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Abstract 

Mimicry of the biomechanical functioning of the human gastric tract can play a significant 

role in study of the behaviour of foods and food structures as they are broken down and 

digested in the human body.  The gastric tract wall produces peristaltic waves and other 

deformation patterns providing movement, accommodation, mixing and evacuation of 

foods in the stomach and connected gastric tract organs. This thesis presents an advanced 

biomimetic dynamic in vitro model of the human gastric tract that simulates anatomic 

geometry and demonstrates the mixing and movement of gastric tract contents.  Materials, 

methods, and techniques suitable for mimicking the gastric tract wall were investigated and 

artificial membrane layers, artificial muscles, muscle activation and control mechanisms, 

and feedback sensors were developed and integrated into a dynamic physical model of the 

gastric tract. A composite material of silicone rubber reinforced with a nylon elastic fabric 

provides a thin, watertight, and highly elastic artificial membrane that forms the shell of the 

tract. Artificial muscles made from loops of coiled nylon monofilament line, attached to the 

artificial membrane, are contracted, and expanded through the pulling and releasing of 

flexible tendons or cables. Contraction and expansion of the artificial muscles is carried out 

using winding mechanisms and motors, while feedback and control systems track and 

maintain the desired mechanical activity of the tract. Mimicry of the muscle and membrane 

layers of the gastric tract wall is a novel approach to simulating gastric tract biomechanics, 

resulting in a soft, highly flexible, and dynamic physical in vitro modelling of the 

geometrical, anatomic, and biomechanical functioning of the human gastric tract.  
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Glossary 

Actuation: fact of making a machine start to work or a process starts to happen. 

Amylase: any of a class of digestive enzymes, present in saliva that break down complex 
carbohydrates such as starch into simpler sugars such as glucose. 

Axial: located on, around, or in the direction of an axis. 

Biomechanics: the study of the structure, function and motion of the mechanical aspects of 
biological systems using the methods of mechanics. 

Biomimicry: the emulation of the models, systems, and elements of nature for the purpose 
of solving complex human problems. 

Chyme: results from the mechanical and chemical breakdown of a bolus and consists of 
partially digested food, water, hydrochloric acid, and various digestive enzymes. 

Digesta: something undergoing digestion. 

Distal: situated away from the point of attachment or origin or a central point especially of 
the body. 

Enteric nervous system: one of the main divisions of the autonomic nervous system and 
consists of a mesh-like system of neurons that governs the function of the gastrointestinal 
tract. 

Epithelium: a membranous cellular tissue that covers a free surface or lines a tube or cavity 
of an animal body and serves especially to enclose and protect the other parts of the body, to 
produce secretions and excretions, and to function in assimilation 

Gastric: of or relating to the stomach. 

In silico: done or produced by using computer software or simulation. 

In vitro: outside the living body and in an artificial environment. 

In vivo: in the living body of a plant or animal. 

Lumen: the cavity of a tubular organ or part. 

Mesentery: a double layer of peritoneum that encloses the intestines and attaches them to 
the posterior abdominal wall. 

Morphogenesis: the formation and differentiation of tissues and organs. 

Motility: the ability of the muscles of the digestive tract to undergo contraction. 

Mucosa: a membrane rich in mucous glands. 

Occlude: to close up or block off. 

Oesophagus: a muscular tube that conveys food from the mouth to the stomach. 

Omentum: a double fold of peritoneum extending from the stomach to adjacent abdominal 
organs. 

Peritoneum: the smooth transparent serous membrane that lines the cavity of the 
abdomen of a mammal. 
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Pharynx: the muscular tubular passage of the vertebrate digestive and respiratory tracts 
extending from the back of the nasal cavity and mouth to the oesophagus. 

Phasic contractions: a regularly recurring cycle of contractions. 

Plexus: a network of anastomosing or interlacing blood vessels or nerves. 

Polypeptide: a continuous, unbranched chain of amino acids joined by peptide bonds. 

Proteoglycans: proteins that are heavily glycosylated. 

Proximal: next to or nearest the point of attachment or origin, a central point, or the point 
of view. 

Rugae: a series of ridges produced by folding of the wall of an organ. 

Serous: of thin watery constitution. 

Strain: the change in form or shape of an object or physical body on which stress is applied. 

Stress: Force per unit area or the magnitude of a force - a force that can cause a change in 
an object or physical body. 

Submucosa: a layer of dense irregular connective tissue that supports the mucosa and joins 
it to the muscular layer. 

Supine: lying on the back or with the face upward. 

Tonic contractions: the sustained contractions of various groups of muscle fibres in a 
muscle to keep persistent muscular tension. 

Transverse: made at right angles to the long axis of the body. 

Villi: tiny projections on the inner surface of the small intestine which help in absorbing 
nutrients from digested food. 

Viscoelastic: Viscoelastic materials combine the properties of viscous fluids 
and elastic solids when they are deformed.  Viscoelastic materials include polymers and 
many biological tissues. 
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Chapter 1  – Introduction 

Understanding the biomechanics of the human gastrointestinal tract (GIT) plays an 

important role in understanding human digestion and health. The gastrointestinal tract is a 

highly complex system of tubular organs that processes ingested food material, through 

both mechanical and non-mechanical means, so that nutrients and other chemicals can be 

digested and absorbed into the body [1, 2]. Mimicry of the biomechanical functioning of the 

layers of the gastrointestinal tract wall has the potential to advance the accuracy of in vitro 

simulations, or simulations outside their normal biological context, by more closely 

reproducing the deformation patterns of the human digestive system. 

