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Abstract 

This research aims to expand the functionality of a previously developed biomimetic soft-bodied 

oesophageal swallowing robot by designing, fabricating, and integrating a stretchable array of 

pressure, shear stress and strain sensors. The built-in sensing capability provides an avenue for 

investigating interactions between food bolus and the wall of the oesophagus, which is not 

available through current clinical investigation techniques.  

The stretchable multimodal sensor is designed using SolidWorks 3D modelling software. Using 

a copper-polyimide laminate as the base material, an in-plane horseshoe meandering technique is 

combined with parallel plate capacitive sensor construction to produce a unique sensor design. A 

series of feasibility studies is conducted using finite element analysis to predict the fatigue 

performance of the sensor structures under strain loading. A combination of low-cost and well 

established fabrication techniques involving photolithography, wet etching, laser engraving, 

sheet metal forming, and moulding are used in manufacturing of the sensor. The sensor parts and 

assembly are subjected to a series of fatigue tests and characterisation procedures to validate the 

fatigue performance and to determine the characteristics of the sensor under different loading 

and environmental conditions. The pressure, shear, and strain sensors yield a best-fit straight line 

sensitivity of 0.087 fF.kPa
−1

, 1.275 fF.kPa
−1

, and -18.19 fF.%
−1

 respectively under maximum 

loading of 70 kPa, ± 8 kPa, and 10 % at 24 °C.  

The same stretchable sensor is manufactured in the form of a two dimensional array to be 

embedded inside the esophageal swallowing robot. Ex situ calibrations are performed on 

individual sensors prior to installation. Swallowing experiments are conducted using three 

laboratory-prepared food boluses with viscosity of 0.18, 0.62, and 1.55 Pa.s. Concurrent 

manometry measurements are performed alongside the embedded sensor recording for 

validation. Peristaltic wave of 60 mm wavefront length and 40 mm.s
−1

 is generated in the 

swallowing robot to simulate swallowing process. The embedded strain sensor records a 

wavefront length of 58.6 mm and wave speed of 39 mm.s
−1

. For each of the three bolus types, a 

peak pressure of 2.24, 3.17, and 7.74 kPa, and a peak shear of −0.30, −0.35, and −0.37 kPa are 

recorded by the embedded pressure and shear sensors. 
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Chapter 1 

 

 

Introduction 

 

1.1 Oesophageal Bolus Transit Evaluation 

 

Dietary modification has been a widely used method of treatment for patients with difficulty with 

swallowing, which is clinically termed dysphagia. Food property modifications involve 

thickening of fluid or breaking down of solid foods to achieve attributes safe and efficient for 

swallowing [1]. Rheological properties of food boluses are regarded as the main characteristic of 

evaluation by human sensory perception when triggering the swallowing process after the oral 

preparatory stage [2], [3]. There have been many instruments and techniques devised to measure 

rheological properties of texture modified foods  in the realm of food science [4]. However, they 

are currently limited to evaluating only a narrow aspect of the food rheology, while ignoring 

many others that may have clinical importance to swallowing safety and efficacy. Testing 

instruments also do not replicate the dynamics of the propulsive force imparted on the bolus 

during food transport inside the mouth, pharynx, and oesophagus. Clinical methods of evaluation 

on the contrary, give a stronger empirical evidence required to establish the relationship between 

bolus formulation and the transit behaviours [5]. Clinical measurement techniques used to 

investigate the oesophageal phase of swallowing involve inserting measurement probes inside 

the oesophageal conduit for pressure and food passage measurements. Imaging techniques, on 

the other hand, involve swallowing bolus with a contrasting agent. However, there are many 

drawbacks associated with using humans as test subjects. Results tend to be inconsistent due to 

intra- and inter-subject variability [6]. In addition, subjects are exposed to safety concerns such 
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the robot needs to operate alongside with clinical instruments such as manometry and 

videofluoroscopy to evaluate the simulated swallowing process. 

 

1.3 Motivation 

 

Biological swallowing function employs what is known in engineering domain as a closed-loop 

form of control structure. Food transit behaviours are modulated based on feedbacks from 

receptors located along the alimentary tract. Currently, there is no clinical instrument that can 

measure the interaction between food boluses and the oesophageal wall. A widely used 

manometry technique, which is regarded as the gold standard for oesophageal function testing, 

relies exclusively on intra-bolus pressure measurement from the centre of the oesophagus. 

Measuring the physical interaction such as pressure and shear stress at the food-wall interface 

during swallowing could provide information pertaining to bolus transit experience from the 

perspective of human perception. The finding will help to improve the understanding of the 

relationship between food rheological properties and the bolus transit as the interaction relates 

more closely to the swallowing behaviour.  

 

The current oesophageal swallowing robot consists of just an actuator without any built-in 

sensing elements. Incorporating sensing capability into the robot, in addition to allowing a new 

set of data to be investigated, result in a more self-contained swallowing simulation platform. 

This reduces the need for external clinical instrumentations, therefore making it more portable 

and cost effective. Designing sensors for this robot is challenging due to the mechanical 

compliance requirement posed by the deformable characteristic of the soft-bodied robotic 

actuator. Furthermore, the unique environment inside the oesophageal conduit requires sensors 

with more customised sensing range and sensitivity. 

1.4 Aims and Objectives 

 

The aim of this research was to design, develop, and implement a novel embedded flexible and 

stretchable array of multi-modal sensing units consisting of three sensor components for strain, 

pressure, and shear stress measurements along the deformable conduit surface of the oesophageal 
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swallowing robot. In order to achieve the aim, extensive research was carried out to realise a 

number of objectives, which are outlined as follows:   

 

1.4.1 Design and Fabrication of Stretchable Multimodal Sensor Unit 

 

The first step towards the development of a full two-dimensional array of sensors was to design 

and fabricate the main building block of the array, which is the sensor unit. The unit consists of 

three individual sensing components to measure pressure, shear stress, and strain. Achieving this 

objective involves completing the following subtasks: 

 

 Literature review 

Designing the sensor requires reviewing relevant literatures to understand the current 

state of the art in the realm of stretchable electronics and sensor technology and to 

identify any research gaps, which helps inspire a new design method. Literatures in the 

field of dysphagia and food science were also studied to help understand the requirements 

and constrains of the target environment, in which the sensor was implemented. 

 

 Sensor design 

SolidWorks 3D modelling software was employed in designing the new sensor. The 

sensing requirements and design constraints obtained from the literature studies were 

combined with the knowledge of the state of the art in stretchable circuit and sensing 

technologies to formulate the best strategy to realise the stretchable multimodal sensor 

design. 

 

 Feasibility study 

Finite element analysis was conducted to study the feasibility of the design whereby the 

actual strain loading condition inside the oesophageal swallowing robot was simulated 

using the SolidWorks. The results were used to predict the fatigue performance of the 

sensor. 
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 Sensor fabrication 

A combination of low cost and well established fabrication techniques, which include 

photolithography, wet etching, laser engraving, sheet metal forming, and moulding was 

used to manufacture the sensor. 

 

1.4.2 Test and Characterisation  

 

The assembled sensor unit was subjected to a series of test and characterisation procedures. The 

goal was to validate the fatigue performance of the sensor structures as well as to find the 

relationship between the inputs and outputs of the sensor. The objective was achieved by 

completing the following subtasks: 

 

 Making of test equipment 

A special motorised slider-crank mechanism was built to conduct fatigue tests on the 

sensor parts and to characterise the sensor. The tool was equipped with a displacement 

sensor to measure applied strain and a load cell to measure applied pressure and shear 

stress. Rotation of the crank produces a reciprocating motion in the slider, which provides 

a cyclic pressure, shear, and strain loading to the sensor. A temperature chamber was also 

built, which consists of a heating element, temperature sensor, and temperature control 

unit. This chamber was made to cover a part of the slider-crank mechanism to produce a 

desired environmental temperature around the sensor being tested. 

 

 Fatigue test 

Sensor parts were subjected to continuous stretch-release cycle using the slider-crank 

mechanism with strain magnitudes that match the condition inside the conduit of the 

oesophageal swallowing robot. Fatigue performance was determined by the number of 

cycles required to break the sensor structure.  
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 Sensor characterisation 

Characterisation steps were carried out on the assembled sensor unit under various 

loading and environmental conditions to determine the sensor behaviour. Characteristics 

of the sensor that were analysed include the sensitivity, linearity, and hysteresis 

performance. Effects of loading speed and surrounding temperature on the performance 

of the sensor were also investigated. A final test was conducted to check a cross-

sensitivity of different sensor type to different type of loading. 

 

1.4.3 Sensor Array Fabrication, Calibration, and Installation 

 

The next step towards the implementation of the sensor inside the oesophageal swallowing robot 

was the making of the sensor array. The subtasks involved in realising this objective are: 

    

 Array design 

A stretchable array of multimodal sensor was designed, incorporating the previous 

structure of sensor unit as the elements. The number of elements, spatial distribution, and 

interconnection layouts were determined from the physical structure of the swallowing 

robot and the functional requirement for swallowing investigation. 

 

 Array fabrication 

The same fabrication steps employed in the manufacturing of the sensor unit were used 

for the array. The sensor array was encapsulated inside a thin layer of silicon rubber prior 

to calibration and installation. 

 

 Sensor interface board and program design 

To read the capacitive outputs of the sensor array, an interface board was designed, 

utilizing an AD7745 capacitance-to-digital convertor IC to convert capacitance value to a 

24-bit digital representation. The input of the IC was connected to a series of multiplexers 

to allow multiple sensors to be read sequentially. A LabVIEW program was developed to 

read, process, and store the digital outputs of the IC into a file. 
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 Ex situ array calibration 

Calibration of the sensor array was conducted prior to installation into the swallowing 

robot due to inaccessibility and unavailability of suitable instruments for in situ 

calibration. The same slider-crank mechanism was utilised for the calibration with an 

additional flattened version of the oesophageal conduit to calibrate the strain sensors to 

measure oesophageal wall deformation. 

 

 Array installation inside oesophageal swallowing robot 

The entire swallowing robot was remoulded in order to embed the sensor array beneath 

the surface of the oesophageal conduit. The same control board and pneumatic system 

were employed in this new robot. The sensor array was connected to the interface board 

and  LabVIEW program.  

 

1.4.4 Sensor Array Implementation and Validation inside the Oesophageal Swallowing 

Robot 

 

The final objective of this research was to implement the embedded sensor array inside the 

swallowing robot to measure interaction between food bolus and the wall of the oesophagus. The 

following subtasks were undertaken to fulfil the objective. 

 

 Food bolus preparation 

Food boluses of different consistencies were prepared in the laboratory using a 

commercial food thickener, which is specially formulated for dysphagia patients. The 

consistencies were quantified by measuring the viscosity using a viscometer. 

 

 Swallowing experiment 

A series of swallowing experiments was conducted using the prepared food boluses to 

demonstrate the capability of the embedded sensor array to measure interactions between 

food bolus and the wall of the oesophagus, and to detect the wall deformations. A 

manometry measurement was concurrently performed for validation. 
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1.5 Scope 

 

This research was about finding novelty in the area of flexible and stretchable sensor design and 

application in the context of the soft-bodied oesophageal swallowing robot. Therefore, it abides 

to the following research criteria: 

 New novel sensors was designed and fabricated. Currently, no suitable off-the-shelf 

sensors that has all the required characteristics for this application. For this reason, they 

were not considered to be used in this research. 

 No structural or functional change was made to the existing swallowing robot actuator 

except for a minor alteration that will allow for the sensor installation.  

There are some areas, which are worth of future studies that were not included in this research:  

 Measurements from the sensors were not incorporated as a feedback element inside a 

closed-loop control system of the robot. This requires development of a new closed-loop 

control algorithm, which is a vast research field in its own right. However, the addition of 

the feedback control mechanism will render the simulation more realistic and hence, will 

make a good future work. 

 Experiments to validate the sensor performance inside the robot were performed on the 

basis of a normal swallowing behaviour. Simulation on impaired swallowing functions 

requires altering the actuator control algorithm, which is beyond the scope of this 

research.  

 Foods for swallowing simulations were prepared using a commercially available food 

thickener. This produced bolus samples of known and repeatable rheological 

characteristics. Other methods of food formulations were not considered in this research. 

 All the swallowing simulations performed in this research were intended for the sensor 

function evaluations rather than a bolus transit investigation. Therefore, the data obtained 

were not analysed further from the clinical or food science perspectives.      
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1.6 Research Contributions 

 

This research contributed to the body of knowledge in the following aspects: 

 In an effort to develop a new set of sensors that fulfils specific requirements for the 

oesophageal swallowing robot, an in-depth literature review was conducted to 

understand the current state in the stretchable sensor and circuit technology and to 

identify any potential new approach that is worth exploring. In the process, a new novel 

sensor design and fabrication techniques were developed, which were tailored 

specifically for the unique environment in the oesophageal conduit. A high mechanical 

compliance requirement for the sensing device presented a great challenge that cannot be 

fulfilled by conventional knowledge of electronics.   

 

 The implementation of the flexible and stretchable sensing technology inside the 

oesophageal swallowing robot opens up a new opportunity for food scientists or 

clinicians to study the oesophageal food bolus transit from a whole new perspective. 

Embedding sensor elements directly underneath the surface of the oesophageal conduit 

of the robot allows for direct interactions between food boluses and the conduit wall to 

be investigated. This is not possible through current clinical investigation techniques. 

The information obtained is expected to have a great clinical importance as the 

interaction at the food-wall interface is more directly related to swallowing behaviours in 

response to various properties of food bolus. 

1.7 Thesis Synopsis 

 

The content of this thesis presents a comprehensive documentation of works involved in this 

research and are organised into a total of seven chapters arranged in the order of the objectives 

discussed in the previous sections.  

Chapter 2 presents literature reviews on multiple relevant research disciplines. Current progress 

in dysphagia disease intervention and various methods of oesophageal bolus transit 

investigations, which have prompted the development of the oesophageal swallowing robot, are 
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discussed. The current state of the swallowing robot is objectively reviewed to expose some 

limitations, which form the basis of the problem statement of this research and help formulate the 

next course of actions in the form of research aim and objectives. Literatures related to the 

current state of the art in stretchable circuits and sensing technologies are reviewed in order to 

understand various relevant techniques and strategies towards realising the research objectives. 

Chapter 3 introduces the design of a new novel stretchable multimodal sensor unit consisting of a 

pressure, shear stress, and strain sensing components. The capacitive sensing principle and in-

plane horseshoe meandering technique used in the development of the new design are discussed 

in this chapter. Feasibility studies by means of finite element analysis (FEA) are also described. 

The last section presents the cost-effective technique of the sensor fabrication and encapsulation. 

Chapter 4 describes various testing and characterisation steps to determine the fatigue 

performance of the sensor parts and investigate the characteristic of the sensor outputs under 

various loading and environmental conditions. New test equipments for this purpose are also 

introduced in this chapter. 

Chapter 5 presents the design, fabrication, calibration, and installation of a stretchable array of 

multimodal sensor, which utilises the previously developed sensor unit as the array elements. An 

ex situ calibration tool and strategy for the sensor array prior to the installation are discussed. 

Chapter 6 describes a series of swallowing experiments conducted on the oesophageal 

swallowing robot using food boluses of different consistencies to demonstrate the capability of 

the embedded sensor array to measure interaction between food bolus and the conduit wall of the 

robot. 

Finally, Chapter 7 concludes the whole thesis by reemphasising the research outcomes and 

contributions of this research to the state of the art. Some directions for future works are also 

discussed.  
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Chapter 2 

 

 

Literature Review 

 

2.1 Introduction 

 

Difficulty with swallowing or dysphagia is a common problem among the elderly. Dysphagia 

can be caused by neurodegenerative diseases such as Parkinson’s and Alzheimer, stroke, head 

injury, head and neck cancer, surgical complications, injuries in swallowing organs, and 

prematurity in new-borns [13]. Consequences of dysphagia include malnutrition, dehydration, 

aspiration pneumonia, and several other psychological implications such as social isolation and 

depression [14]. Among the most widely used intervention options for dysphagic patients is 

dietary modification, which commonly involves using thickened fluids or texture modified foods 

[1]. Thickening of fluids serves to promote safe and easy swallowing by slowing down the rate at 

which the food is flowing from the oral cavity to the stomach, therefore allowing ample time for 

the airway protection mechanism to engage [15]. This helps to reduce the risk of penetration and 

aspiration during swallowing. Modifying the texture of solids on the other hand, helps to reduce 

the risk of choking in patients with weak or impaired oral processing capability by breaking 

down solid foods into a swallow safe attribute. A study has shown that this type of management 

has improved oral intake and bodyweight among the institutionalised elderly suffering from 

swallowing disorders [16].  

