Shaw and R. Martino, “The normal swallow: Muscular and neurophysiologi-

cal control,” Otolaryngologic Clinics of North America, vol. 46, no. 6, pp. 937–956,

2013.

[119] Nutricia, “Nutulis powder specification.” [Online]. Available: www.nutilis.com/

product/nutilis-powder

www.nutilis.com/product/nutilis-powder
www.nutilis.com/product/nutilis-powder


References 199

[120] M. O’Leary, B. Hanson, and C. Smith, “Viscosity and non-newtonian features of

thickened fluids used for dysphagia therapy,” Journal of Food Science, vol. 75,

no. 6, pp. E330–E338, 2010.

[121] J. Christensen, “Origin of sensation in the esophagus,” American Journal of

Physiology-Gastrointestinal and Liver Physiology, vol. 246, no. 3, pp. G221–G225,

1984.

[122] J. D. Barlow, H. Gregersen, and D. G. Thompson, “Identification of the biome-

chanical factors associated with the perception of distension in the human esopha-

gus,” American Journal of Physiology-Gastrointestinal and Liver Physiology, vol.

282, no. 4, pp. G683–G689, 2002.

[123] J. Frøkjær, S. Andersen, S. Lundbye-christensen, P. Funch-jensen, A. M. Drewes,

and H. Gregersen, “Sensation and distribution of stress and deformation in the

human oesophagus,” Neurogastroenterology & Motility, vol. 18, no. 2, pp. 104–114,

2006.

[124] A. Pal and J. G. Brasseur, “The mechanical advantage of local longitudinal short-

ening on peristaltic transport,” Journal of Biomechanical Engineering, vol. 124,

no. 1, pp. 94–100, 2002.

[125] S. A. Edmundowicz and R. Clouse, “Shortening of the esophagus in response to

swallowing,” Am J Physiol, vol. 260, no. 3 Pt 1, pp. G512–G516, 1991.

[126] P. Pouderoux, S. Lin, and P. Kahrilas, “Timing, propagation, coordination, and

effect of esophageal shortening during peristalsis,” Gastroenterology, vol. 112, no. 4,

pp. 1147 – 1154, 1997.

[127] P. J. Kahrilas, S. Wu, S. Lin, and P. Pouderoux, “Attenuation of esophageal

shortening during peristalsis with hiatus hernia,” Gastroenterology, vol. 109, no. 6,

pp. 1818 – 1825, 1995.

[128] Q. Dai, A. Korimilli, V. Thangada, C. Chung, H. Parkman, J. Brasseur, and

L. Miller, “Muscle shortening along the normal esophagus during swallowing,”

Digestive Diseases and Sciences, vol. 51, no. 1, pp. 105–109, 2006.

[129] A. K. Vegesna, K.-Y. Chuang, R. Besetty, S. J. Phillips, A. S. Braverman, M. F.

Barbe, M. R. Ruggieri, and L. S. Miller, “Circular smooth muscle contributes



References 200

to esophageal shortening during peristalsis,” World journal of gastroenterology:

WJG, vol. 18, no. 32, pp. 4317–4322, 2012.

[130] D. J. Lipomi, M. Vosgueritchian, B. C. Tee, S. L. Hellstrom, J. A. Lee, C. H. Fox,

and Z. Bao, “Skin-like pressure and strain sensors based on transparent elastic

films of carbon nanotubes,” Nature nanotechnology, vol. 6, no. 12, pp. 788–792,

2011.

[131] L. Pan, A. Chortos, G. Yu, Y. Wang, S. Isaacson, R. Allen, Y. Shi, R. Dauskardt,

and Z. Bao, “An ultra-sensitive resistive pressure sensor based on hollow-sphere

microstructure induced elasticity in conducting polymer film,” Nature communi-

cations, vol. 5, 2014.