This research aims to develop a biomimetic in vitro model of the stomach. The in vitro 

model mimics the biological mechanical properties of the gastric tract wall and simulates 

the contractive and expansive actions of the gastric tract muscle layers using controlled ‘soft’ 

actuators. This chapter introduces the study by first discussing the background and context, 

followed by the research problem, the research aims, objectives and questions, the 

significance and finally, the limitations and scope of the study. 

1.1. Background and context 

 
The gastrointestinal tract, also referred to as the digestive tract, consists of the mouth, 

pharynx, oesophagus, stomach, duodenum, small intestine, large intestine or colon and 

rectum (Fig. 1). Each component of the tract has a particular role to play in the process of 

digestion. The oesophagus transports food from the mouth to the stomach. The prime role 

of the stomach is to accommodate and break down food, which then passes as chyme 

through to the duodenum where bile is added. The chyme then passes to the small intestine 
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which extracts nutrients and provides the body with energy from the digested food. It then 

passes to the large intestine, or colon, which extracts water from the residual chyme before 

it reaches the rectum and is finally passed as excreta.  

The gastric tract is a section of the gastrointestinal tract consisting of the mouth, pharynx, 

oesophagus, stomach and duodenum. The stomach has anatomically defined regions called 

the fundus, corpus or body, antrum and pylorus (Fig. 2). It also has functional regions 

 

Fig. 1: The human gastrointestinal tract - mouth and pharynx are not shown. 
(This work includes rendered derivatives of BodyParts3D, © The Database Center for Life Science 
licensed under CC Attribution-Share Alike 2.1 Japan: 
https://dbarchive.biosciencedbc.jp/en/bodyparts3d/lic.html) 
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referred to as the gastric reservoir, where tonic contractions take place, and the gastric 

pump, where phasic contractions such as peristaltic waves occur [3]. 

The entire gastrointestinal tract is formed from an uninterrupted tube during the foetal 

development stage [1]. The wall of the tract therefore has the same layered structure 

throughout its length which consists of an innermost mucosal layer, an extracellular matrix 

composed of collagen and elastin that fills space between cell tissue, layers of smooth 

muscle cells, and an outer protective layer called the serosa that coats the organs and 

*dictates their final shape [4].  

The muscle layers are the biomechanical driving mechanism behind the tracts’ motility 

actions. There are two distinct layers of smooth muscle that are found throughout the entire 

 

Fig. 2: Anatomical regions of the stomach and attached organs.  
(This work includes rendered derivatives of BodyParts3D, © The Database Center for Life Science 
licensed under CC Attribution-Share Alike 2.1 Japan: 
https://dbarchive.biosciencedbc.jp/en/bodyparts3d/lic.html) 
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tract, these layers are called the longitudinal muscle and circumferential muscle layers and 

take their name from the orientation of the muscle cells within the layers [1]. The stomach is 

the only organ of the tract that has an additional muscle layer, known as the oblique layer, 

and exhibits a larger range of dynamic movement behaviours than other regions of the tract. 

The gastrointestinal tract is connected to the body through a thin serous membrane called 

the peritoneum [1, 5]. The peritoneum provides pathways for blood and lymphatic transfer 

to and from the tract as well as acting as a conduit for nervous and bioelectrical 

connections. Peritoneal tissue is connected to the stomach body along the lesser curvature, 

where the membrane is called the lesser omentum, and the greater curvature which is 

referred to as the greater omentum [6]. This attachment provides the stomach with 

flexibility for undergoing deformation and motility within the abdominal cavity.  

From a simplistic biomechanical point of view, the motility patterns of the gastrointestinal 

tract create the moving, mixing, and grinding of its contents. The oesophagus moves boluses 

of food to the stomach. The stomach adds gastric and digestive juices and mixes, grinds, and 

moves the contents to the duodenum as chyme. The duodenum mixes bile from the 

gallbladder with the chyme and moves it into the small intestine. The small and large 

intestines then extract nutrients and water from the chyme, mixing and moving it gradually 

throughout the remainder of the intestinal tract to the rectum where it is eventually 

expelled. 

Three major types of biomechanical gut motility can be observed in the gastrointestinal 

tract: segmentation, tonic contraction and peristalsis [7] (Fig. 3). Segmentation occurs in the 

small and large intestine and is a non-propulsive contractive action of the circumferential 

muscles that mixes intestinal chyme in a back and forth squeezing action. Tonic 
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contractions occur in the fundus of the stomach during volume adjustments in the 

accommodation of food, and at regions that divide the gut into functional segments such as 

sphincters. Peristalsis is a highly integrated, complex motor action for moving contents 

along the tract via a sweeping propulsive action. The action of peristalsis involves a 

sequential contraction and relaxation of the circumferential and longitudinal muscles with 

one layer of muscle contracting as the other layer relaxes and extends. 