 

Rheological properties have been identified as the main qualities of food bolus that trigger 

swallowing after oral processing stage [2], [3]. However, a review on the properties of dysphagia 

management foods reveals that the current characterisation methods fail to recognise the 
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multifaceted nature of the rheology [17]. It has been identified that the method of characterising 

the rheology of thickened fluid by using apparent viscosity is not sufficient when dealing with 

non-Newtonian fluid, whose viscosity is dependent on the shear rate. In physiological 

swallowing, the food is subjected to a range of shear rates, but the apparent viscosity value 

determined by current scientific method is tied to only a specific point of shear rate along the 

continuum. The National Dysphagia Diet Task Force (NDDTF), for example, has selected 

50  s�� as the standard value to represent the shear rate of a normal swallow when evaluating 

non-Newtonian fluids [18]. Furthermore, apparent viscosity alone is not sufficient as a predictor 

of food swallowing safety and efficacy. A study has found that two different boluses of different 

materials with same apparent viscosity produced different characteristic of transit in the 

oesophagus [19]. This suggests that other properties such as viscoelasticity, yield stress, and 

structure recovery may have clinical relevance in swallowing and should be considered in food 

texture evaluation [17]. 

 

In summary, the problems related to current rheological characterisation methods are due to the 

lack of consideration of the physiological aspect of food bolus transit in humans. Understanding 

how the body experiences bolus flow is the key to identifying more clinically significant 

attributes. Clinical swallowing assessment or trial in this respect provides much stronger 

empirical evidence pertaining to the food swallowing safety and efficacy. But, current clinical 

methods of food bolus transit evaluation are not without their own limitations. One technique of 

oesophageal motility investigation for example relies almost exclusively on radial pressure 

signature such that a dedicated procedure known as the Chicago classification has been 

developed to interpret the data [20], [21]. However, a recent study revealed that the longitudinal 

propulsive force generated by peristaltic wave in the oesophagus may provide new information 

to the oesophageal transport function [22], [23]. Apart from these parameters, direct interactions 

between food boluses and swallowing organs such as at the food-wall interface in the 

oesophagus have never been studied. Pressure imparted by bolus on the oesophageal wall and 

shear stress generated at the surface during propulsion can give a greater insight into how various 

food properties are perceived by the organs. 
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Seeing this opportunity, a biomimetic oesophageal swallowing robot has been developed as a 

complementary testing instrument [8]. The robot, which mimics the structure and properties of 

human oesophagus, can generate a peristaltic wave to propel food bolus down the conduit. The 

peristaltic wave replicates the dynamic of physiological swallowing, allowing for a more realistic 

environment to evaluate the bolus property. The design of the peristaltic actuator also allows for 

placement of sensors directly on the surface of the conduit, which is not possible by using the 

traditional instruments in a clinical setting.  

 

This research focused on designing and fabricating a flexible and stretchable array of sensors that 

was embedded inside the oesophageal swallowing robot. The array consists of strain and tactile 

sensors that can measure the pressure, shear stress, and deformation at the surface of the conduit 

wall of the robot. The addition of this element resulted in a more self-contained simulation 

system that reduces the need for external clinical instrumentation to measure the bolus transport 

process. New information can also be obtained from the hardware simulation as a result of the 

new sensing modalities introduced. 

2.2 Methods of Food Rheological Testing   

 

Rheology is a branch of study that concerns with the flow and deformation of matter. There are 

many methods available to evaluate the rheological property of food bolus and they can be 

broadly classified into two categories; 1) fundamental testing and 2) empirical testing [4]. 

Fundamental testing involves measuring the basic or primary aspect of rheology, such as 

viscosity, elastic modulus, and shear modulus in scientifically rigorous manner. Examples of 

instruments used in this category are rheometers and viscometers. The problem with this type of 

test is that, the fundamental components of rheology would only be best used to describe a more 

homogeneous food material such as thickened fluid [4]. However, many of the food stuff 

especially solid foods are heterogeneous, which involve complex composition of different 

ingredients with different mechanical attributes. Furthermore, the force or deformation applied 

on the material does not represent the dynamic of the swallowing process in humans.  

 

Empirical testing methods on the other hand, rely on observations or experiences of the effect of 

force on the behaviour of the material being tested. The advantage of this approach of 
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rheological testing lies in its ability to evaluate the combined effects of various basic components 

of the food rheology and characterise food based on secondary or high level attributes.   Testing 

procedures either utilise a sensory evaluation technique by a panel of sensory experts, or 

instrumental measurement [24]. The sensory evaluation technique yields a more subjective 

rheological characteristic of food based on the perceived ease of swallowing [2], [25]. However, 

utilising the sensory perception of a group of individuals only allows for a gross level of 

classification to account for variation in person-to-person sensitivity. A more refined degree of 

classification calls for more objective evaluation techniques based on instrumental measurement. 

Instrumentation commonly used in empirical testing of food rheology includes a Line Spread 

Test (LST) and a Texture Profile Analyser (TPA) [26]–[28]. The LST measures the ability of a 

material to spread on a flat surface in a particular amount of time, and is therefore applicable 

only for testing of thickened fluid material that can flow under the force of gravity. Materials that 

exhibit a viscoplastic behaviour such as mayonnaise, chocolate, and mustard are difficult to be 

evaluated using this method.  This simple technique of material spread does not replicate the 

bolus experience during the swallowing activity such as the dynamic of the squeezing force of 

the peristaltic wave inside the oesophagus. The TPA on the other hand, provides a more 

comprehensive evaluation of food texture including the rheological attribute [4], [29]. This 

technique employs a double compression test that mimics the two bites and the chewing motions 

during the food oral processing stage. However, the problem with this technique of evaluation is 

that the rheological attributes are mainly associated with mastication process and it is unclear 

how these attributes relate to the subsequent bolus transport in the pharynx and the oesophagus. 

2.3 Food and Physiology of Swallowing 

 

Swallowing or deglutition in humans is a biological process of ingesting foods and liquids to 

maintain adequate nutrition and hydration. The physiology of swallowing can be divided into 

four stages, which are the oral-preparatory stage, the oral-propulsive stage, the pharyngeal stage, 

and the oesophageal stage [30]. During the oral-preparatory phase, foods are broken down into 

smaller particles and mixed with saliva to achieve a desired texture safe and efficient for 

swallowing. The oral processing is guided by the sensory perception of the food texture in the 

oral cavity. Next, the food is propelled into the pharyngeal cavity by the action of the tongue 

gradually pressing against the palate. As the food enters the pharyngeal cavity, the sensory 
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feedback sends signal to the swallowing control centre, which responds by engaging the airway 

protection mechanism to prevent food from entering the larynx and nasopharyngeal cavity. The 

food is then squeezed down the oropharyngeal cavity through the upper oesophageal sphincter 

(UES) into the oesophagus. A sequential occlusion of oesophageal muscular wall generates a 

peristaltic wave that propels the bolus further down the oesophageal conduit into the stomach via 

the lower oesophageal sphincter (LES).  

 

Swallowing is a dynamic process, whose behaviour depends on the property of the food as well 

as the sensorimotor response [31]–[34]. Safe and efficient bolus transport entails ingesting food 

of optimal characteristics and the sensorimotor responding correctly. In a healthy swallow, food 

texture profile is taken care of by the oral preparatory stage through the mastication process and 

the saliva mixture. When the subsequent stages proceed, receptors along the food pathways 

detect the properties of the bolus such as the size and consistency, and adjust the transport 

behaviour accordingly. When the oral preparatory stage is impaired because of the weak chewing 

muscle, edentulism, or impaired oral sensory perception, food with non-optimal characteristic or 

size is ingested, which may pose a choking hazard [35]. Similarly, if the swallowing 

sensorimotor response is impaired, which is caused by the decreased sensitivity of the sensory 

elements, weak or defective motor elements, or impaired control elements, the airway protection 

mechanism may not engage on time or not enough propulsive force is generated. This can result 

in aspiration or food boluses not being cleared [13], [36]. Therefore, understanding the 

physiology of swallowing will help food scientist to formulate food with rheological attributes 

that better fulfil the swallowing safety and efficiency requirements. There are many techniques 

available than can evaluate swallowing functions in human. 

2.4 Food Bolus Transit Evaluation 

2.4.1 Clinical Methods 

 

Methods of food bolus transit evaluation in a clinical setting generally employ either imaging 

techniques or direct measurement techniques. Common imaging techniques include 

videofluoroscopy, scintigraphy, and naso-endoscopy [5], [36], [37]. Both videofluoroscopy and 

scintigraphy require swallowing of food mixed with a contrasting agent, barium solution in the 
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case of the videofluoroscopy and radioisotope in the case of the scintigraphy, which helps to 

improve the contrast of the food bolus. The naso-endoscopy technique on the other hand 

involves inserting a fibre optic endoscope through the nose up to the nasopharyngeal cavity just 

above the soft palate. The swallowing activity in the oropharyngeal region can be monitored 

through the endoscope. All these imaging techniques have several limitations when it comes to 

evaluating food bolus transit. Contrasting agents used in videofluoroscopy and scintigraphy have 

been found to alter the food bolus properties, which makes evaluation of the relationship 

between food bolus property and swallowing behaviour difficult [38], [39]. Furthermore, the 

ionizing radiation produced in this technique poses a safety hazard over a prolonged exposure 

[5], [7]. Also, the placement of the fibre optic endoscope in the naso-endoscopy procedure limits 

the observable region to the pharyngeal cavity and the UES [5]. 

 

Other methods of bolus transit evaluation make use of measurement techniques that either trace 

the activities of various physical elements involved in the swallowing process or measure the 

interactions between the bolus and the swallowing organs. Articulography and surface 

electromyography (sEMG) are two examples of the measurement techniques that monitor the 

activities of the swallowing organs by placing special electrodes on the related structures [5]. 

Articulography has been used to monitor the movements of the tongue and other parts of the 

mouth during swallowing. The sEMG on the other hand monitors the muscular activities to 

evaluate swallowing function by placing electrodes on the surface of various muscles associated 

with swallowing. The main drawback of these two techniques is that they provide no direct 

information pertaining to the movement of the bolus during the swallow, let alone the food 

properties that elicit the swallowing movements. Other popular measurement techniques are 

manometry and multichannel intraluminal Impedance (MII) which consist of a catheter inserted 

into the oesophagus [21], [40], [41]. The manometry catheter has an array of pressure sensors 

that measure the radial pressures imparted on the sensors by food bolus and swallowing organs 

during the bolus transit activity. The MII catheter on the other hand, consists of an array of 

impedance sensitive probes that detects the food passage during swallow. These two techniques 

can also be combined together in a single catheter [42], [43]. However, information obtained 

from the manometry only represents one aspect of the food bolus and swallowing behaviour 

interaction, which is the radial pressure. It is also unclear whether the pressure measured from 
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the position of the catheter in the presence of food bolus has any correlation with the pressure 

experienced by the receptors along the food track.  

 

Apart from the previously mentioned limitations, clinical evaluation techniques tend to yield 

inconsistent results due to intra- and inter-subject variability and thus require multiple 

measurements [6]. In addition, one particular technique may not fit for all subjects depending on 

the health condition. The invasive techniques that involve inserting probes inside the body may 

impair the swallowing process to some extent [44].  Also, the designs of current instrumentation 

used in clinical settings are the result of constrains imposed by safety concern and limited 

accessibility related to the anatomy of the human subject. This, as a result, limits the type of 

parameters that can be measured by the clinical techniques. 

2.4.2 Non-clinical Methods 

 

Other than the clinical methods of food bolus transit evaluation, several non-clinical methods 

have been devised. These methods can be broadly classified as those that utilise computational 

modelling technique and those that involve physical instrumentations. The computational 

modelling technique combines the knowledge of mathematics, physics, and computer science to 

model the complex behaviour of the swallowing organs and food bolus [45]–[47]. The 

swallowing process is simulated inside a virtual environment and therefore, no physical food 

bolus or swallowing organs are involved. This eliminates the ethical concerns associated with 

using human subjects. Furthermore, the computational modelling is very versatile in the sense 

that it is capable of simulating various swallowing behaviours and types of food. However, 

precise mathematical modelling of the food bolus and swallowing organ are difficult. Without 

precise modelling, it is hard to get a correct simulation and hence, useful results from the study. 

This difficulty can be overcome if there is a physical system that can mimic the functions of a 

swallowing organ in which, actual food bolus can be tested. 
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2.5 Swallowing Robot 

 

In literature, there have been attempts to use machines or robotic platforms to simulate various 

phases of swallowing. Unlike the human subject, a robotic platform is able to produce more 

consistent swallowing actions without experiencing fatigue. Furthermore, the use robot will 

eliminate the health concern associated with using certain evaluation techniques on human 

subject. 

 

One example of such swallowing robot was proposed by Kobayashi [48]. It is capable of 

simulating the oral and pharyngeal phases of swallowing. The structure consists of rigid material 

that from the mandible and the hyoid bone and soft materials that form the tongue and the 

pharyngeal cavity. The swallowing action is produced by actuation mechanism consisting of a 

series of wire attached to pneumatic muscles. Simulation process can be visualised using 

imaging techniques such as Magnetic Resonance Imaging (MRI) or X-ray. 

 

Another swallowing robot, which is capable of simulating healthy as well as impaired oral and 

pharyngeal phases of swallowing, was proposed by Noh [49]. The robot consists of a head, 

mandible, neck, tongue, pharynx, and larynx. The swallowing mechanisms are driven by wires 

attached to servo motors. This in-vitro dynamic Video Fluorographic Swallowing Study (VFSS) 

simulation system uses video fluoroscopy technique to visualise the swallowing process inside 

the robot. The purpose of the simulation is to facilitate food formulations for patients with 

dysphagia. 

2.5.1 Oesophageal Swallowing Robot 

 

The previous examples of the swallowing robots [48] and [49] only simulate the oral and 

pharyngeal phases of swallowing. The oesophageal phase, like the former two, poses its own 

unique challenge in terms of the bolus transit evaluation. The difference in the anatomy and the 

propulsion technique requires a unique set of clinical instrumentation. This led to the 

development of a biomimetic soft-bodied oesophageal swallowing robot as shown in Figure 1.1, 

which focused on simulating the oesophageal phase of swallowing [8]–[11]. It was so called 

“soft-bodied” because the structure and actuation mechanisms are made of a deformable 
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material. The main body of the robot consists of a tubular structure made of a soft silicon rubber 

material to mimic the human oesophageal conduit. This 20 mm diameter tube is surrounded by 

four rows of equally spaced air chambers.  Pressurizing the air chambers causes the tube wall to 

deform in such a way that mimics the constriction of the oesophageal wall during swallowing. 

To produce a characteristic peristaltic wave similar to that in the human oesophagus, air 

chambers need to be pressurised according to certain sequences. This robot works alongside with 

clinical testing instruments such as manometry, multichannel intraluminal impedance, or video 

fluoroscopy to measure or visualise the simulated swallowing process.  

 

Although this and the previous two swallowing robots have different methods of actuation and 

simulate different phases of bolus transport, they have one major drawback in common. None of 

these robots has the ability to sense the interaction between the swallowing organs and the food 

bolus. The absence of the sensing elements only allows for open-loop type of actuation. In other 

words, the swallowing function are preprogramed and do not adapt to different food properties. 

This function in humans on the other hand, is voluntarily or involuntarily triggered and 

modulated by the central and peripheral nerves systems based on sensory feedback. Also, 

without the sensing function, the traditional clinical instrumentation is compulsory rather than 

complementary to measure the food bolus transit activity.  

2.5.2 Receptors in the Oesophagus 

 

Biological swallowing process involves complex coordination between motor and sensory 

elements that constitute the neurophysiological control network. The control mechanism initiates 

and modulates swallowing actions based on sensory inputs from receptors located along the oral, 

pharyngeal, and oesophageal food pathways.  