Ideally, study of the effects of gastrointestinal biodynamics on the digestion of foods or 

pharmaceuticals would be carried out within the living human body, or in vivo. However, 

there are significant costs and ethical considerations associated with the undertaking of in 

vivo studies of the digestion of food and pharmaceuticals. The desire to replicate the 

biological characteristics of the gastrointestinal tract (GIT) within a controlled environment, 

with less cost, difficulty and concern for safety than is experienced with in vivo studies, has 

led to the application of in vitro models to simulate the GIT digestive processes. 

In vitro models of the human gastrointestinal tract have been developed since the early 

 

Fig. 3: Major types of biomechanical gut motility. 
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1990’s and can be divided into two categories, static and dynamic [8]. Static in vitro models 

focus primarily on the chemical and absorptive processes that take place during digestion, 

but do not include any dynamic aspects such as the gastric emptying of small particles or 

changes in pH or secretion flows [9], nor do they recreate the biomechanical action of the in 

vivo GIT such as peristaltic motion or transit of materials [10]. 

Dynamic in vitro simulation models of the GIT attempt to recreate, integrate and control a 

varied range of parameters of the GIT digestive process, such as body temperature, gastric 

pH control, stomach mixing, gastric emptying, intestinal pH control, digestive secretions, 

intestinal tract motility, intestinal absorption and intestinal microbiota [8]. The highly 

complex and dynamic nature of the human digestive system presents significant challenges 

in the development of a simulated system that can suitably emulate this wide range of 

parameters. 

Recent developments have shown an increased trend towards the use of biomimetic models 

and soft robotics for simulating the dynamic aspects of the gastrointestinal tract. 

Biomimicry is defined by the Oxford dictionary of English [11] as “the design and production 

of materials, structures, and systems that are modelled on biological entities and processes”. 

The use of biomimetic modelling can add enhanced realism to simulations of the modelled 

system as many of the physical forms and processes are performed in a manner as close as 

possible to those of the biological system being studied. Soft robotics [12-14] is a new area of 

engineering that is increasingly being used as the preferred method of delivery for the 

dynamic behaviour of biomimetic models and offers great potential in simulating the 

entirely soft structures of an actual biological system in a bio-relevant manner. 
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1.2. Research problem 

 
The current state of research, regarding dynamic in vitro modelling of the biomechanics of 

the gastric tract, involves the use of mechanical or robotic systems to mimic muscle 

contractions against a flexible membrane wall using hydraulic or pneumatic [15-23] 

actuation or mechanically driven [24-28] actuation systems. These actuation systems apply 

external forces against a flexible membrane wall to deform it within controlled, localised 

areas and recreate desired motility patterns. The externally applied forces typically require 

fixed or rigid backing materials to function properly, such as sealed pneumatic or hydraulic 

enclosures or a housing for mechanical rollers. 

The use of soft robotics is increasing, particularly with models implementing pneumatic 

actuation systems for the mimicry of muscle constrictions. However, these systems require 

some form of rigid backing material to actuate the pneumatic pressure against the flexible 

wall, which limits the artificial muscle system from being entirely soft or flexible in form and 

suggests that a fully ‘soft’ biomimetic simulation of the GIT is still to be demonstrated. 

There is also a degree of separation between the muscle actuation system and the 

membrane wall which prevents the artificial muscles from flexing and moving with the tract 

wall as it deforms. This mechanical structure differs from that exhibited by biological 

systems where the muscles are embedded within the wall and are an integral part of it.  

These constraints currently prevent in vitro models from replicating the entire range of 

actual physiological deformations that occur, producing only a limited range of deformation 

actions over a localised region. The ability of these models to simulate in a biomimetic 

manner the highly dynamic nature of the gastrointestinal tract wall is therefore reduced. 

These limitations need to be addressed to better understand the interactions between 
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individual muscle layers, and how they effectively contribute to the overall observed 

motility, breakdown and mixing of the gastrointestinal contents. 

1.3. Aims 

 
This thesis proposes a novel approach to mimicking the biomechanical characteristics and 

properties of the gastric tract wall and the modelling of its complex motility patterns via a 

controllable flexi-walled reactor. It proposes to address knowledge gaps in physiologically 

representative in vitro models for simulating human gastric tract biomechanical functioning. 

The aim of this research is to develop a bio-relevant physical simulation model of the 

biomechanics of the human gastric tract by mimicking the physical structure, function and 

characteristics of the interactive layers of tissue that form the tract wall. The goal of this 

research is the development of a physical flexi-walled reactor with peristaltic capability that 

can demonstrate applied mixing, grinding and transport action of liquids, slurries and semi-

solid contents. Mimicry of the biomechanical activity of the biological gastric tract system 

could allow for more accurate assessment, both quantitatively and qualitatively, of the 

physical effects of the gastric tract wall on the mechanical processes of digestion. 

1.4. Objectives 

 
The aims of this research will be realised through the following three objectives: 

Research Objective 1: Identify materials, methods, and techniques that can be used to develop a 

biomimetic physical model simulating gastric tract biomechanics. 
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i. Identify and determine, through appropriate reference to the literature, key 

biomechanical principles and processes involved in human gastrointestinal tract 

digestion. 

ii. Identify artificial muscles, muscle simulation techniques, and methods of actuation 

that display similarities to the biological layers of gastrointestinal tract muscle that 

can be suitably fabricated using available means. 

iii. Identify materials and properties of materials that display similarities to actual 

gastrointestinal tract tissue, or layers of tissue, and that can be suitably fabricated 

using available means.  

iv. Develop a method of combining the artificial muscles and membranes for mimicry of 

the morphology and functioning of actual gastric tract wall layers. 

v. Provide a means for simulating the biological mixing and transportation of a variety 

of liquid, semi-solid and solid food materials, and provide subsequent feedback of 

relevant simulation data. 

Research Objective 2: Create a physical model of the biomimetic materials, methods, and 

simulation techniques with control and feedback mechanisms. 

i. Build or fabricate artificial muscles, or unit constrictors, as identified in RO1, that can 

be embedded within or connected to a layer or layers of artificial tissue material. 

ii. Create or fabricate membrane layers from candidate materials, or composite 

materials, as identified in RO1. 

iii. Construct an anatomically relevant model of the gastric tract, or regions thereof, 

from the developed artificial muscle and membrane layers. 
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iv. Provide a means of control for the constrictions and expansions of the artificial 

muscles that allow for simulated demonstration of peristalsis, gastric emptying and 

other common biomechanical gastric processes as identified in RO1. 

Research Objective 3: Evaluate the mechanical characteristics and material properties of the 

physical model and integrate them with the requirements of a biomimetic in vitro simulation 

model. 

i. Measure the mechanical and material properties of the proposed artificial muscle and 

membrane layers through testing and measurement devices such as tensile and 

compression tests, strain gauges or stretch sensors, load cells and pressure sensors.  

ii. Evaluate the mechanical properties and characteristics of the simulated gastric tract 

model(s) with the properties and characteristics obtained from in vivo and ex vivo 

data representing actual biological gastric tract tissue. Adjustments of the material 

and mechanical parameters of the physical model may be undertaken, as required, to 

align the physical model with the in vitro simulation model requirements.  

1.5. Research questions 

 
Research questions to be answered through biomimetic simulation of the gastric tract 

include the following:  

Research Question 1: What materials, methods, and techniques are suitable for developing a 

biomimetic physical model that simulates human gastric tract biomechanics? 

Research Question 2: How can the methods, materials and techniques identified in RQ1 be used 

to create a biomimetic physical simulation model of the gastric tract with peristaltic 

capability, control and feedback mechanisms, and demonstration of mixing and transport? 
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Research Question 3: How do the mechanical characteristics, material properties and 

operational aspects of the physical model identified in RQ2 integrate with the requirements of 

a biomimetic model simulating biomechanical action of the human gastric tract? 

Much is already known about the human gastrointestinal tract that can assist in the 

development of an in vitro biomimetic simulation model. Several areas of research including 

the anatomical form of the GIT, motility initiation mechanisms, gastrointestinal motility 

patterns and characteristics of the tract wall tissue layers provide impetus and direction for 

this research. 

Anatomical form 

A basis for the required structural form and attachment constraints of the biomimetic 

model can be derived from 3D representations of actual morphological and anatomical form 

and positioning of the organs involved in the digestive system [29], and knowledge about 

their connection points to the body [30]. However, the representative shapes of the gastric 

organs obtained this way can vary between individuals and depend on factors such as the 

amount of contents present, the stage of the digestive process, the degree of development of 

the gastric musculature, the condition of the surrounding organs, looping of the small and 

large intestines, physique, sex and age [4]. This suggests that there may also be temporal 

changes in organ morphology that should be accounted for in the development of an in vitro 

model. 

Motility initiation mechanisms 

There is knowledge of the electrical and nervous inputs that drive or trigger GIT muscle 

contractions, how the visceral muscles are contracted and relaxed, the transference 
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mechanisms of the trigger signals across and between the muscle layer boundaries, and the 

chemical and mechanical feedback mechanisms that initiate the different motility patterns 

involved in the digestive process [1-4, 31, 32]. These drivers of biological motility suggest 

implementation of various feedback and control mechanisms that may be required for the in 

vitro simulation model. 

Motility patterns 

Knowledge of the different types and timings of motility patterns and associated trigger 

events during different stages of digestion [2, 7, 33-35] offer a basis for the programmable 

control of the simulated system. Deformation patterns of the in vitro model can therefore be 

based on actual observed deformation patterns and recorded timings of contractions and 

phasic deformations. This approach would align the mimicked deformations with in vivo 

observations and allow for more accurate assessment of the appropriate operation of the in 

vitro system. 

Tissue layers 

Experimental evidence of the structure, properties and characteristics of the tissue layers of 

the gastrointestinal tract wall suggest suitable target specifications for the material 

properties and characteristics of the simulated tract. This includes observations made on the 

similarities and differences between the GIT wall layers within the different organs and sub-

regions of the organs [36-38]. However, questions remain on whether these specifications 

are attainable with currently available materials and technology and whether the actual 

observations are representative of the population. 
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In addition to the research questions presented in Section 1.5 there remain other questions 

that require consideration in response to the research objectives, such as how can an 

effective simulation model of the biomechanical action of the gastric tract accurately be 

evaluated? Limitations still exist in producing accurate physical modelling of the complex 

mechanical forces and the reproduction of complex biological motility patterns, such as 

gastric emptying and peristalsis [9], and there is limited consensus on the best methods to 

use for measuring these actions [1]. 