 

In oesophagus, it was found that swallowing behaviour is altered by mechanical, chemical, and 

thermal stimuli [50]. Based on these types of stimulus, three types receptors were identified, 

which are mechanoreceptors, chemoreceptors, and thermoreceptors. The mechanoreceptors are 

responsible for the observed variation in swallowing behaviours when ingesting food of different 

consistency and volume [51]–[53]. Studies have found that distention of oesophageal wall 

consistently evokes secondary peristalsis [54]. This finding is consistent with another 
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electrophysiological study, which has identified tension sensitive mechanoreceptors that respond 

to circumferential stretch [55]. Yet another study has identified three types of mechanoreceptors; 

receptors that respond to mucosal stroking, receptors that respond to circumferential tension, and 

receptors that respond to both [56]. In engineering terminologies, the mechanoreceptors in the 

oesophagus employ two different sensing modalities, which represent tactile sensors and strain 

sensors. It is important to model the receptors when designing the sensors so that various stimuli 

that have the potential to alter the swallowing behaviour in biological swallowing can be 

captured and analysed to determine their relationship with various food bolus properties. 

 

2.5.3 Sensing Elements in the Oesophageal Swallowing Robot 

 

The aim of this research was to expand the functionality of the oesophageal swallowing robot by 

introducing sensing capability. The sensors are used to measure the interaction between the 

oesophageal wall and food bolus during the biomimetic swallowing process, expanding the 

functionality of the oesophageal swallowing robot. The elements act as built-in probes to 

complement the clinical probes such as the manometry and the MII catheters. 

 

The oesophageal swallowing robot was designed and developed in such a way to mimic the soft 

and deformable nature of human oesophagus. The added sensing structures therefore need to 

comply with the existing mechanical properties of the conduit wall. This poses a unique 

challenge in engineering domain as the majority of the electronic circuit technology revolves 

around rigid material construction. It was only recently that the stretchable electronics have 

received significant attention due to increasing demand of such technology in various consumer 

applications. 

 

2.6 Stretchable Circuit Technology 

 

A typical electronic circuit consists of electronics components connected together by electrical 

wirings or interconnects. Stretchable circuit technologies employ either one of two techniques; 

one is by fabricating all the circuit elements out of stretchable materials and the other one is by 
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using traditional rigid components connected by stretchable interconnects [57]–[60]. From the 

material engineering perspective, materials used in circuit elements fall into three categories; a 

conductor, semiconductor, and dielectric. There have been many choices of materials that can be 

used as a dielectric ranging from rigid materials to stretchable materials. However, that is not the 

case for conductors, which are traditionally made of rigid materials such as copper and 

aluminium.  

2.6.1 Stretchable Conductors 

 

As the demand for stretchable circuit technology increases especially in the field of medical and 

wearable electronics, several techniques have been devised to realise stretchable conductive 

materials. One such technique is by embedding conductive fillers in the form of particles, 

nanowires, and flakes into a nonconductive stretchable matrix such as polymers, therefore 

making the resulting composite conductive [61]. Figure 2.1 shows two examples of the 

stretchable conductive composites. The conductivity of this type of material depends on the 

conductivity of the filler materials and the contacts among the conductive fillers to form 

continuous networks of conductors. In order for the fillers to maintain good electrical contacts, it 

is important that the surfaces do not get oxidised easily. Carbon, silver, and gold have been 

materials of choice due to this quality. For other materials such as copper, special surface 

treatment and coating processes are required. When the composite is stretched, the fillers will get 

rearranged, which causes a change in the structure of the network. This will subsequently cause 

the conductivity to change.  

 

In general, the fabrication of the intrinsically stretchable nano composites involves dealing with 

nano-materials with strict handling procedures and requires new fabrication techniques. Most of 

the conductive composite fabricated using this technique yield low and unstable conductivity that 

changes with the material deformation [61]. This property is desirable for materials used in 

transducers but not for materials used for interconnects especially when analogue signals are 

involved. However, a higher and more stable conductivity by this technique can be achieved at a 

premium. Another class of an intrinsically stretchable material is called a conductive polymer, 

which can be synthesised by mixing ionic polymers known as ionomers [62], [63]. 
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In addition to the conductive composite materials, conductive liquids or gels have also been used 

to make stretchable conductors [64], [65]. Metal alloys or ionic solutions that are in liquid phase 

or gel in room temperature are often used, which are contained inside microchannels embedded 

into a polymer matrix. This strategy involves using special materials and fabrication techniques 

in addition to requiring different interfacing methods [66].  

 

Another technique for stretchable conductors is by patterning or forming the traditional rigid 

conductive materials into patterns or structures that allow for some level of stretchability in the 

material [67]–[71]. Various geometrical structuring approaches have been used in literature. Co-

planar meandering is one of the popular techniques where by, a metal thin film is patterned into 

serpentine shapes, which serves to reduce the stress experienced by the material during stretching 

[68], [70], [72]. Another method is by shaping a thin layer of conductor in non-coplanar 

direction, such as in lateral buckling technique [69]. This often involves pre-straining the elastic 

substrate material while depositing the conductive layer on the surface. Upon releasing, the 

elastic substrate will get restored to its original length, causing the whole laminate to buckle. 

Some of the examples of the geometrical structuring techniques are shown in Figure 2.2. This 

approach produces stretchable structures with conductivity comparable to that of their traditional 

rigid counterparts in terms of the magnitude and stability. Material cost is comparatively low and 

           

a)                                                                                   b) 

Figure 2.1 :  Stretchable conductors based on nano composite: a) silver nanowires inside PDMS 

matrix [103] and b) graphene/PDMS composite [61]. 
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traditional printed circuit board manufacturing techniques can be applied with minimal changes. 

In view of all the advantages, this is the technique of choice for fabricating the stretchable 

sensing elements for the oesophageal swallowing robot. Table 2.1 summarises different methods 

for the stretchable conductive material with their advantages and disadvantages. 

 

 

        

a)                                                                                          b) 

 

c) 

Figure 2.2:  a) Knitted copper wires [71], b) coplanar meandered copper interconnects in LED array 

[104], c) lateral buckling of GaAs ribbons on top of a PDMS substrate [69]. 
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Table 2.1:  Techniques for stretchable conductors 

Type Materials methods Advantage Disadvantage References 

Conductive 

composite 

Conductive particles, 

nano-wires, nano-

flakes, 

 

Eg. AgNW, AuNW, 

CuNW, CNT, Carbon 

black,  silver nano 

particles, graphene 

flakes, silver flakes 

Embed conductive 

fillers inside an 

elastomer matrix. 

Contacts between 

fillers form a 

network of 

continuous 

conductive path 

- Highly stretchable, deformable. 

- Can be made optically 

transparent. 

- Wide variety of techniques 

available for patterning the 

conductor. Eg. Contact transfer 

printing, direct writing, casting 

etc. 

 

 

- Low and unstable conductivity 

- Conductivity degrades over 

multiple stretch release cycle 

- High material cost to achieve high 

conductivity 

- Requires a delicate balance 

between mechanical and electrical 

properties 

 

[60], [61] 

Conductive 

polymer 

Ionomers 

 

Eg. PEDOT::PSS 

 

Mixture of several 

ionic polymers to 

form a conductive 

polymer 

 

- Can be made optically 

transparent 

- Conductivity changes with strain 

- Conductivity degrades over 

multiple stretch release cycle 

 

[62] 

Conductive 

liquid/ gel 

Metallic or ionic liquids 

or ionic gel at room 

temperature. 

 

Eg. Eutectic gallium 

Indium (EGaIn), 

polyacrylamide 

hydrogel 

Metallic or ionic 

liquid is contained 

inside embedded 

microchannels 

- Highly stretchable 

- Reliability depends on the 

microchannel material 

- Reversible deformation. 

- Sophisticated fabrication 

techniques involving microfluidic 

channels 

- Different electrical interfacing 

strategy between the liquid and 

traditional conductors and 

components 

- Conductivity changes with strain 

as the cross-sectional area changes 

 

[64]–[66] 

Conductive 

stretchable 

pattern/structure 

Metal  or other 

conductive thin film or 

wire 

 

Eg. Copper, aluminum, 

gold, graphene, GaAs 

Coplanar 

patterning: 

meandering 

 

Non-coplanar: 

Lateral buckling, 

knitted 

- High and stable conductivity 

- Traditional material can be 

used 

- Conventional PCB fabrication 

techniques can be employed 

- Easy interfacing with other 

conductors and components 

 

- Limited deformability [57], [59], 

[68], [69], 

[104]–[107] 
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2.6.2 Stretchable Sensors 

2.6.2.1 Strain Sensor 

 

The advancement in the stretchable conductive material technologies has allowed for fabrication 

of sensors with the same mechanical quality. This attribute is important in applications that 

require the sensing elements to be attached to deformable objects such as human skins and 

internal organs. Stretchable sensors do not rupture or damage easily under deformation as 

compared to their rigid counterparts. Furthermore, in some applications such as biomedical, it is 

important that the sensing device conforms to the deformable surface and does not interfere with 

the deformation of the material or organ that it is attached to.  

In literature, there have been many stretchable sensors built for various applications. Nakamoto 

et al. demonstrated a capacitive type of stretchable strain sensor using a thin polyurethane (PU) 

material sandwiched between two partially overlapping Single Wall Carbon Nanotube (SWCNT) 

electrodes [73]. A stretch causes a change in the overlapping area of the two electrodes and 

hence changes the capacitance of the sensor. Another capacitive type of strain sensor was 

proposed by Sun et al., which was called an ionic skin [74]. A stretchable dielectric layer (VHB) 

was sandwiched between two layers of stretchable ionic conductor (polyacrylamide hydrogel 

containing NaCl) forming a capacitor. Frutiger et al. used a more sophisticated technique for 

their stretchable device [75]. A Multicore-shell fiber printing technique has been introduced 

where by, a conductive fluid (composed of glycerol, sodium chloride, and polyethylene glycol) 

and dielectric elastomer (viscoelastic silicon elastomer, Dragonskin 10) were coaxially layered in 

cylindrical capacitor motif. Stretching the fiber causes changes in the thickness of the dielectric 

layer, which alters the capacitance value. Figure 2.3 shows two examples of two stretchable 

capacitive strain sensors. 
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Rahimi et al. fabricated a stretchable directional strain sensor based on a piezoresistive principle 

by pyrolizing a polyimide tape by a laser to form a carbonised conductive material, which was 

subsequently transferred onto a PDMS substrate [76]. The carbonised material consists of 

partially aligned graphene and carbon nanotube (CNT) particles. The material exhibits an 

anisotropic piezoresistivity in the direction of the laser scanning during the pyrolizing process. 

Liu et al. demonstrated another approach by using SWNT encapsulated inside PDMS thin film 

using drop casting technique [77]. Another work that was based on carbon nanotube has also 

been demonstrated by Vatani et al., who fabricated a stretchable piezoresistive strain sensor 

using a direct write (DW) technique with SWCNT as the electrode and PU rubber as the 

substrate [78].  

A work based on silver nanowires was demonstrated by Amjadi et al. [79]. A stretchable 

piezoresistive strain sensor was fabricated by sandwiching a ~5 um thin layer of silver nanowires 

(AgNWs) between two PDMS layers. In another work, silver in the form of nano particles was 

used by Lee et al. to develop a similar device using a single-step direct transfer patterning [80]. 

A patterned PDMS thin film was pressed onto a thin film of ion-based Ag nano-ink, transferring 

the ink to the patterned PDMS surface. A slightly different approach based on graphene-

nanocellulose nanopaper was proposed by Yan et al. [81]. The nanopaper was fabricated by 

vacuum filtering of a 1:1 mixture of crumpled graphene and nanocellulose fibril. The thin 

              

a )                                                                     b) 

Figure 2.3:  Stretchable capacitive strain sensors: a) Ionic skin [74] and b) multicore-shell fiber [75]. 
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nanopaper layer was then peeled off from the filter and embedded into a layer of PDMS matrix. 

The unique macroporouse of the composite allowed the penetration of the elastomer matrix into 

the nanopaper, resulting in a stretchable piezoresistive material. Muth et al. used an embedded 

3D printing (e-3DP) technique to fabricate a stretchable piezoresistive strain sensor [82]. A 

conductive ink (conductive carbon grease) was printed into an uncured elastomer (Ecoflex) 

reservoir. The technique used a needle tip to dispense the ink. As the tip moved at a certain speed 

inside the uncured elastomer, it created a void behind the moving tip, and this void was 

immediately filled by the ink coming out of the nozzle tip. Speed and nozzle size could be varied 

to get different size of the conductive line. Another technique that used carbon particles was 

proposed by Kong et al. [83]. A single step contact transfer printing technique was utilised to 

fabricate the sensor based on a conductive elastomer made from a carbon black CB-doped 

PDMS. The cPDMS was sandwiched between two PDMS thin films. The summary of all the 

previously discussed stretchable strain sensors together with their characteristics is shown in 

Table 2.2. Two examples of the stretchable piezoresistive strain sensors are shown in Figure 2.4. 

 

2.6.2.2 Tactile Sensor 

 

Apart from the strain sensors, stretchable tactile sensors which are capable of measuring pressure 

and forces in various directions have also researched. Many of the works related to this type of 

sensor were multimodal in that, they could detect forces in multiple directions along with strain. 

Woo et al. fabricated a skin-like capacitive pressure and strain sensor using soft lithography and 

    

a)                                                                                b) 

Figure 2.4:  Piezoresistive strain sensors made by a) parolizing of a polyimide tape [76] and by b) 

using a graphene-nanocellulose nanopaper [81]. 
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contact transfer printing technique [84]. A cPDMS material based on CNT has been used as the 

electrode while the capacitor dielectric was made of an Ecoflex. Top and bottom encapsulating 

layers were made of PDMS. Gerratt et al. fabricated an electronic skin consisting of 

piezoresistive strain and capacitive pressure sensor array [85]. Pressure sensor was constructed 

by sandwiching a silicon foam between layers of chromium/gold film. The silicon foam 

exhibited a good response to compressive strain. The strain sensor was used to compensate for 

cross-sensitivity of the capacitive sensor to compressive and tensile forces. It was made using a 

highly strain-sensitive stretchable gold and stretchable Eutectic Gallium Indium (EGaIn) liquid 

metal wiring embedded in PDMS. Another capacitive-based pressure sensor was made by Noda 

et al. [86]. They fabricated a tri-axis force sensor using conductive liquid. The conductive liquid 

channels were used as the capacitor electrodes while an air gaps were used as the capacitor 

dielectrics. Every sensing element consisted of four capacitors arranged in 2x2 grid with a square 

bump fabricated on top, covering all four capacitors. The square bump acted as an 

omnidirectional lever mechanism that pressed each four capacitors with different forces when 

subjected to shear stress. 

In addition to the capacitive tactile sensors, there were also many works that utilised a 

piezoresistive principle. Zhou et al. fabricated a stretchable skin-like piezoresistive pressure 

sensor [87] (Figure 2.5). Every single element of the piezoresistive sensor was made of a nickel 

powder-based PDMS conductive elastomer sandwiched between two layers AgNWs/PDMS 

stretchable conductive strips. The top and bottom strips were aligned orthogonal to each other 

whereas the piezoresistive elements were placed at the intersections. Similar principle was 

utilised by Choong et al. [88]. A counter electrode of conductive material was laid on top of a 

micro pyramid array made of PDMS and coated with PEDOT:PSS/PUD conductive elastomer. A 

normal force applied onto the surface of the electrode changed the contact area, which caused a 

change in contact resistance. This resulted in a sensor that was very sensitive to small pressure 

stimulus. Park et al. adopted a more biomimetic approach in their sensor design [89]. They 

demonstrated a stretchable direction-sensitive piezoresistive tactile sensor based on the human 

skin-inspired interlocked microstructures. Two CNT-based conductive elastomer (MWCNTs and 

PDMS) thin films with microdome patterns were laid on top of each other. Normal pressure, 

shear stress, and tensile strain cause changes in the contact area between microdomes, which 

leads to a change in resistance. Figure 2.5 shows the images of some of the stretchable tactile 
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sensors. The summary of all the aforementioned tactile sensors together with their characteristics 

are listed in Table 2.3.  