 1.6. Significance of the research 

 
The findings of this thesis, and the development of a biomimetic gastric tract simulator, 

provide close-to-reality simulation to advance several areas of knowledge in the domain of 

human digestion. Biomimetic simulation of the mechanical activity and material properties 

of the human gastric tract wall, coupled with consideration for the provision of chemical 

pathways, natural system bioactivity, and interactive feedback mechanisms, could provide 

significant in vitro systems for accurately evaluating the complex physiological morphology 

and biomechanical motility patterns of the human digestive tract. 

Potential contributions from the development of a biomimetic gastric tract simulator 

include: 

i. Improved physiological accuracy in simulating gut motility and the biomechanical 

digestive action of food and fluids during ingestion and digestion. 

ii. More accurate means for quantitative analysis of gastric tract deformation 

characteristics and measurement of the forces and pressures involved in digestive 

processes. 
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iii. Provision of an alternative model to in vivo studies for studying the human gastric 

tract. 

iv. Providing a comparison with biomechanical data obtained from in silico and virtual 

simulations. 

v. Improved testing of the biomechanical breakdown effects on potential functional 

foods. 

vi. Improved pharmaceutical testing of pill and drug transition throughout the gastric 

tract. 

vii. Enhanced realism of gastric tract form and motility for surgical simulation and 

practice e.g., endoscopic and surgical training. 

viii. More realistic simulation of the gastric tract internal cavity for the design and 

development of smart pills and other gastric devices e.g., stent and gastric balloon or 

band placements, identification of potential device migration problems. 

ix. An increased potential for the development of innovative nature-inspired methods 

for moving and mixing of a wide variety of liquid, semi-solid and solid materials e.g., 

slurry pumps and industrial processes mimicking the multi-stage digestive processes 

of the gastric tract. 

There are various other aspects pertaining to in vitro modelling of the gastrointestinal tract 

that have been identified as requiring further attention. Gregersen [39] suggests little is 

known about tone and distensibility of the tract and its effects on content flow, and 

attributes this to a lack of applicable methods for obtaining and interpreting quantitative 

data. Biomimetic in vitro modelling of the gastric tract may provide a suitable testbed from 

which new and improved methods for the measurement of tone and distensibility can be 

extensively trialled and developed.  
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Cleary et al. [40] indicates that some of the challenges facing adequate modelling of stomach 

function include:   

i. Characterising stomach geometry and mechanical / contractile properties and their 

variation between populations; and  

ii. Simulating the compliance of stomach wall deformation with contractions. There is a 

perceived need for simulation models that can change the morphology of the 

stomach wall in a natural manner, whilst maintaining the same characteristics of the 

wall that are evident throughout all morphological forms of the stomach. 

Singh, Ye, & Ferrua [41] suggest there exists a need for the development of more advanced 

models that can precisely simulate gastric motility and gastric emptying, while Drechsler & 

Ferrua  [42] add a requirement for in vitro modelling that provides information on the shear 

stresses that develop in vivo. Both these requests highlight a need for simulation models that 

more closely mimic the actual biomechanical functioning of the gastrointestinal tract. 

Furthermore, Gregersen & Christensen [1] propose that improved mechanical analysis of the 

operation of the gastrointestinal tract can advance the knowledge of:  

i. The elastic and viscoelastic, or passive, properties of the wall. 

ii. Wall responses to mechanoreceptor stimulation. 

iii. The peristaltic reflexes. 

iv. The mechanics of bolus transport. 

v. The origin of gastrointestinal perceptions or sensations. 

vi. The nature and origin of tone in smooth muscle. 

vii. The development and growth of the gut. 

viii. Remodelling of the geometry and biomechanical properties in the gut. 
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ix. The origin of mechanical dysfunction related gastrointestinal diseases.  

x. The development of new clinical tests for mechanical dysfunction in the gut.  

1.7. Scope and limitations 

In scope 

This study covers the biomimetic in vitro simulation modelling of the biomechanics of the 

human gastric tract wall. The scope of this study as laid out in this section includes the 

anatomical regions of interest, forms of biomechanical activity and control to be 

demonstrated, feedback and sensing mechanisms to be included, provisions for tract 

content sample acquisition and provisions for chemical pathways. 

The anatomical regions of the gastric tract that are within scope of this study are the distal 

region of the oesophagus, the stomach and the proximal region of the duodenum (Fig. 4). 

This relates to a section of the gastric tract that is approximately 250 mm in height for an 

average human adult. It also includes the cardiac, or lower-oesophageal sphincter, and 

pyloric sphincter that designate the relative boundaries between these distinct sections of 

the tract. 

Several forms of biomechanical activity fall within the scope of this study. These include the 

applied demonstration of peristaltic wave deformations that take place in the oesophagus, 

stomach and the proximal region of the duodenum, tonic contraction and expansion of 

muscles within the fundus region of the stomach and standing wave muscle activity within 

the duodenum. Also included within scope are the tonic contractions or membrane closure 

actions carried out by the cardiac or lower oesophageal sphincter, and the pyloric sphincter 

where gastric emptying of the stomach contents takes place. 
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Several sensing and feedback mechanisms required for the monitoring of mechanical, 

chemical, and thermal activity fall within scope of this study. Quantitative feedback is 

required for ascertaining the appropriate level of contraction force and amplitude of 

contraction ratios being applied to the artificial membrane wall of the tract. Sensing of the 

amount of stretch occurring over the stomach membrane wall, particularly in the fundus 

region, is useful for controlling contraction amplitudes and adjusting stomach volume for 

the accommodation of food. Other feedback and sensing mechanisms may involve 

 

Fig. 4: Anatomical sections of the human gastric tract within scope of this study. 
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monitoring and controlling the reactor environmental and internal contents temperature 

and monitoring the levels of pH of the stomach contents. 