 

 

 

           

a)                                                                b) 

 

c) 

Figure 2.5:  Stretchable tactile sensors: a) Skin-like capacitive pressure and strain sensors [84], b) 

skin-like piezoresistive pressure sensor [87], and c) tri-axis force sensor [86]. 
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Table 2.2: Stretchable strain sensors and their characteristics 

Reference Sensing principle Electrode material Dielectric 

material 

Max strain Reliability 

(Cycles) 

Hysteresis Linearity of 

response 

[73] Capacitive (changes 

in overlapping area) 

SWCNT PU 100% >1000  During 

initial 

strain 

linear 

[74] Capacitive (change 

in dielectric 

thickness) 

polyacrylamide 

hydrogel containing 

NaCl 

VHB 500% >1000 

>4000 with 

capacitance 

drift 5% 

- 

linear 

[75] Capacitive 

(multicore shell 

fiber) 

conductive fluid 

(composed of 

glycerol, sodium 

chloride, and 

polyethylene glycol 

Dragonskin 

10 

250% 

<50% 

(deviation 

because of 

the 

centering 

problem of 

the inner 

core) 

- - - 

[76] Piezoresistive Graphene + CNT 

(Pyrolization) 

PDMS 100% >1000 with 3% 

drift 

- nonlinear 

[79] Piezoresistive AgNWs PDMS 70% 1000 with drift 

in baseline 

resistance 

6.25% 

Observed 

at >60% 

strain due 

to 

hysteresis 

of PDMS 

Linear 

[81] Piezoresistive Crumpled graphene 

+ nanocellulose fibril 

PDMS 100% - - Nonlinear 

[77] Piezoresistive SWNT PDMS 35% 200  Nonlinear 

[82] Piezoresistive (e-

3DP) 

Conductive carbon 

greese 

EcoFlex 400% >1000 with 

performance 

drift 

Significant 

hysteresis 

 

[80] Piezoresistive Ag nanoparticles PDMS 20% >1000 little Linear 

[83] Piezoresistive Carbon black CB-

doped PDMS 

PDMS 80% Tested up to 30 

cycles 

Observed 

during the 

first few 

cycles (<5) 

Linear 

[78] Piezoresistive SWCNT PU 90% - - Linear 
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2.7 Chapter Summary 

 

A biomimetic oesophageal swallowing robot has been developed as a complementary testing 

platform to evaluate the oesophageal phase of swallowing. Understanding the relationship 

between food properties and bolus transit behaviours is important in formulating texture 

modified foods that promote safe and efficient swallowing in patients with dysphagia. In its 

current state, the robot consists of only an actuator. An introduction of embedded sensing 

elements that can measure direct interaction between food bolus and the oesophageal wall in 

terms of strain, pressure, and shear stress will greatly expand the functionality of the device. The 

highly deformable nature of the robots actuator calls for sensors with the same mechanical 

property, which presents a unique challenge in engineering domain.  

There have been many methods developed in literature to realise flexible and stretchable sensing 

devices. The key element in any stretchable electronics is the stretchable conductor. Techniques 

generally used to fabricate this type of conductor are by synthesising conductive polymers or 

composites that have an intrinsic stretchability, using conductive liquids in embedded 

microchannels, or geometrically structuring traditional rigid conductive materials to make them 

more stretchable. Stretchable strain and tactile sensors proposed in literature were either based on 

capacitive or piezoresistive transduction principles.  

Table 2.3: Stretchable tactile sensors and their characteristics 

Reference Sensing principle Electrode material Dielectric material Sensing range Max strain 

[84] Capacitive  cPDMS based on CNT Ecoflex silicon 

rubber 

Pressure: 

<50 kPa - ~1.2MPa 

50% 

[85] Capacitive Chromium/ gold film Silicon foam Pressure: 

5 – 405 kPa 

45% 

[86] Capacitive Conductive liquid: 1-Butyl-1-

methylpyrrolidinium 

tetracyanoborate 

Air gap Pressure: 

0-10 kPa 

 

Shear stress: 

0-6 kPa 

130% 

[87] Piezoresistive nickel powder-based PDMS 

sandwiched between 

AgNWs/PDMS composite  

- Pressure: 

Up to 250 kPa 

30% 

[88] Piezoresistive PEDOT:PSS/ PUD - Pressure: 

0.37 to 5.9 kPa 

75% 

[89] Piezoresistive MWCNT/PDMS composite - - 120% 
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In the next chapter, a new novel stretchable multimodal sensor design is introduced. The sensing 

principle and stretchable conductor strategy involved in the development of the new design are 

explained. A series of feasibility studies conducted on the sensor model using finite element 

analysis are also discussed. This is followed by the description on the sensor fabrication process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 

 

 

 

 

 

 

 

 

Chapter 3 

 

 

Sensing Principle and Sensor Design and 

Fabrication 

 

3.1 Sensory Modalities 

 

In clinical oesophageal bolus transit evaluation, several methods are combined to give a more 

complete picture of the swallowing functions. The most common investigated parameters are the 

radial pressure, food clearance, and visual outline of the oesophagus [5]. For the oesophageal 

swallowing robot, embedded sensing elements serves as built-in measurement probes that 

provide information pertaining to the state of the actuator and the interaction between the conduit 

wall and food bolus. Three types of sensors were proposed (Figure 3.1):  

 

1) Pressure sensors to measure the force imparted by the wall of the oesophagus on food 

bolus in the direction normal to the surface.  

2) Shear stress sensors to measure the force parallel to the surface during the propulsion.  

3) Strain sensors to measure the deformation of the conduit wall during the bolus transit 

simulation, and thus eliminate the need for an external imaging technique to visualise the 

process.  

 

These sensors were arranged in an array and were embedded inside the surface of the robot’s 

conduit.  
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oesophagus is required [93]. A pressure of less than 10 mmHg is associated with a failed 

peristalsis. However, for some abnormal motility functions such as hypertensive peristalsis or 

nutcracker oesophagus, it can reach well beyond 200 mmHg [94]. To be able to simulate a wide 

range of healthy and impaired oesophageal bolus transit behaviours, pressure sensors with a 

Table 3.1 Optimal horseshoe meandering design criteria 

Parameters Criteria for mechanical performance Criteria for electrical 

performance 

Trace width, 
 A smaller width results in a lower local stress 

due to horseshoe opening under a particular 

strain, hence a better fatigue performance, a 

reduced stiffness, and a higher ultimate strain  

[68] 

 

Wider track has a higher 

current carrying capacity and a 

lower resistance per unit 

length. The minimum width for 

a particular trace thickness 

depends on the current carrying 

capacity requirement 

Meander radius, � A higher meander radius allows for fewer 

turnings, given a specific interconnect length. 

This reduces the amount of conductor 

material per unit length, which leads to a 

lower stiffness [104]. 

 

_ 

Aspect ratio, 
�


 A higher aspect ratio, which is the 

combination of a lower trace width and a 

higher meander radius allows for a higher 

horseshoe opening at a lower stress [68]. 

 

_ 

Meander turning 

angle,  ϴ 

A higher turning angle results in a lower 

stress and plastic strain. But an angle of more 

than 55 degree will cause short between two 

adjacent horseshoes  [57], [108].  

 

A lower turning angle results in 

a shorter trace length for a 

given connection length. 

  

Trace thickness A lower trace thickness has lower amount of 

conductor material, which results in a lower 

stiffness. 

 

A lower trace thickness also allows for a 

smaller trace width to be patterned using a 

wet etching process 

 

A higher trace thickness, given a 

specific width, has a higher 

current carrying capacity and a 

lower resistance per unit 

length.  

Material properties A material with a lower young’s modulus can 

withstand a higher strain without breaking 

and therefore is more desirable. 

 

Adding a supporting material of a higher 

young’s modulus has been shown to increase 

stress  distribution, which leads to a higher 

fatigue performance [72] 

 

A material of higher electrical 

conductivity is desirable for 

interconnects. 
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minimum and maximum detectable pressure of less than 10 mmHg (1.3 kPa) and more than 200 

mmHg (26.7 kPa) respectively were designed. In terms of a pressure response, a rise rate of more 

than 400 mmHg.s
−1

 (53 kPa.s
−1

) is recommended for an accurate swallowing process recording 

[95]. A traditional water perfused catheter has a response range of 300 – 400 mmHg.s
−1

 while a 

solid state catheter system can have up to ~4000 mmHg.s
−1

 [96]. For the spatial resolution, a 

measurement point interval of 4 cm or less is recommended [97].  

 

Currently there is no clinical instrument that can measure shear stress on the surface of the 

oesophageal wall. The estimates of the stress values during peristaltic transport come from 

computational modelling studies. One study using a finite element simulation of oesophageal 

transport found that the values vary from 0 to ~1.3kPa throughout the length of the oesophagus 

[98], while another more generic simulation of peristaltic transport suggest a range of 0 – 2.5 kPa 

under various combinations of simulation parameters [99]. The latter is proposed to be the basis 

for the shear stress sensor measurement range. 

3.4.2 Strain 

 

A peristaltic wave inside the robotic oesophageal conduit causes strains in radial and longitudinal 

directions. The magnitudes vary with the shape, amplitude, and length of the wave travelling in 

longitudinal direction down the oesophagus. The characteristics of the peristaltic wave can be 

determined by measuring the strain induced by the wall deformation in this direction. The strain 

sensors therefore need to be able to measure the whole range of axial strain values at the surface 

of the wall during the simulation. Similarly, all interconnects that are connecting the sensor array 

need to withstand the same amount of deformations without failure. Figure 3.4 shows cross-

sectional views of the oesophageal swallowing robot, which reveal the longitudinal and radial 

arrangements of the air chambers.  A peristaltic wave can be generated by sequentially 

pressurizing the chambers (Figure 3.5). The red curves represent the outlines of the deformed 

surface while the green line and curve represent the undeformed state. Under the maximum 

radial strain, the length of the deformed surface can be approximated to be twice the radius of the 

conduit. So the maximum radial strain is given by 

����� �
4 − �

�
× 100 ≈ 27% (3.2) 
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structure that can be patterned. In this research, 0.1 mm was used as the lower limit for 

dimension of the electrode and interconnect patterns to guarantee a clean edge and uniform trace 

width. For a capacitive circuit design, the spacing between adjacent conductive elements is an 

important factor. The sensor array tight configuration involves routing many parallel 

interconnects close to each other. A design guideline suggests a separation distance of twice the 

conductor width [101]. This is to reduce unwanted cross-talk between sensors and interconnects 

that could interfere with the measurement outputs. 

 

3.5 Multimodal Sensor Design 

 

Before proceeding with detailed descriptions of the sensor design, it is important to clarify 

several terminologies related to the structure of the sensor that are used throughout this and 

subsequent chapters. This chapter presents the design and fabrication of one unit of the 

stretchable multimodal sensor, which is referred to as a sensor unit or sensing unit in this thesis. 

This sensor unit is also termed a sensor element when discussing a sensor array in Chapter 5 and 

6. This is due to the fact that the sensor unit forms a building block that makes up the element of 

the sensor array. Each sensor unit consists of three sensor capacitors, which are also called 

sensor components. The terms sensor capacitor and sensor component are used interchangeably 

throughout this thesis. Similarly, the sensing capacitor, or simply a capacitor refer to the same 

thing, which is the sensor capacitor. Each sensor component or capacitor was designed to 

measure one specific parameter. 

Figure 3.7 shows the novel design of the capacitive flexible and stretchable multimodal sensor 

unit consisting of pressure, shear stress, and strain sensing capacitors. Using a thin copper-

polyimide laminate with the copper and polyimide thickness of 9 µm and 15 µm as the base 

material, the sensor structure consists of one common bottom layer and a top layer, which 

contains three separate conductor lines. The bottom layer serves as a common bottom plate for 

the pressure, shear, and strain capacitors, while the three conductors on the top layers form three 

separate top plates of the capacitors. As depicted in Figure 3.7, the pressure and strain capacitor 

plates were design to be parallel to the sensor plane while the shear capacitor plates were bent to 

be perpendicular. The trace width was design to be equal to or wider than 0.1 mm, which is the 
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lower limit of our fabrication process, to ensure good trace uniformity. At sections where some 

levels of stretchability are required, an in-plane horse-shoe meandering technique was utilised. 

This technique allows an otherwise a rigid copper trace to sustain a higher level of strain without 

failure. This is achieved by distributing the strain over a longer trace in different directions.  

As discussed in Section 3.3, three important variables that define the geometry of a meandered 

traces are the trace width, curvature radius and turning angle (Figure 3.3). While the trace width 

was limited by the fabrication process capability, the curvature radius and turning angle were 

limited by spatial constrains and strain characteristics and requirement of the target application, 

which in this case, the oesophageal swallowing robot. In general, a larger radius combined with a 

larger turning angle, and smaller trace width allow for the structure to accommodate higher 

 

Figure 3.7: Stretchable multimodal sensor design showing a) bottom layer, b) top layer, c) top view of 

the assembled sensor consisting of pressure sensor (1), shear sensor (2), and strain sensor conductor 

traces (3), and the common bottom conductor traces (4), and d) perspective view. 
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strain, which is translated into higher fatigue performance. In the case of the oesophageal 

swallowing robot, the strain sensor was used to measure conduit surface deformation, which 

produces two-dimensional strain on its surface. The top and bottom sensor structures and traces 

on the other hand were designed to be stretchable only along the axial and radial directions 

respectively. In order for them not to be affected by strains on any other irrelevant directions, the 

overall width of the stretchable structures must be kept as narrow as possible. In addition, the top 

layer structure has three separate conductor traces running in parallel. The spacing between the 

adjacent traces must be kept at least twice the trace width to reduce signal cross-talk. Based on 

the aforementioned constrains and 3% strain requirement, the top layer stretchable structures 

were designed to have up to a maximum of 1.25 mm curvature radius and 45° turning angle. The 

bottom layer structure on the other hand was designed with a maximum curvature radius and 

turning angle of 1.8 mm and 30° respectively to accommodate a higher strain of 27% (Section 

3.4.2). 

All meandered traces are backed by a layer of polyimide on one side. In this sensor design, the 

polyimide layer has several functions as follows: 

 Hold all the separate conductor structures in the top layer together. 

 Help strengthen meandered traces by better distributing strain along the trace length [72]. 

 Increase stiffness of the meandered traces, which helps them restore their original length 

after strain is removed. 

 Alter stiffness of certain parts of sensor capacitor plates. 

 Electrically insulate the top layer from the bottom layer and prevent parallel adjacent 

traces from touching each other. 

 Acts as a dielectric layer for strain sensor capacitor. 

For the meandered traces, a wider polyimide structure support can better protect the copper 

traces through a better stress distribution, but increases the overall stiffness of the traces. 

Furthermore, wider traces occupy larger space, which is undesirable. In regard to this, a 

polyimide trace width that satisfies the aforementioned requirements and constrains was chosen 

for this design. Some sections of the sensor structures are not stretchable and the dimensions of 



44 

 

these sections were kept to a minimum whenever possible so as not to reduce the overall 

stretchability of the sensor.  

The sensor structure was designed to be embedded inside a stretchable elastomer matrix. A 

platinum-catalysed silicon rubber (Ecoflex 00-30, Smooth On) was used as the encapsulation 

material because it is the same material used in the oesophageal swallowing robot conduit, and is 

widely used in other soft-robotic applications. The encapsulation material covers the top and 

bottom surfaces of the structure and fills in the gaps between the capacitor plates of the pressure 

and shear sensors. The encapsulated sensor structure is shown in Figure 3.8 a. The pressure 

sensor was designed to measure pressure applied normal to the surface as indicated by the green 

array. The shear sensor on the other hand was capable of sensing bidirectional shear stress along 

the longitudinal axis of the top layer as shown by the red arrow. The strain sensor measures 

strain along the same axis as indicated by the blue arrow. Figure 3.8 b, 3.8 c, and 3.8 d illustrate 

the effect of pressure, shear stress, and strain on the capacitor structures of the respective sensors. 

A relatively harder rubber encapsulation material (PDMS) was moulded on top of the pressure 

capacitor plate to improve the load transfer from the encapsulation surface to the plate. Pressure 

applied normal to the surface causes the separation distance between the plates to be reduced, 

which, according to Equation 3.1, increases the capacitance value (Figure 3.8 b). Shear stress 

applied parallel to the sensor surface causes a relative movement between the upper layer of the 

encapsulation and the lower layer. This movement alters the separation distance between the 

vertical shear capacitor plates (Figure 3.8 c). Strain sensor on the other hand works based on 

slightly different principle. Stretching the sensor along the strain sensor axis reduces the 

overlapping area between two strain capacitor plates, which decreases the capacitance value 

(Figure 3.8 d).  
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3.6 Feasibility Studies 

 

To predict the fatigue performance of the stretchable sensor design under strain, a series of finite 

element analysis (FEA) was conducted. Table 3.3 summarises mechanical properties of copper, 

polyimide, and Ecoflex 00-30. The in-plane horse-shoe meandering technique adds certain level of 

stretchability into a rigid copper traces by distributing strain in a certain way along the length of 

the traces such that the maximum strain experienced at any section of the traces is lower than 

that experienced on the un-meandered  traces under the same strain. For this study, distribution 

of equivalent plastic strain on the copper traces was chosen as a criterion of evaluation [72]. In 

Table 3.3: Mechanical properties of copper, polyimide, and Ecoflex 00-30 

 Copper Polyimide Ecoflex 00-30 

Tensile strength (MPa) 394.38 231 1.38 

Yield strength (MPa) 258.65 86.2 - 

Elastic modulus  (MPa) 110000 2500 0.07 

100% modulus (MPa) - - 0.07 

Elongation at break (%) - - 900 

 

 

Figure 3.8: a) Encapsulated sensor unit showing the direction of pressure (green arrow), shear 

stress (red arrow), and strain (blue arrow) and their effects on b) pressure sensor, c) shear sensor, 

and d) strain sensor. 
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general, the lower the plastic strain, the better the fatigue performance of the traces.  

The FEA result for the top layer sensor layer is shown in Figure 3.9, which was performed using 

SolidWorks Simulation software (Dassault Systèmes SolidWorks Co.). The three-dimensional 

model, which was a simplified version of the top layer, was subjected to 5% strain under 

nonlinear static simulation study. Out-of-plane deformation or buckling was constrained in this 

model to simulate the effect of thick encapsulation on the sensor structure. The coloured model 

represents a deformed result whereas the greyed-out model is the original undeformed state. For 

the top layer, the equivalent plastic strain was higher around the peak and close to the both ends 

of the meandered traces where the highest plastic strain of 1.144×10
−3

 was recorded. Figure 3.10 

shows the FEA result for the bottom layer subjected to 30% strain. Similar trend of plastic strain 

distribution was observed where higher strains were recorded around the peaks of the meander. 

The highest plastic strain of 4.328×10
−3

 was recorded around the centre peak. This value was 

almost four times higher than the highest value recorded by the top layer. Based on these 

 

Figure 3.9: FEA result for top layer subjected to 5% strain. The colour represents the equivalent 

plastic strain. 
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simulation results, it was predicted that during the actual implementation of the sensor inside the 

oesophageal swallowing robot, the bottom layer conductor will have a lower fatigue 

performance, i.e. fail much earlier, as compared to that of the top layer. This was attributed to a 

higher strain level sustained by the bottom layer in radial direction inside the oesophageal 

swallowing robot conduit. To bring the maximum plastic strain on par with the maximum value 

scored by the top layer, the bottom layer requires a larger curvature radius, which could not be 

fulfilled due to spatial constrain.  

 

 

Figure 3.10: FEA result for bottom layer subjected to 30% strain. The colour represents the 

equivalent plastic strain. 
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Another series of FEA simulation was performed to analyse the effect of polyimide supporting 

structure on the fatigue performance of the top and bottom layers. Simplified models without the 

polyimide layer for the top and bottom layer were subjected to the same simulation conditions as 

those of the first series of simulation. Result for the top layer is shown in Figure 3.11. The 

unsupported structure recorded much lower plastic strain with the highest value of 7.223×10
−4

, 

which was half of the max value recorded by the supported structure. This simulation result 

seems to contradict the finding reported in [72]. This however, can be explained by the 

displacement plot shown in Figure 3.12. The top layer model can be divided into two regions, A 

and B. Region A consists of two meanders, each formed by two adjacent parallel traces. Region 

 

Figure 3.11:  Plastic strain distribution comparison for supported and unsupported top layer. 
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B on the other hand consists of three meanders formed by three separate traces. With the 

polyimide support layer, the two adjacent parallel traces are combined into one wide meandered 

trace with higher stiffness. This results in less strain distribution in this region and more 

distribution in region B. Based on the stress plot, the strain in region B was around 77.6% of 

total strain applied, while the rest was distributed in region A. In the case of the unsupported 

structure, the adjacent parallel traces in region A remain separated and form multiple narrower 

meander with lower stiffness. This led to a more balanced strain distribution of 49% in region A 

and 51% in region B. This explains why the meandered traces in region B of the supported 

structure sustained higher plastic strain compared to the values recorded in the same region of 

the unsupported structure.  In this case, adding the polyimide supporting layer seems 

counterproductive from the perspective of fatigue performance. From other perspectives 

however, the polyimide layer plays important role in separating adjacent parallel traces and 

 

Figure 3.12: FEA displacement plot for the supported and unsupported top layer. 
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improving the capability of the meandered traces to restore their original length when the strain 

is removed.   

Figure 3.13 compares the plastic strain distribution between the supported and unsupported 

bottom layer structure. The structure consists of only single uniform meandered conductor trace. 

The positive effect of the polyimide supporting layer is evidenced from the result. The supported 

structure recorded a maximum plastic strain of 4.328×10
−3

 around the centre peak of the 

meander while the unsupported structure experienced a plastic strain close to five times the 

value. The difference in the strain distribution was also apparent from the difference in the shape 

of the deformation. 

The plastic strain in polyimide layer for both top and bottom layers remain at zero as shown in 

Figure 3.14. This indicates that all strains experienced by the polyimide structures are within 

elastic region. This is very important for the sensor structure in the sense that the supporting 

 

Figure 3.13:  Plastic strain distribution comparison for supported and unsupported bottom layer. 
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material does not experience permanent deformation and the elasticity helps in restoring the 

length of the meandered copper structures that sustain some level of plastic strains. 

 

3.7 Sensor Fabrication 

 

The fabrication of the sensor unit is illustrated in Figure 3.15. The process started with a blank 

single-sided copper-polyimide laminate (Shenglongpan Electric Co.), one for each top and 

bottom layer (Figure 3.15 a). This material consists of a 9 µm thick copper foil on one side and 

15 µm thick polyimide layer on the other side. This is a commonly used base material in the 

production of flexible printed circuit boards (FPCB), and therefore is widely available at low 

cost. For patterning the copper side of the sheet, a traditional low cost photolithography and wet 

etching process were utilised. The surface of the copper side was first cleaned using acetone to 

remove any trace of oil or grease that could affect the adhesion of photoresist onto the surface. 

 

Figure 3.14: Plastic strain in polyimide structure of the top and bottom layers.  
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UV masks for the top and bottom layer were prepared by printing the sensor patterns together 

with alignment marks on a piece of transparent plastic film. The alignment marks were used later 

to align the copper patterns on a laser cutting machine. A thin sheet of dry film photoresist was 

then laminated onto the cleaned copper surface using a hot roll laminator.  

 

Figure 3.15: Sensor fabrication steps: a) blank copper-polyimide laminate, b) copper patterning, c) 

workpiece lamination on metal carrier, d) polyimide patterning, e) stamping, f) assembling, g) final 

bending, and h) encapsulation. 

 

Next, sensor patterns were transferred onto the photoresist using a UV exposure unit. The 

patterned photoresist was left for about 20 minutes before it was put inside a developer solution. 
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For this fabrication, negative type of photoresist film was used. During the resists development 

process, the regions that were exposed by UV light were removed, leaving only the unexposed 

regions in the form of sensor patterns on the copper surface. The copper-polyimide laminate with 

the developed photoresist was then rinsed thoroughly with water to remove any remaining 

developer solution and dried. The photoresist patterns were inspected for any defects that will 

cause defective patterns to be etched on the copper. The next step was a wet etching process. The 

workpiece was transferred in a bubble-assisted etching tank containing Sodium Persulfate 

solution to etch away all the exposed copper. Upon completion of the etching process, the piece 

was immediately removed from the etching tank and rinsed with tap water to remove any 

remaining etching solution (Figure 3.15 b). After that, the etched workpiece was dried and 

inspected for any defects such as shorted or open copper traces. The photoresist mask was 

removed by using a resist stripper solution (Sodium Hydroxide). 

After successful completion of the copper patterning process, the next step was a polyimide 

patterning process using laser engraving technique. First, the thin flexible workpiece must be 

secured on something to make sure that it remains flat and fixed during the laser engraving. This 

was achieved by using a steel plate as a temporary carrier. The workpiece was laminated onto the 

carrier with the polyimide side facing up and a dry photoresist film placed in between, which 

acted as glue (Figure 3.15 c). The carrier with the laminated copper-polyimide piece was then 

placed inside a CO2 Trotec Speedy 300 laser cutting machine (Trotec Laser Pty Ltd). The piece 

was first aligned to the laser engraving job using the alignment marks printed previously on the 

copper side. During the engraving process, unwanted polyimide was burned away by the laser 

beam, leaving only sensor patterns on the polyimide layer (Figure 3.15 d). The engraving process 

left behind some ash residues from the burned polyimides, which were brushed clean under tap 

water. To remove the patterned sensor pieces from the carrier, the workpiece was placed inside a 

resist stripper solution to dissolve the photoresist layer, which was used as glue. All the sensor 

pieces were then rinse with tap water and dried. Visual inspection on each of the pieces was 

conducted under a microscope to check for any misalignment between the copper patterns and 

the supporting polyimide patterns. Good alignment is important to ensure a good fatigue 

performance of the sensor structures under strain. The finished sensor parts are shown in Figure 

3.16. 
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The pieces were now ready for assembly process. Some parts of the sensor patterns were bent 

before the top and bottom layer pieces were put together (Figure 3.15 e). A sheet metal stamping 

technique was used to perform the bending process. First, an acrylic die and acrylic punch were 

made using the laser cutting machine. The piece to be bent was placed on top of the die. Next, 

the punch was pressed on top of the piece and die, bending certain parts of the sensor piece at the 

right locations at the desired angles. The stamping process is illustrated in Figure 3.17.  

To assemble the sensor, a special fixture was built using an acrylic piece. A number of pin-sized 

holes were laser cut at certain locations for mounting alignment pins. This fixture helped align 

the top piece to the bottom piece during the assembly (Figure 3.18). The bottom sensor piece was 

first secured on top of the fixture. Then, a slow-setting epoxy resin (Araldite® Super Strength, 

Selleys Pty Ltd) was applied at certain locations of the bottom piece. Next, the top sensor piece 

was carefully placed on top of the bottom piece using the pins as guides. The sensor assembly 

was left for about 24 hours to let the epoxy resin to completely harden. One final bending step 

was then performed on some sections of the piece. 

 

Figure 3.16: Patterned a) top and b) bottom pieces. 
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The final step was to encapsulate the assembled sensor structure inside a silicon elastomer 

matrix. For this process, a mould was made consisting of two parts: a bottom part into which, the 

sensor was placed, and a top part, which was used to cast a hold on top of the pressure sensor 

plate. An Ecoflex silicon rubber was used as the encapsulation material. It comes in two separate 

parts, A and B, which were mixed at 1:1 ratio and stirred thoroughly. The encapsulation steps are 

 

Figure 3.17: a) Stamping of top and bottom pieces. b) Stamping process illustration. 

 

Figure 3.18: Sensor assembly on an alignment fixture. 
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illustrated in Figure 3.19. The step began with the casting of a 2 mm thick Ecoflex layer in the 

bottom mould and let it to cure. The sensor assembly was then placed on top of the Ecoflex layer 

and the top mould piece was placed on top of the pressure sensor. Another 2 mm thick Ecoflex 

layer was casted on top of the sensor and left to cure for about five hours. After that, the top 

mould piece was removed leaving a hole on top of the pressure sensor. This hole was then filled 

with a PDMS rubber material (Sylgard 184, Dow Corning). For comparison, this material has a 

Shore hardness of 50A whereas the Ecoflex has a Shore hardness of 30A. The higher the score, 

the harder the material is. The harder silicon rubber transfers the pressure from the surface of the 

encapsulation onto the sensor surface better than the softer rubber does. Figure 3.20 shows the 

completed sensor assembly. 

3.8 Chapter Summary 

 

In this chapter, the sensing principle, design, simulation, and fabrication process for a novel 

stretchable multimodal sensor unit were described. The unit consists of three sensing 

components to measure pressure, shear stress, and strain, and was designed to be embedded 

inside a soft elastomer matrix for soft-robotic applications. The design specification was tailored 

for oesophageal swallowing robot to measure interaction between food bolus and the wall of the 

oesophagus. Sensing principle for the three sensor components were based on a parallel plate 

capacitor. A copper-polyimide laminate was chosen as a base material due to its low cost and 

wide availability as a flexible circuit board production material. The sensor consists of a top and 

 

Figure 3.19: Sensor encapsulation steps: a) acrylic mould, b) bottom Ecoflex layer casting, c) sensor 

and top mould placement, d) top Ecoflex layer casting, e) top mould removal, and f) PDMS casting. 
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a bottom layer, which form the top and bottom capacitor plates for the three sensing components. 

An in-plane meandering technique was utilised to add some level of stretchability to the rigid 

copper structures in both layers. 

A series of finite element analysis was conducted on three-dimensional models of the top and 

bottom layers to study plastic strain distribution in the stretchable portions of the structures under 

strain loading, which was used to predict the fatigue performance of the sensor in the target 

application. 

The sensor was fabricated using several low cost processes involving the traditional 

photolithography and wet etching for patterning copper layer, laser engraving for patterning the 

polyimide layer, and a sheet metal stamping for bending certain parts of the structure.  The top 

and bottom layers were assembled on a special alignment fixture using an epoxy resin as glue. 

The assembled structure was encapsulated with an Ecoflex silicon rubber material.  

In the next chapter, the sensor was put into a series of testing to find out the characteristics and 

performance in terms of the sensitivity and hysteresis under different loading and environmental 

conditions. Samples from the top and bottom layers were also tested for their fatigue 

performance under cyclic strain loading. 

 

Figure 3.20: Encapsulated sensor unit. 
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Chapter 4 

 

 

Test and Characterisation 

 

4.1 Characterisation Steps 

 

The fabricated sensor unit was subjected to a series of tests to determine their characteristics and 

performances. Table 4.1 outlines a number of tests performed and their associated parameters. 

  

 

 

 

 

 

 

Table 4.1: Sensor testing and characterisation steps 

Test Characteristics 

Interconnect reliability test  Number of stretch release cycle before the interconnect breaks 

 

Electrical stability of interconnects under strain 

 

Capacitance vs pressure, 

strain, and shear stress test 

Sensing range , sensitivity, linearity, and hysteresis performance  

 

Coupling effect of mechanical stimulus on different sensing 

modalities 

 

Sensor repeatability test Measurement repeatability under loading and unloading cycles 

 

Environmental test Effect of temperature on sensor measurement 
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point of break when they were subjected to strain. For the top structure sample, which consists of 

three separate lines, each line was first wired in series, and then connected in parallel between 

samples as illustrated in Figure 4.2 a. The wired samples of the top and bottom structures were 

then embedded inside a 4 mm thick Ecoflex rubber encapsulation. 

To perform the test, one end of the encapsulated sample was secured on the slider clamp and the 

other end was secured on the stationary clamp of the test tool (Figure 4.3). Actuating the DC 

motor of the tool caused a rotation in the crank, which in turn, caused the slider to move back 

and forth, stretching and releasing the test sample. Both ends of the sample were connected to a 

bench digital multimeter ( Escort 3136A) to measure the resistance.  