For the biomimetic in vitro gastric tract simulator to be useful as a tool in researching the 

digestion of food materials within the gastric tract, the scope of this study also includes 

provision for accessing the contents of the stomach at various stages of digestion. This 

includes the collection of materials after digestive actions have taken place and the materials 

have been emptied from the stomach reactor. It also includes any means that allow for the 

periodic sampling of, or direct access to, the digested materials that can be found at specific 

locations within the stomach itself, including the fundus, corpus or antrum regions. 

The provision of chemical pathways that can pass fluidic chemicals into the internal cavity 

of the in vitro reactor is within scope of this study. The introduction of gastric juices and 

fluids to the contents within the stomach is an essential aspect of human digestion in the 

breakdown of food structures. Simulated mucosal and saliva secretions may also prove 

useful in providing some form of lubricant to assist in the moving of food materials 

throughout the artificial tract. This includes investigation of suitable methods for the 

controlled passage of fluidic materials from an external source, through the gastric wall 

membrane material or down the oesophageal tract, and into the inner cavity of the stomach.  

Outside of scope 

This study does not include any complete tests or trials involving the digestion of foods or 

food materials. Only the means for actuating and controlling the muscles and contraction 

deformations have been included in this study. It is beyond the scope of this study to 

consider, demonstrate, and propose as to when and to what amplitude specific muscle 

actuations, or sequences of gastric tract wall deformations, are likely to occur during various 
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simulated digestion phases. This includes the development of programmed code providing 

specified timed sequences for controlling the operational actuation of the artificial muscles.  

The timing and occurrence of specific motility patterns can be highly variable and 

dependent on many factors other than the basic feedback mechanisms that are considered 

within the scope of this study. The operation and inclusion of biological feedback 

mechanisms initiating from the endocrine, gastrointestinal, and nervous systems are 

therefore not included in the in vitro model. These feedback mechanisms control the type 

and timing of motility actions during digestion. They are not included because they 

determine the generation of contractile patterns, rather than the actuation of the muscles 

themselves. 

Also outside of scope are the chemo-physical aspects of digestion simulation such as the 

breakdown of food materials by gastric juices and acids, mastication actions in the mouth 

and chewing of a food bolus, and biomechanical and biochemical aspects of the intestinal 

tract beyond the pyloric sphincter. Simulation of the intestinal tract biomechanics is 

considered beyond scope of this study due to the length of this portion of the tract, 

approximately 6 metres, and the functional absorbency of nutrients and water that occur 

within the small and large intestines. 

Limitations 

This study is limited to present understanding of the biomechanical activity involved in the 

human gastric tract bio-system. Visual observation of the actual deformation patterns 

occurring in human stomachs, and the gastrointestinal tract in general, is limited to the 

availability of medical scans, endoscopy or surgical video recordings and still images. While 

many aspects of the biomechanical activity of the human gastric tract and the structure and 
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functions of the tract wall have been extensively studied, the complexity of the gastric tract 

biological system and its interactions with other biological systems in the human body is not 

yet fully understood. This is particularly so regarding the complexity of the neurological 

interactivity and chemical and hormonal feedback mechanisms regulating biomechanical 

activity within the biological system. Biological variances found between different 

populations and individuals also limit the ability of a singular in vitro model of the gastric 

tract to potentially represent the full range of physical variations that occur. 

The use of synthetic materials for mimicking biological matter limits the complete range of 

physical and chemical properties and characteristics of the resulting in vitro simulation 

model. Self-healing and organic re-growth of complex cellular structures is one aspect of 

biological organisms that is difficult, if not impossible, to fully reproduce with synthetic 

materials. This is compounded when additional requirements of the in vitro simulation 

model may include accessing internal regions of the artificial reactor for examination of its 

content, cleaning of the internals of the reactor model after use, and general ease-of-access 

to the artificial tract without requiring some form of surgical removal or dissection of the 

synthetic membrane.  

Dissection of an artificial stomach membrane for the analysis of its contents mid-way 

through the digestive process is not recommended. This is because cutting of the synthetic 

membrane typically results in an irreparable membrane or irreversible alteration to the 

biomechanical deformation characteristics of the membrane surface. It may be considered 

here that the closer an in vitro system comes to mimicking that of an in vivo biological 

system, the closer it comes to inheriting many of the challenges involved with study of the in 

vivo system. 
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Delimitations 

Methods and materials included in the development of the in vitro simulation model should 

be readily available, low cost and easy to implement or fabricate. This delimitation improves 

the potential for the in vitro simulation model to be replicated easily and at low cost. The 

ability to reproduce an in vitro gastric tract simulation model easily and affordably would 

promote a wider community of researchers to contribute towards determining dynamic in 

vitro model testing specifications, assist in the ongoing development of in vitro simulation 

model capabilities, and share and compare results from the testing of different food 

materials. The in vitro simulation model reactor materials have also been derived from a 

variety of non-ferritic materials so that magnetic particle tracing methods can be used for 

mapping translational and mixing effects on the internal contents of the reactor. 