 

a)                                b) 

Figure 4.2: Fatigue test sample with the corresponding wiring diagram for a) top 

conductors and b) bottom conductors. 
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A LabVIEW program was developed on a computer to record the resistance as well as the slider 

displacement. Both the displacement sensor of the testing tool and the multimeter were 

interfaced to the computer via a myRIO-1900 (National Instruments Co.) interface board. Both 

the top and bottom samples were tested up to 5 % and 30 % strain respectively, which are several 

magnitudes higher than the target specification of 3 % and 27 %, at 0.3 cycles per second. The 

cyclic strains applied on the top and bottom samples were approximate of the strains experienced 

on the surface of the swallowing robot conduit. This was based on the assumption that the 

embedded sensor will experience pure strains in the longitudinal and radial directions. 

4.3.2 Results 

 

Relationship between the conductor resistance and strain is shown in Figure 4.4. Both the top 

and bottom conductors show a stable resistance under strain. For the top conductor, the 

resistance remains around 0.44 Ω whereas for the bottom one, the resistance fluctuates between 

0.17 Ω and 0.18 Ω with no correlation with strain. The fluctuation was due to the fact that the 

resolution of the multimeter is 0.01 Ω while the resistance of bottom conductor lies somewhere 

between the two values. The relationship between the resistance and the stretch-release cycles is 

shown in Figure 4.5. 

 

Figure 4.3: Setup for fatigue test. 
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pressure applied the surface of the sensor was transferred onto the capacitor plate through the 

rubber medium. However, at high loading speed, the rubber medium acted more like a shock 

absorber, which absorbed some of the pressure rather than transmitting it to the sensor. This 

resulted in less pressure detected by the sensor, hence the lower sensitivity value. The hysteresis 

values were calculated to be 6.45 %, 6.66 %, and 6.64 % respectively for the three loading 

speeds, showing no particular trend.  

The sensitivity however, shows a different trend in response to temperature (Figure 4.10 b). It 

increased with increasing temperature with a recorded value of 0.087, 0.088, and 0.089 fF.kPa
−1

 

at the temperature of 24, 30, and 37 °C respectively. The higher temperature has the effect of 

softening the rubber encapsulation material covering the top as well as in between the capacitor 

plates. However the temperature effect was expected to be different for the top rubber and the 

rubber in between the plates because they were made of silicon rubber material of different 

hardness. The top rubber was made of harder rubber material (Sylgard 184, Dow Corning) to 

improve the pressure transfer from the surface to the sensor capacitor plate. The result suggests 

that the softening of the rubber material in between the plate was more prominent, resulting in a 

higher sensitivity of the pressure sensor. The increase in the sensitivity was accompanied by an 

increase in the hysteresis with a magnitude of 6.45 %, 6.95 % and 7.66 % for the three 

temperature settings. This result suggests that the softening of the silicon rubber magnifies its 

inherent nonlinear property. 

For this multimodal sensor, it is important to investigate how each of the sensing components 

responds to different type of loads and how one sensor component reading affects the other 

sensor components. The chart on Figure 4.10 c shows the sensitivity of the pressure, shear, and 

strain sensors to the applied pressure. The shear sensor exhibits a significant response to the 

pressure applied onto the pressure sensor with the sensitivity value amounting to about 26 % of 

that of the pressure sensor. Since a rubber is an uncompressible material, applying a compressive 

force (pressure) normal to its surface causes the material to expand sideways, pushing the shear 

capacitive sensing plates. The strain sensor however, has a lower sensitivity to the applied 

pressure, which is about 5 % of the pressure sensor sensitivity. The sensitivity was slightly 

negative, which suggests that the strain sensor response was also due to the lateral expansion of 

the encapsulation material. 
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Repeatability test result in Figure 4.17 indicates the variation in the sensor sensitivity over the 

number of stretch-release cycles. Random fluctuation was observed with an average value of 

−18.13 fF.%
−1

 and a standard deviation of 0.07 fF.%
−1

. Table 4.3 summarises the sensor 

characterisation results. 

Based on the sensor characterisation results, several conclusions can be drawn as follows: 

 The nonlinear property of the silicon rubber encapsulation has a strong influence on the 

characteristic of the sensor output in a form of hysteresis. 

 The encapsulation also affects how the applied load is transferred onto the sensor 

capacitor plates, which might result in different sensitivity at different loading speeds.  

 Temperature has a significant impact on the embedded sensor performance. Higher 

temperature softens the rubber encapsulation, which affects load transfer onto the sensing 

plates. 

 Sensor encapsulation can transfer applied loads on one sensor to adjacent sensors, 

causing cross-sensitivity issue. 

 Capacitive sensor output is prone to signal contamination due cross-talk between adjacent 

signal lines. 

 

Table 4.3: Sensor characterization result 

 Range 
Loading speed 

(kPa.s
−1

) 
Sensitivity (fF.kPa

−1
) Hysteresis (%) 

Temperature 

(°C) 
  24 30 37 24 30 37 

Pressure 

sensor 

70 kPa 50 0.087 0.088 0.089 6.45 6.95 7.66 
60 0.086   6.66   
80 0.085   6.64   

Shear sensor ±8 kPa 19 1.275 1.237 1.163 3.899 4.019 3.743 
21 1.269   3.332   
25 1.272   2.91   

  
Loading speed 

(%.s
−1

) 
Sensitivity (fF.%

−1
)  

Strain sensor 10% 8 -18.19 -15.95 -13.573 2.915 2.461 5.951 
9 -16.79   2.985   

10 -17.85   2.667   
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4.5 Chapter Summary 

 

In this chapter, the stretchable multimodal sensor unit was characterised to determine its 

performance under different loading and environmental conditions. A new testing tool was build, 

which consists of a slider-crank mechanism driven by a DC motor. Rotation of the crank 

produced a linear reciprocating motion in the slider, which was used to provide a cyclic loading 

onto the sensor. The first test was conducted to evaluate fatigue performance of the meandered 

sensor structures and interconnects under continuous stretch and release cycles. The top sensor 

structure demonstrated a good fatigue performance up to a maximum of 4700 cycles while the 

bottom structures failed much earlier at 1700 cycle with several premature failures. 

The pressure, shear, and strain sensors were subjected to a load up to a maximum of 70 kPa, ±8 

kPa, and 10 % respectively. At 24 °C, Best-fit straight line sensitivity was found to be around 

0.087 fF.kPa
−1

, 1.275 fF.kPa
−1

, and −18.19 fF.%
−1

 for each of the sensor at a loading speed of 50 

kPa.s
−1

, 19 kPa.s
−1

, and 8 %.s
−1

 respectively. All sensor outputs exhibit certain degree of 

hysteresis, which is attributed to the nonlinear property of the rubber encapsulation material. The 

effect of encapsulation material was also evidenced under different loading speed, resulting in 

different sensitivity and hysteresis performance for some sensors. 

In addition to the loading condition, the effect of temperature on the sensor performance was 

prominent for this embedded sensor. All sensors performance exhibits a notable correlation with 

this particular environmental factor. Higher temperature has the effect of softening the 

encapsulation material, which affects load transfer to the underlying sensor structures. Moreover, 

the softened encapsulation also influenced the strain distribution along the meandered structures 

of the sensor and interconnects, therefore affecting the strain sensor performance as evidenced 

from the result. 

All three sensors demonstrated a certain degree of cross-sensitivity in response to different type 

of loads. Two factors contributing to this phenomenon are the encapsulation material, which 

helped to transfer an applied load on one sensor to the adjacent sensors, and crosstalk between 

adjacent sensor interconnects. From the characterisation results, the three sensors show a good 

repeatability after subjected to 500 loading cycles. 
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The next chapter describes the process of designing and fabricating this type of multimodal 

sensor in the form of a stretchable array, which was then embedded inside an oesophageal 

swallowing robot.  
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connected to an interface board from the top of the oesophageal swallowing robot. The 12 

horizontal conductors were routed vertically in parallel at the end of the array using straight 

traces such that, when embedded inside the oesophageal swallowing robot, the vertical lines run 

in between two chamber columns where surrounding silicon rubber substrate does not deform 

when the chambers are inflated. The vertical and horizontal parallel conductor lines have a 

spacing (pitch) of 0.5 mm to match that of the Flexible Flat Cable (FFC) connector used on the 

interface board. 

5.2 Fabrication 

 

The fabrication process for the sensor array was the same as that used to fabricate the sensor unit 

described in Section 3.7. A thin sheet of a copper polyimide laminate was used as the based 

material. The copper side was patterned using photolithographic process and wet etching. The 

patterned copper was carefully inspected under a microscope to make sure that there is no 

 

Figure 5.2: Sensor array design. 
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shorted or broken copper trace. This is an important step because one broken line in the array can 

affect multiple sensor elements in the affected row or column. Also, a broken line cannot be 

properly grounded. This can introduce a series of floating capacitors, which can affect the other 

sensor values. After the copper patterning, the sheet was laminated on a temporary metal carrier 

with the polyimide side facing up using a dry photoresist thin film as glue. This metal carrier 

helps keep the sheet flat for laser engraving process. The work piece was then transferred into a 

laser cutting machine where the polyimide pattern was engraved on the polyimide layer. 

Alignment marks patterned on the copper side were used to align the polyimide pattern to the 

copper pattern. After finished engraving, the piece was cleaned using a brush to remove ashes 

from burned polyimide. The cleaned piece was then put inside a resist stripping solution (Sodium 

Hydroxide) to release the copper-polyimide sheet from the metal carrier. Next, the sheet was 

rinsed with tap water and dried using hot air blower.  

The same fabrication process was used for the top and bottom sensor layers. The piece was 

transferred onto a die where certain parts of the patterns were bent via a sheet metal stamping 

technique. After that, the bottom piece was placed on a flat fixture with metal pins mounted at 

various locations on the surface for alignment. Slow-setting epoxy glue was applied on certain 

areas of the surface of the bottom piece. Next, the top piece was placed on top of the bottom 

piece using the metal pins as guides. The array assembly was left for about 24 hours for the 

epoxy to fully cure. A second stamping process was carried out on the assembly where certain 

sections of the bottom layer were bent onto the top layer. The completely assembled sensor array 

was then encapsulated inside a layer of Ecoflex of 4 mm thickness. The assembly was embedded 

in the middle of the encapsulation with 2 mm of the Ecoflex covering the top and the bottom side 

of the array. Figure 5.3 shows the encapsulated sensor array.  
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5.3 Interface Board Design 

 

An interface board was designed to read the capacitive outputs from the array of sensors. The 

same capacitance-to-digital convertor IC AD7745 (Analog Devices Inc.) was used to convert the 

output capacitance to a 24-bit digital representation. The IC reads a floating capacitance between 

its capacitance input pin and excitation pin while ignoring any capacitance to ground. This 

particular convertor only has one channel to measure capacitance. To be able to sequentially read 

multiple sensors, a series of multiplexers were connected to the IC. The multiplexers were wired 

in such a way that when one sensor was being read, the rest of the sensors were switched to 

ground to minimise cross-talk. All twelve horizontal sensor lines from the bottom layer were 

connected to the excitation pin (EXC pin) of the IC through multiplexers while the twelve 

vertical lines from the top layers were connected to the capacitance input pin (CIN). Altogether, 

the sensor interface board can sequentially read up to 144 capacitors, which is the total number 

of capacitor components in the sensor array. Figure 5.4 shows the simplified schematic diagram 

of the interface circuit and the fabricated interface board. The interface board was connected to a 

computer running a LabVIEW program via a myRIO-1900 (National Instruments Co.) interface 

board. A Serial Peripheral Interface (SPI) was used as the connection protocol between the IC 

and the myRIO. The LabVIEW program sent an address to the multiplexer to select one 

 

Figure 5.3: Encapsulated sensor array. 
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capacitor to read. The convertor IC converted the capacitance value and sent its digital 

representation to the LabVIEW program to be stored in a file. 

5.4 Calibration 

 

Sensor ex situ calibration was conducted before it was installed inside the oesophageal 

swallowing robot conduit. Calibration after the sensor installation (in situ) was difficult due to 

inaccessibility and unavailability of suitable instrument for the task. The array was already 

encapsulated by a layer of Ecoflex and the thickness of the encapsulation on top of the sensor 

surface remains the same before and after the installation. For this reason, the characteristic of 

the pressure and shear sensor was expected to be the same. The sensor array was calibrated by 

laying it flat on testing platforms. However, inside the oesophageal swallowing robot conduit, 

the array was rolled into a cylindrical shape. In both cases, the performance of the strain sensor 

element was assumed to be similar because it was designed to measure strain in longitudinal 

direction instead of radial direction. 

 

 

 

a)                                                                                b) 

Figure 5.4: a) Interface circuit schematic diagram where the Cp, Csh, and the Cst are the pressure, 

shear, and strain sensor capacitors b) sensor interface board. 
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5.4.1 Setup 

 

The same motorised slider-crank mechanism was utilised to calibrate the pressure and shear 

sensor elements. However, a larger fixture was made to accommodate the larger size of the array 

as compared to the size of the single sensor unit tested before. All calibration was conducted at 

24 °C and was performed individually on each of the sensor elements of the array. 

For pressure calibration, the array was secured on a flat vertical fixture as shown in Figure 5.5 a. 

A load bar was mounted on the slider mechanism. The vertical fixture can be adjusted to align 

any of the array elements to the load bar. Rotation of the crank produced a reciprocating motion 

in the slider, which was transferred to the pressure sensor as a cyclic loading via the load bar. 

The load was applied in a direction normal to the surface of the array. A load cell mounted in 

between the load bar and the slider was used to measure the magnitude of the applied load. The 

pressure sensors were calibrated individually up to 35 kPa at 30 kPa.s
−1

 for 20 cycles. 

For shear sensor calibration, the array was placed horizontally on a flat fixture with the 

longitudinal axis paralleled to the motion direction of the load bar as shown in Figure 5.5 b. The 

horizontal reciprocating motion of the load bar provided a shear force parallel to the surface of 

the shear sensor element in both forward and backward directions. A small weight was placed on 

top of the load bar to improve traction between the bar and the sensor surface. The applied shear 

load magnitude was measured using the load cell. The horizontal fixture holding the array can be 

adjusted in such a way that any of the shear elements of the array to be tested can be aligned 

under the load bar. Each shear sensor element was calibrated individually for 20 cycles within 

the range of ±10 kPa at a loading speed of 10 kPa.s
−1

.  

Strain sensor elements require completely different testing equipment for calibration because 

they were going to be used to measure conduit wall deformation inside the oesophageal 

swallowing robot. For this purpose, a flattened version of the robot conduit model was build, 

which has the same number of chambers and the same wall thickness as that of the conduit wall. 

The length and width of the model were designed to replicate the longitudinal and radial 

dimensions of the conduit. In the oesophageal swallowing robot, all four chambers in each row 
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calibrated. The pin helped to offset the ball head (marker) above the surface and beyond the top 

structure as shown in Figure 5.6 d.  This makes it more visible from side view of the model. A 

camera was placed on one side of the setup and a contrasting background was mounted on the 

opposite side. A static wave having wavelength of 120 mm and a maximum amplitude of 10 mm 

was generated at the chamber where a strain sensor was calibrated. This was to match the 

peristaltic wave generated in the oesophageal swallowing robot conduit, which was configured to 

have a wavefront length ( 3 2⁄  ) of 60 mm. The inflation rate was about 5 mm.s
−1

. The camera 

was used to record a video of the movement of the marker while a computer running a LabVIEW 

programme recorded the strain sensor reading. The LabVIEW programme also displayed an 

index to the data recorded on the screen, which was placed within the field of view of the 

camera. The video was processed in MATLAB using an image processing toolbox to track the 

movements of the marker. The data index in the video frame was read using an optical character 

recognition (OCR) algorithm inside the MATLAB. This method was used to synchronise the 

deformation data captured by the camera and strain sensor reading recorded by the LabVIEW. 

5.4.2 Results 

 

For each of the pressure, shear, and strain sensor, 5 out 48 sensors were randomly chosen as 

samples to be calibrated to check if they have similar characteristics, which could be applied to 

the rest of the sensor elements of the array. Calibration results are shown in Figure 5.7.  

All three types of sensor exhibit hysteresis behaviour. This phenomenon was due to the delay 

between the applied load and the sensor response, which was caused by the rubber encapsulation 

on top of the sensor surface. Using the formula 

Hysteresis �
Max&'()*6 − '(+,6/

'��� − '�-.

× 100 (5.1) 
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the average hysteresis for pressure, shear, and strain sensor was calculated to be around 10.17 %, 

11.78 %, and 26.37 % respectively. Modelling a hysteresis loop is complicated because of 

 
      a) 

 
      b) 

 
      c)  

Figure 5.7: Calibration results for 5 samples of a) pressure, b) shear, and c) strain sensor. 
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nonlinearity.  For simplicity, a Best Fit Straight Line (BFSL) model based on linear regression 

was used to define the sensitivity and subsequently the transfer function for the pressure, shear, 

and strain sensor. The pressure, shear, and strain sensor exhibit a variation in the BFSL 

sensitivity across the 5 sensors tested. The sensitivity of the pressure sensor varies from 0.085 

fF.kPa
−1

 to 0.115 fF.kPa
−1

 (Figure 5.7 a). The shear sensor has a sensitivity variation between 

1.85 fF.kPa
−1

 and 2.01 fF.kPa
−1

 (Figure 5.7 b) while the strain sensor recorded values from −38.9 

fF.mm
−1 

to −47.8 fF.mm
−1

 (Figure 5.7 c). Computing one common transfer function for all the 

five sensors by averaging their BFSL sensitivity and applying it to the individual sensor resulted 

in a root-mean-square error (RMSE) value higher than the RMSE produced by individual BFSL 

transfer functions. The pressure sensors produced an RMSE as high as 4.79 kPa using the 

common sensitivity function as compared a maximum RMSE of 2.19 kPa when using the 

individual functions.  Similarly, the shear sensors produced a maximum RMSE of 0.48 kPa and 

0.41 kPa respectively for the two cases. However, the difference is smaller as compared to that 

of the pressure sensors. This is due to the fact that the error was contributed more by the 

hysteresis and less by the sensitivity variations. The same was true for strain sensors. The 

maximum RMSE was calculated to be around 1.41 mm using the common sensitivity function 

and 1.36 mm using the individual functions. Based on these results, each of the sensing elements 

in the array was treated as unique, and therefore was individually calibrated. 

The effects of the BSFL sensitivity model on the response of the sensors are shown in Figure 5.8 

and Figure 5.9. The response shown is from one of the five sensor samples of each pressure, 

shear, and strain sensors calibrated. The insets show the time series graphs of the applied loads 

(inputs) and the sensor outputs as calculated using the linear sensitivity transfer functions. The 

time represents the actual progress of the calibration while a cyclic loading was applied on the 

sensors. From the graphs, the calculated outputs closely match the inputs with RMSE of 2.19 

kPa, 0.34 kPa, and 1.02 mm respectively for the pressure, shear, and strain sensor. 
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a) 

 
b) 

Figure 5.8: Linear sensitivity transfer function from one sample of a) pressure and b) shear sensor. The 

insets are time series showing the input and the output of each sensor. 
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5.5 Sensor Installation 

 

In order for the sensor array to be embedded inside the oesophageal swallowing robot, the entire 

robot was remoulded. The array was first wrapped around a 20 mm cylindrical rod using Ecoflex 

mixture as glue (Figure 5.10 a). The rod was then inserted into the oesophageal swallowing robot 

mould and adjusted so that each of the sensor elements of the array was centred to the 

corresponding air chamber (Figure 5.10 b). The rest of the mould parts were then installed before 

a mixture of Ecoflex was poured into the mould and left for about 24 hours to cure at room 

temperature. The rod was then carefully removed from the mould. After that, several subsequent 

steps of moulding were carried out to cover the air chambers. The finished soft body was then 

covered by plastic outer shells and encased inside a metal frame. The final steps involved 

installing the pneumatic system for the robot and connecting the sensor array to the interface 

board. 

 
Figure 5.9: Linear sensitivity transfer function from one sample of strain sensor. The inset is time 

series showing the input and the output of the sensor. 
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inaccessibility and unavailability of suitable instrument to calibrate the sensors inside the 

conduit. Pressure and shear sensors were calibrated using the same motorised slider-crank 

mechanism as that used to characterise the sensor unit. A new flattened model of the oesophageal 

swallowing robot conduit was created for the strain sensor calibration that can mimic the 

deformation of the conduit wall on a flat surface. All the sensor response exhibited a certain level 

of hysteresis, which introduced a certain degree of nonlinearity. For simplicity, a best-fit straight 

line (BFSL), which is based on linear regression technique, was used to compute a linear 

sensitivity transfer function for the pressure, shear, and strain sensor. Based on the calibration 

results of the five sensor samples, one linear sensitivity transfer function cannot be standardised 

for all the sensors in the array due to significant sensor-to-sensor variability in the sensitivity. For 

this reason, all the sensor elements of the array were treated as unique and calibrated individually 

to find their individual linear sensitivity transfer function. The whole oesophageal swallowing 

robot soft body was remoulded in order to embed the array inside the conduit.  

In the next chapter, the oesophageal swallowing robot with the embedded sensor array was used 

to perform a series of swallowing experiments, which was designed to test the capability of the 

sensors to measure the peristaltic wave as well as the pressure and shear stress imparted by food 

bolus of different consistencies on the conduit wall. 
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Chapter 6 

 

 

Biomimetic Oesophageal Bolus Transit 

Evaluation 

 
In this chapter, a series of swallowing experiments, which is a new novel method of in vitro 

oesophageal bolus transit evaluation, are described. This experiment serves to demonstrate the 

working of the sensor array inside the oesophageal swallowing robot to measure the interaction 

between food bolus of different consistencies and the wall of the oesophageal conduit. The food-

wall interaction was evaluated in the form of pressure and shear stress measured by the 

embedded sensor array. The strain sensor measurement was used to track the deformation of the 

wall (peristaltic wave) during the swallowing process. For validation, a manometry system was 

also used to measure intra-bolus pressure inside the conduit. A manometry is one of the common 

clinical instrumentation used in the in vivo method of oesophageal food motility study. Figure 

6.1 illustrates the peristaltic wave with the embedded sensor and manometry measurements. 
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Figure 6.1: Peristaltic wave inside oesophageal conduit with embedded sensors and manometry. 

 

6.1 Food Bolus Preparation    

 

Food consistency is one of rheological properties that is widely used by food scientist to 

determine the safety of a food for swallowing by dysphagia patience. A common practice in 

dysphagia dietary modification is to add commercial food thickener into drinks and food 

beverages to achieve a swallow-safe consistency.  In this experiment, three types of food bolus 

of different consistencies were prepared using Altrix
®

 Rapid Thickener, which is specially 

formulated for people with difficulty swallowing.  

Three beakers were filled with 200 ml of warm water. In each of the beaker, 2 scoops, 4 scoops, 

and 8 scoops of Altrix rapid thickener were added respectively. The mixture were stirred 

continuously for about 5 minutes and left for an hour to allow for all the thickener to dissolve. 

The higher the quantity of the thickener in the mixture, the higher the consistency is, which is 

quantified using viscosity measurement. The viscosity of the mixtures was measured using MCR 

301 rheometer (Anton Paar GmbH) at 25 °C and 50 s
−1

 shear rate as recommended by the 

National Dysphagia Diet (NDD) guideline [18]. The viscosity values were found to be 0.18 Pa.s, 

0.62 Pa.s, and 1.55 Pa.s respectively for the 2-scoops, 4-scoops, and 8-scoops mixture, which are 

identified as food A, B, and C. Based on general food consistency classification specified by 
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NDD guideline, the food A viscosity value falls within the range of a nectar-like consistency. 

Both food B and C on the other hand are classified under a honey-like consistency. The 

properties of the three food samples are listed in Table 6.1. 

Table 6.1: Food sample properties 

Food Thickener concentration (g.L
−1

) Viscosity (Pa.s) 

A 36 0.18 

B 72 0.62 

C 144 1.55 

 

6.2 Setup   

 

The setup for the swallowing experiment is shown in Figure 6.2. The oesophageal swallowing 

robot was configured to generate a peristaltic wave of 60 mm wavefront length and 40 mm.s
−1

 

wave speed. The wave travels from the bottom of the robot conduit to the top, transporting food 

bolus in upward direction. Food bolus was fed from the bottom.  The reason for this upward 

motion configuration was that if food bolus was fed from the top, the food will flow down due to 

gravity before the peristaltic could squeeze the bolus downward. So the downward motion of the 

food would be attributed more to the gravity rather than the peristaltic wave. Feeding pipes were 

attached at both the top and bottom ends of the oesophageal swallowing robot. To mimic the 

surface condition of the human oesophagus, an artificial saliva (Aquae Dry Mouth Spray) was 

sprayed into the conduit to provide lubrication. The conduit of the swallowing robot was 

thoroughly cleaned with water in between experiments of different food boluses. The experiment 

was conducted in a single iteration for each of the three bolus type. A manometry catheter 

connected to a Sandhill Scientific Insight Gastrointestinal Manometry System was inserted into 

the middle of the conduit and secured at both ends using brackets. The catheter is 4 mm diameter 

long flexible tube containing 5 equally-spaced pressure sensors. The manometry system has a 

sampling rate of 30 Hz. 
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6.3 Sensor Measurement 

 

In its current state, the oesophageal swallowing robot was configured to produce a uniform 

peristaltic wave across the length of the conduit. Based on this configuration, pressure and shear 

stress characteristics during the swallowing process were expected to be the same at any point on 

the conduit. So, only one pressure and shear stress sensors from the embedded array were used to 

measure the swallowing. Furthermore, the manometry sensor has a spacing of 20 mm while the 

swallowing robot embedded sensor array has a longitudinal spacing of 15 mm. Due to this 

difference, only one manometry sensor and one embedded sensor unit could be aligned at one 

time for validation.  

In addition, the interfacing circuit has a maximum sampling rate of 90 Hz. Multiplexing the 

circuit over a larger number of sensors will reduce the sampling rate for individual sensor 

considerably, therefore reducing the number of data collected per sensor component for this 

research. However, utilising only a single unit of sensor in this experiment does not defy the 

purpose of having an entire array of sensor in the oesophageal swallowing robot. Currently, the 

robot utilises an opened-loop control mechanism in a form a central pattern generator to generate 

a peristaltic wave of a predetermined characteristic [102]. In the future, the sensory elements will 

be used as a feedback mechanism for a closed-loop control of peristaltic wave-generation. The 

strain and pressure signals will be used to track the location, amplitude, speed, and pressure 

characteristic of the peristaltic wave, which will call for sensor measurements across the entire 

length of the oesophageal conduit. Furthermore, the structure of the swallowing robot enables it 

to be configured to have a different wave characteristic at different locations on the conduit to 

simulate various swallowing impairments. In this case, sensor readings from several regions of 

interest will need to be recorded. 
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as the longitudinal chamber spacing in the oesophageal swallowing robot in order to allow each 

of the sensor elements to be aligned to the centre of each of the chamber. The longitudinal 

locations on the oesophageal swallowing robot conduit on the other hand, were identified by 

layers according to the chamber’s row number. The bottom row of chambers constitutes layer 

number 1 whereas the top chamber row constitutes layer number 12 as shown in Figure 6.2 a. 

Swallowing characteristics were investigated around the centre layer (layer 7) because the 

peristaltic wave generated at this location is the least distorted by the conduit top and bottom 

edges as well as the feeding pipes inserted at both ends of the oesophageal conduit. 

6.4 Results 

6.4.1 Peristaltic Wave Characteristics 

 

The first swallowing experiment was conducted to demonstrate the capability of the embedded 

strain sensors to tract the amplitude, wavefront length, and wave speed of the peristaltic wave. 

Three strain sensors at layer 6, 7, and 8 were recorded while a peristaltic wave of 60 mm 

wavefront length travelling upward at a speed of 40 mm.s
−1

 was generated without food bolus. 

Figure 6.3 shows the time series charts for the three strain sensor readings. With the 4 mm 

diameter manometry catheter inserted in the middle of the 20 mm conduit, the wall could only 

deform to a maximum of 8 mm. The strain sensor 6, 7, and 8 recorded maximum deformation of 

8.02, 8.48, and 8.18 mm respectively. From the chart the average time it took for the wave peak 

to travel from one layer to the next is around 7 = 0.385 s. From this value, wave speed was 

calculated using the formula 

8 �
09:��;<�

7
 

(6.1) 

where the 09:��;<� represents the longitudinal chamber spacing. Given that the chamber spacing 

is 15 mm, the 8  was computed to be around 39.0 mm.s
−1

. The wavefront length, λ/2, was 

determined from the calculated wave speed and the time it took for one sensor reading to reach 

the maximum value from the baseline, 7=<�> , which was computed to be 1.505 s in average. 

Using the formula 
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3

2
� 8 × 7=<�> 

(6.2) 

the λ/2 was found to be around 58.6 mm, which is close to the expected value of 60 mm. 

 

Figure 6.3: Strain sensor readings for layer 6, 7, and 8. 

 

6.4.2 Bolus-wall Interaction 

 

The second series of swallowing experiments was conducted to investigate the effect of food 

consistency on the pressure and shear stress imparted by the bolus on the conduit wall of the 

oesophageal swallowing robot.  Manometry catheter was adjusted so that one of its pressure 

sensors was aligned to the centre of layer 7. Food bolus was fed into the robot conduit through 

the bottom feeding pipe using a funnel (Figure 6.2 a). A peristaltic wave of a similar 

characteristic as that used in the first experiment was generated while the pressure, shear, and 

strain sensor at layer 7 were recorded along with the manometry pressure reading. Experimental 

results are shown in Figure 6.4. From the deformation time series chart, the deformation at layer 

7 started at around t = 3.08 s as depicted by the red dashed line, and reached the peak value at t = 

4.45 s as marked by the black dashed line. The wall fully returned to the original state at around t 

= 7.0 s (blue dashed line). The peak pressures and shear stress recorded by the manometry and 

the embedded sensors coincide with the peak deformation of the oesophageal wall. The  
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Figure 6.4: Bolus swallowing experimental results. 
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manometry recorded maximum intra-bolus pressure of 1.68 kPa, 2.82 kPa, and 8.08 kPa for the 

food A, B, and C respectively while the pressure sensor recorded a value of 2.24 kPa, 3.17 kPa, 

and 7.74 kPa respectively for the three bolus types.  

From this result, a higher bolus consistency imparted a higher pressure on the oesophageal wall 

during the swallowing. The difference between the manometry readings and the pressure sensor 

readings might be attributed to the difference in sensor performance and the less accurate linear 

regression model of pressure sensor as compared to that of the manometry. Before the start of the 

wall deformation at layer 7, the manometry recorded small pressure values of 0.13 kPa, 0.37 kPa, 

and 0.70 kPa for food A, B, and C respectively at the time between t = 2 s and t = 3 s. As the 

food bolus was being squeezed from the bottom, the bolus level rose past the manometry 

pressure sensor, which exerted a small amount of pressure. However, no pressure was recorded 

by the embedded pressure sensor within this time period. This might be due to the pressure 

values, which fall below the detectable range of the interface board. The manometry also 

recorded negative pressures during the swallowing process. This was due to the fact that a 

temporary vacuum condition was generated at the wave tale as the conduit wall relaxes. The 

bottom end of the conduit was blocked by the remaining food bolus, preventing the air from 

instantaneously feeling the empty space at the wave tail. Some negative values were also 

recorded by the embedded pressure sensor between the time t = 6.5 s and t = 8.5 s with peak 

pressures between −0.27 kPa to −0.53 kPa. These were relatively low as compared to the 

negative peak values recorded by the manometry, which were between −2.70 kPa and −6.16 kPa. 

This was expected due to the fact that the embedded pressure sensor was not designed to 

measure negative pressures.  

In addition to the peak pressures, it is also useful to compare the manometry pressure and the 

embedded sensor pressure readings in terms of the pressure gradient at the peristaltic wavefront. 

In order to do the comparison, all the pressure readings for the three bolus types were normalised 

to a peak value of 8 kPa and averaged. The averaged normalised pressure and pressure gradient 

plots from the start until the peak of wall deformation are shown in Figure 6.5. The manometry 

pressure reading was consistently higher than that recorded by the embedded sensor throughout 

the rising cycle of the peristaltic wave. The gradient plot shows a higher rate of pressure increase 

recorded by the manometry from the early stage of the deformation. This result was expected 
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because the manometry sensor was placed in a normal orientation with respect to radial pressure 

direction. The orientation of the embedded pressure sensor on the other hand, varied from the 

start until the peak of the deformation. The sensor was orientated normal to the radial pressure 

direction only in an undeformed state and at the peak of the deformation. In between these two 

states, the sensor measured the radial pressure at different angles as illustrated in Figure 6.1. This 

resulted in a lower radial pressure recorded by the embedded sensor.   