1.8. Layout of the thesis 

In Chapter One, the context of the study has been introduced. The research objectives and 

questions have been identified, and the value of the research presented. The limitations and 

scope of the study have also been discussed. 

Chapter Two presents a review of the literature exploring in vitro models that have been 

developed for simulating various physical or chemical digestion aspects of the human 

gastrointestinal tract. 

Chapter Three provides a more detailed context of the biological tract membrane and 

describes two innovative approaches for the development of an artificial membrane for 

mimicking the stomach wall including a composite elastic membrane and poroelastic 

silicone sponge shells. 
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Chapter Four describes the muscle layers of the biological system and the development and 

implementation of artificial muscles including the use of unit constrictors, braided 

structures that deform in a predictable peristaltic manner, tendons and Bowden cables, and 

techniques for achieving membrane and muscle interconnectivity. 

Chapter Five introduces methods for providing actuation of the artificial muscles for an 

artificial stomach and programmable simulation of many forms of deformation that occur in 

the biological system. Included are mechanical actuation methods for creating multiple 

constrictions from a single rotating mechanism, and a pulley-driven actuation system for 

driving individual unit constrictor contractions. 

Chapter Six introduces control and feedback methods for an artificial stomach including 

membrane stretch and deformation, muscle contraction, pressure sensing, and the potential 

for incorporating simulation and visualisation methods within the feedback process. 

Chapter Seven presents an advanced biomimetic gastric tract simulator, derived from the 

conclusions of Sections 3-7, for the development of a controlled “morphing” stomach 

physical model that simulates the contractive and expansive actions of the muscle layers 

found within the stomach wall, as well as considered methods for containment and 

temperature regulation of the modelled reactor. 

Chapter Eight closes with conclusions of the thesis and answers the research questions 

posed by the study. 
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Chapter 2  – Literature Review 

This section presents a review of the literature exploring in vitro - performed outside the 

living body and in an artificial environment - models that have been developed for 

simulating various physical or chemical aspects of the human gastrointestinal tract (GIT). 

An emphasis is placed on dynamic in vitro models that have incorporated a stomach or 

upper gastric tract component, with a particular focus on the approaches used in simulating 

GIT biomechanical and biochemical actions. Some background to the biological 

characteristics of the human GIT is introduced, followed by a review of stomach and 

gastrointestinal in vitro models and other relevant methods and models used for simulating 

GIT structure and behaviour. A brief overview of instruments used in measurement of 

biomechanical activity and material properties of real and simulated tracts is also discussed. 

2.1 Background - biological aspects of the gastrointestinal tract 

The dynamic mechanical nature of the gastrointestinal tract wall is dependent on the 

functional interaction between several distinct layers of tissue. The hollow organs of the GIT 

are comprised of a surrounding wall of external smooth or visceral muscle and inner 

mucosal tissue [1]. The outermost layer of the tract wall is called the serosa, a protective skin 

formed of densely packed collagen and elastin fibres that covers all other layers and dictates 

the overall shape of the shell. There are two layers of muscle tissue evident throughout the 

length of the gastrointestinal tract. These muscle layers are oriented in the circumferential 

and longitudinal directions. Exceptions to this are the stomach, that has an additional 

oblique layer of muscle extending over the fundus [43], and the oesophagus, which has a 

layer of skeletal muscle that begins from the pharynx and blends into the smooth muscle 

halfway along its length [1]. The soft and flexible inner mucosal tissue is comprised of the 
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submucosa and the plexus, the muscularis mucosa or mucosal muscle, and mucosa which 

have an epithelial surface layer that comes into direct contact with internal cavity contents. 

The mucosal layers vary in function and form along the tract, providing chemical transfer 

pathways for fluids for the release of gastric juices into the stomach cavity and bile into the 

duodenum, nutrient absorption via the small intestine and water absorption from the colon.  

Akhmadeev and Miftahof [44] characterise the soft tissue of the stomach wall as a 

“transversely anisotropic nonhomogenous viscoelastic biocomposite that undergoes finite 

strains.” This is a description of the tract wall in general as the gastrointestinal 

compartments all share common layers of biomaterial between them. The GIT has evolved 

from a single tubular form during embryonic morphogenesis to provide a range of 

functional characteristics dependent on the organ position, location and role within the 

human digestive system [1]. The mechanical forces from contractive and expansive action of 

the outer muscle layers, acting on the material properties of the inner mucosal layers, are 

considered the single most important factor contributing to the deformation, motility and 

mixing characteristics of the tract [45]. The mucosal and sub-mucosal layers’ contribution to 

the biomechanical characteristics of the tract is considered to be negligible [4]. 

Connecting these layers together is a fibrous extracellular matrix (ECM) composed of 

proteoglycans, glycol-proteins, and fibres such as collagen and elastin [4]. The ECM provides 

the elasticity and structural strength of the tract wall within a biochemically stable 

microenvironment for the tissue. Elastin is composed of a flexible cross-linked polypeptide 

and has a linear stress-strain relationship up to approximately 200% maximum strain. 

However, the collagen fibres become stiff when under load and exhibit highly non-linear 

stress-strain characteristics. The overall strength of the GIT wall at various locations along 
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the tract is strongly correlated with the content of collagen-elastin that exists at these 

locations [4]. 