The food A, B, and C exerted a maximum shear of −0.3 kPa, −0.35 kPa, and −0.37 kPa 

respectively as recorded by the shear sensor. The negative values indicated that the sensor 

detected shear forces in the direction opposite of that of the peristaltic wave. As illustrated in 

Figure 6.6, as the peristaltic wavefront approaches the sensor region, the conduit surface 

covering the sensor was pulled towards the peak of the wave as indicated by the blue arrow, 

creating a shear stress in that direction. The shear caused the separation between the capacitor 

plates of the sensor to get wider, reducing the capacitance value. The small difference in the 

shear sensor readings among the three bolus types suggest that the shear stress was mainly 

 
Figure 6.5: Pressure gradient comparison between the embedded pressure sensor and manometry 

outputs at the peristaltic wavefront. 



105 

 

caused by the wall deformation rather than the movement of the food bolus. The use of the 

artificial saliva also helped to lubricate the conduit surface, reducing the effect of bolus on the 

shear stress. To date, there is no clinical information pertaining to the magnitude and direction of 

the shear stress sensed by the receptors inside the human oesophagus during swallowing. Also, 

there is no clinical instrument than can probe this particular variable on the surface of the 

oesophageal conduit. The strain sensor at layer 7 recorded peak deformation amplitudes of 8.27, 

8.0, and 7.83 mm for the three boluses respectively. There was a small trend in the peak 

amplitude versus the bolus consistency where the higher consistency bolus caused a slight 

reduction in the maximum wall deformation. However, the changes were small enough, which 

proves that the deformation of the wall is strong enough that it was not significantly affected by 

the food boluses. The swallowing results are summarised in Table 6.2. 

Table 6.2:  Swallowing experiment results 

Food 

Manometry Embedded Sensor 

Peak pressure 

(kPa) 

Peak pressure 

(kPa) 

Peak shear 

(kPa) 

Peak deformation 

(mm) 

A 1.68 2.24 −0.3 8.27 

B 2.82 3.17 −0.35 8.0 

C 8.08 7.74 −0.37 7.83 

 

6.5 Chapter Summary 

 

There are various methods used by food scientists to study the effect of food properties on 

swallowing safety and efficacy for dysphagia rehabilitation. Those methods utilise either in vivo, 

in vitro, or in silico approach of study, which are associated with several advantages and 

drawbacks. This has led to the development of an oesophageal swallowing robot, which seek to 

combine the advantages of the three approaches into a single testing platform.  

This chapter explains a new novel method of oesophageal bolus transit evaluation using the 

oesophageal swallowing robot, which was equipped with an embedded sensor array that mimics 

the functions of mechanoreceptors inside human oesophagus. This method is considered novel in 
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the sense that it allows the swallowing process, i.e. the interaction between food bolus and the 

wall of the oesophagus, to be measured from the perspective of the biological receptors inside 

human oesophagus rather than from the centre as obtained from manometry measurement. This 

gives some insight into how the human oesophagus senses the swallowing process, which will 

help scientist to formulate better food for dysphagia. 

The experiment was designed to demonstrate the capability of the embedded sensor array to 

measure the characteristics (amplitude, wavefront length, and speed) of peristaltic wave 

generated inside the oesophageal swallowing robot as well as the pressure and shear stress 

imparted by food bolus on the conduit surface during the swallowing process. Manometry 

measurements were taken alongside the embedded sensor readings for validation. Three types of 

food bolus with three different consistencies were used. The pressure sensor recorded three 

different peak pressures for the three food bolus. A bolus with higher consistency gave a higher 

peak pressure as expected. The shear sensor on the other hand recorded negative shear stress 

values with no significant difference across the three bolus types. This indicates that the shear 

stress detected on the surface of the sensor was predominantly caused by the deformation of the 

 

Figure 6.6: Shear stress illustration at the peristaltic wavefront and the effect on shear sensor 

during swallowing process. 
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oesophageal wall rather than the bolus movement. The peak pressures and shear stress recorded 

during the swallowing process coincide with the peak deformation, i.e. maximum amplitude, of 

the wall as recorded by the strain sensor. 
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Chapter 7 

 

 

Conclusions and Future Works 

 
Dietary modification is one of the most common avenues of intervention for people with 

swallowing difficulty or dysphagia. The prevalence of the disease has prompted food scientists to 

explore improved methods for formulating foods that promote a safe and efficient swallowing. 

This requires a good understanding of interaction between food properties and the swallowing 

organs during swallowing process. This has led to the development of an oesophageal 

swallowing robot, which seeks to mimic the mechanics of human swallowing. It was made of a 

soft and compliant material to achieve a more realistic biomimicry of the biological counterpart. 

This robot presented an opportunity to mimic not only the actuation side of the oesophageal 

swallowing, but also, the sensation aspect, which is the main focus of this research. In its current 

state, the robot is devoid of any integrated sensing capability. Designing soft stretchable sensing 

elements that comply with the deformable nature of the soft robot is a challenging task in its own 

right. Stretchable sensor and electronics is an emerging technology, which is gaining interest 

among research communities.  

This research aimed to introduce an embedded sensing capability into the oesophageal 

swallowing robot to extend its functionality in oesophageal food motility study. In the process, a 

new technique of realising a stretchable array sensor was explored. In this chapter the outcomes 

of the present research are summarised and the contributions to the body of knowledge are 

presented. Some recommendations for future works are also outlined. 
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7.1 Research Outcomes 

 

The general outcomes of this research are the novel design of an embedded stretchable 

multimodal sensor, viability study using finite element analysis, a new cost affective fabrication 

technique, testing and characterisation strategy, and actual implementation of the sensor inside a 

soft-bodied oesophageal swallowing robot to realise a novel in vitro oesophageal bolus transit 

evaluation method. 

7.1.1 Stretchable Multimodal Sensor Design 

 

A new novel stretchable multimodal sensor was successfully designed using SolidWorks 3D 

modelling software. The sensor structure combined multiple parallel plate capacitive sensing 

components and stretchable interconnects, which was realised using an in-plane horseshoe 

meandering technique. The unique design, although in general sense is applicable to wide variety 

of embedded sensing applications, was specifically tailored for the oesophageal swallowing 

robot to measure bolus-wall interface pressure, shear stress, and axial strain induced by the 

oesophageal wall deformation during swallowing process. It was the result of studying the inner 

working of the robot from the engineering, biological, and clinical perspective to extract the 

design requirements and constrains. 

7.1.2 Viability Study using Finite Element Analysis 

 

The sensor structure models were subjected to a series of computer simulations using finite 

element analysis (FEA) method to study the viability of the sensor design. In the simulation, the 

actual strain loading conditions experienced in the swallowing robot were replicated and 

distribution of plastic strain on the stretchable portion of the sensor copper structures was 

studied. This parameter was used to predict the overall fatigue performance and behaviour of the 

sensor under repeated stretch-release cycles. The FEA was also used to study the effect of 

polyimide supporting material on the strain distribution along the meandered structures, which 

could result in different fatigue performance. In general, the finding has predicted the impact of 

several design parameters including the curvature radius, meandered trace width, and turning 
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angle on the plastic strain distribution and subsequently the fatigue performance of the sensor 

under strain loading. 

7.1.3 Cost-effective Fabrication Technique 

 

A low cost and widely available thin copper-polyimide laminate, which is traditionally used in 

the production of flexible printed circuit board (FPCB), was used as a base material for the 

sensor fabrication. Sensor parts were successfully manufactured and assembled using a 

combination of a traditional well established printed circuit board (PCB) manufacturing process 

consisting of photolithography and wet etching, laser engraving technique and sheet metal 

forming. The sensor assembly was encapsulated inside soft Ecoflex silicon rubber using a simple 

moulding process. 

7.1.4 Test and Characterisation 

 

The top and bottom sensor parts were independently tested for their fatigue performance under 

repeated strain loading using a specially built motorised slider-crank mechanism equipped with a 

linear displacement measurement device. The general findings were in line with the predictions 

by the FEA simulations. The top sensor parts demonstrated a good fatigue performance up to a 

maximum of 4700 cycles while the bottom parts failed much earlier at 1700 cycle with several 

premature failures. The assembled sensor was characterised to determine the relationship 

between the applied load and the sensor capacitive outputs. The pressure, shear, and strain 

sensors were subjected to a load up to a maximum of 70 kPa, ±8 kPa, and 10 % respectively. At 

24 °C, Best-fit straight line sensitivity was found to be around of 0.087 fF.kPa
−1

, 1.275 fF.kPa
−1

, 

and −18.19 fF.%
−1

 for each of the sensor at a loading speed of 50 kPa.s
−1

, 19 kPa.s
−1

, and 8 %.s
−1

 

respectively. Effects of the encapsulation material, loading characteristics and environmental 

condition on the sensor performance were also investigated. It was generally found that the 

property of the encapsulation material, which was, to some extent, affected by the loading speed 

and environmental temperature as proved in the experiment, plays an important role in 

determining the sensor characteristics, which include the sensitivity and the hysteresis. This 

characterisation step has proved that the sensors performances were within the requirements of 

the target application despite several shortcomings.   
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7.1.5 Sensor Implementation inside the Oesophageal Swallowing Robot 

 

The design of the stretchable multimodal sensor unit was extended into a larger stretchable array 

of sensors for the oesophageal swallowing robot. Similar cost-effective fabrication technique was 

employed for this sensor. A series of pre-installation calibration steps, as an alternative to a 

traditional in-situ calibration, were performed on the sensor array using the same slider-crank 

mechanism and another specially designed flattened model of the oesophageal conduit. Using 

this technique, the characteristics of each of the individual sensing elements of the array were 

successfully determined. From the 5 random samples tested for each of the pressure, shear, and 

strain sensors, the best-fit straight line sensitivity exhibited significant sample-to-sample 

variations, ranging from 0.085 to 0.115 fF.kPa
−1

 for pressure sensor, 1.85 to 2.01 fF.kPa
−1

 for 

shear sensor, and −38.9 to −47.8 fF.mm
−1 

for strain sensor. For this reason, each sensor element 

of the array was treated as unique and individually calibrated. The sensor array was embedded 

inside the oesophageal swallowing robot. 

7.1.6 In vitro Oesophageal Bolus Transit Evaluation 

 

To demonstrate the functionality of the sensor array, a series of swallowing experiments were 

performed. Three types of food boluses with a viscosity of 0.18, 0.62, and 1.55 Pa.s were 

prepared using commercial food thickener. The oesophageal swallowing robot was configured to 

generate a peristaltic wave of 60 mm wavefront length and 40 mm.s
−1 

wave speed to emulate 

mechanical action of swallowing, which moves the food bolus along the conduit. The embedded 

sensor array record the swallowing characteristic and interaction between food bolus and the 

wall of the oesophagus. A concurrent manometry pressure measurement was also performed at 

the centre of the conduit for validation. The embedded strain sensor has successfully 

demonstrated its capability to measure the swallowing actions with a recorded peristaltic 

wavefront length of 58.6 mm and a wave speed of 39.0 mm.s
−1

. The embedded pressure sensor 

measured peak pressures of 2.24, 3.17, and 7.74 kPa respectively for the three bolus types. By 

comparison, the manometry recorded peak pressures of 1.68, 2.82, and 8.08 kPa. Slight 

differences in the results were attributed to different sensor capability and performance. The 
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shear sensor recorded peak shear values of -0.30, -0.35, -0.37 kPa respectively. These results, 

while being coherent, were remained to be validated by clinical studies. 

7.2 Research Contributions to the State of the Art 

 

In general, this research has contributed to the body of knowledge in the following aspects: 

 Novel sensor design 

The quest for a suitable compliant multimodal sensor that fulfils the requirement for soft 

embedded sensing application, specifically the oesophageal swallowing robot, has led to 

development of new novel design of sensor of that nature. Using a traditional flexible 

circuit board material as the base, an in-plane horseshoe meandering technique was 

combined with a parallel plate capacitive sensing strategy in an untraditional way to 

produce a new stretchable multimodal capacitive sensor that can measure pressure, shear 

stress, and strain. The unique design deviated from the traditional use of meandering 

techniques in stretchable circuit boards, which is commonly implemented to form 

stretchable conductor traces to connect high current rigid components. This new approach 

produced a sensing component as an integral part of the stretchable interconnects. The 

dual-layer nature and orthogonal arrangement of the interconnects makes it applicable in 

sensing applications where a large array of sensors are required as in the case of the 

oesophageal swallowing robot. This novel sensor design was complemented by a well-

established low cost manufacturing process involving photolithography, wet etching, 

laser engraving, and sheet metal forming techniques.  

 

 Novel biomimetic oesophageal bolus transit evaluation 

The novel stretchable multimodal sensor array was embedded beneath the conduit surface 

of the oesophageal swallowing robot. This introduced an intrinsic sensing capability that 

mimics the functions of the mechanoreceptors of the oesophagus. The new capability 

opens up a new opportunity for food scientists to study oesophageal bolus transit from a 

new different perspective than what was offered by conventional methods. The 

swallowing experiments conducted in this research represent this new method. The 

embedded sensors measure interaction between food bolus and oesophageal wall from 
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the perspective of bolus-wall interface pressure, and shear stress. This measurement 

approach mimics the way a biological oesophagus sense a swallowing process. By 

comparison, a traditional manometry measures intra-bolus pressure at the centre of the 

oesophageal conduit. To date there is no clinical instrument that can measure the 

swallowing from the surface of the oesophagus. The sensing capability also offers an 

opportunity for scientist to implement a closed-loop control method for swallowing 

trajectory generation, which at the moment, is achieved using an opened-loop control 

method. Therefore, this research is seen as a first step towards a biomimetic swallowing 

control. 

 

7.3 Proposed Future Works 

 

Although the novel stretchable multimodal sensor has been successfully designed, fabricated, 

tested, and implemented inside the oesophageal swallowing robot, there are still a number of 

improvements that can be made and experiments that can be conducted. Some proposed future 

works are as follows: 

 Improvement on the sensor design 

Further improvement can be made to minimise the effect of encapsulation material on the 

sensor performance, which is predominant for this embedded type of sensor. Different 

materials or mix of materials of different hardness can be tested. In addition, different 

encapsulation techniques can be implemented that can provide better isolation between 

the sensor regions and the rest of the area. 

 

 Interface circuit 

Even though the sensor has been successfully implemented in the oesophageal 

swallowing robot, only a limited number of sensors can be utilised at one time due to 

limitation in the sampling rate of the interface circuit. Current maximum sampling rate 

offered by the AD7745 capacitance-to-digital convertor IC is 90 Hz. There are a total of 

144 sensing components in the sensor array. If the sampling rate is divided by the 

number, each sensing component will only capable of measuring at less than 1 Hz, which 
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is unacceptable for this application. To overcome this limitation, different interface 

circuit configurations utilising different capacitance-to-digital convertor IC or multiple 

ICs need to be explored. 

 

 Swallowing experiments 

In this research, the oesophageal swallowing robot was configured to generate only a 

normal behaviour of swallowing. However, the robot architecture allows it to be 

configured for different swallowing behaviour to mimic different type of dysphagia. This 

will call for more extensive use of the sensor array. 

 

 Closed-loop peristaltic control 

Apart from measuring the interaction between food bolus and oesophageal wall, the 

embedded sensor can provide feedback pertaining to the state of the actuation in the form 

of peristaltic wave amplitude, speed, and wavefront length. This opens up a great 

opportunity for implementation of a closed-loop peristaltic control system. At the 

moment, only open-loop control strategy is utilised for peristaltic wave trajectory 

generation, while a closed-loop control requires a completely different strategy, which 

has not been attempted for this particular swallowing robot. 

 

In summary, this work has successfully demonstrated a new novel technique of making a 

stretchable multi-modal sensor for embedded soft robotic applications. The sensor has also been 

successfully implemented inside an oesophageal swallowing robot, which has allowed for a 

novel technique of oesophageal food bolus transit evaluation to be carried out.  
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