The structure of the muscle wall layers varies in thickness and mechanical properties 

throughout the length of the GIT. Mechanical properties such as stiffness, elongation of the 

material and tensile strength, are significantly affected by wall layer thicknesses and levels of 

collagen and elastin present within the inter-connective tissue and the mucosal layers [45]. 

Wall layer thickness varies depending on the specific role at a particular location within an 

organ; for instance, muscle layer thickness tends to be increased at sphincters and where 

mechanical break-down of material is likely to occur, such as in the antrum and pylorus of 

the stomach. It is less thick where absorption of broken-down digesta or chyme is the 

prominent mechanism, such as in the small intestine. 

There are characteristic forms of folding and buckling of the biological tract wall that could 

potentially be mimicked. These include intestinal gut looping [46, 47] and the folding of the 

luminal wall surface in the manner of ridges such as the formation of intestinal villi [47-49] 

and internal rugae of the stomach. The intestine, when separated from the mesentery tissue, 

takes on the form of a long un-looped tubular structure [46], but when attached to the 

mesentery it forms characteristic looping. The looping of the tract provides efficient 

containment of the entire length of the intestine, typically 3-5 metres in total, within the 

abdominal cavity. The mesentery connections are flexible and elastic to enable the looped 

intestine to continue to effectively transport and mix its contents within the space it 

occupies. 

Boundary constraints imposed on the inner mucosal layers during tissue cell growth and 

expansion are suggested to create internal folding structures on the tract wall inner surface, 
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including the formation of intestinal villi in the small intestines and the rugae of the 

stomach [47-49]. These constraints are caused by the compressive action of the muscle 

layers of the tract wall. The circular and longitudinal layers of muscle create multidirectional 

compressive stress on the inner mucosal tissue during its formation, and in so doing the 

mucosal layer forms a patterned sequence of folding and buckling over the luminal surface. 

Initially, action from the circular muscle layer creates a set of waved ridges on the mucosal 

surface which is directed along the axis of the tract. The longitudinal muscles then create a 

compressive constraint perpendicular to the circular muscle contraction which causes the 

ridges to buckle and form a zig-zag pattern over the inner surface. However, the patterning 

of folds within the stomach wall is different. The complex, multidirectional and random 

folding patterns of the stomach rugae may be additionally influenced by the presence of the 

oblique muscle layer in the stomach wall. 

Nelson [47] proposes that the attachment of membrane layers exhibiting unequal growth 

rates cause the buckling and folding of the inner surface of the gastrointestinal tract, and 

that these unequal growth rates can be simulated by attaching synthetic elastic materials 

together that exhibit different amounts of stretch. The stress imbalance between the two 

unequally stretched materials can create buckling and folding characteristics that are like 

conditions observed within the biological tract. However, there may still be considerable 

residual stress remaining within the composite material even though no external load is 

being applied. 

A zero-stress state occurs when a material has been relieved of residual stresses and has 

reached a no-load state i.e., when all external and internal forces have been removed. 

Residual strain is the strain difference between the zero-stress state and the no-load state of 
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a material [45]. Gregersen and Kassab [45] identified the importance of residual strain in 

relieving stress concentrations developed in the mucosal layer of the gastrointestinal tract 

during bolus transport, and that residual stress may also serve as a growth regulating factor 

on the tissue layers. A circular ring section of a tubular tract can be cut so that the tissue is 

allowed to uncurl, and the opening angle of the resulting sector can be used to quantify the 

amount of residual stress that is present [39, 45]. This method for determining the zero-

stress state of a tubular section of tract may also be used to determine whether residual 

stresses exist within sections of fabricated tubular artificial membranes. 

2.2 Stomach and gastrointestinal tract models 

In vitro models are used to simulate the digestive processes of the gastrointestinal tract. 

Several reviews of the state of in vitro gastrointestinal models have been published over the 

years [8, 9, 50-56] with correlation of many of these models against data obtained from in 

vivo measurements. There are two types of in vitro models used in simulating the GI and 

digestive processes, static models and dynamic models. A recent research trend has also 

emerged on the use of biomimetic and soft robotic GI simulation models.  

2.2.1 Static in vitro models 

Static in vitro models focus primarily on the chemical and absorptive processes that take 

place during digestion. They consist of a single or series of separate containers that include 

the addition of chemicals to food materials such as gastric acids and enzymes recreating the 

chemical digestive break-down of food and, in some cases, emulating the extraction of 

nutrients within the GIT [57, 58]. Static simulators may also incorporate some form of 

mechanical mixing of the partially digested food to approximate mixing processes, such as a 



 

30 
 

“head over heels” rotor mixing [58], or the pre-mixing or blending of samples before adding 

them to the simulation.  

The static model approach has widespread use because it is cheaper and less time 

consuming than dynamic simulation models and provides the potential for multiple 

simulations to be undertaken simultaneously which can be useful for the screening of 

different foods [55]. Static models also show good repeatability and reproducibility of 

results, and the experimental conditions and procedures involved have been incorporated 

into the INFOGEST international consensus and standardisation on static digestive 

simulations [59-61]. At present, there is no similar consensus for the standardisation of 

dynamic in vitro models. 

A major limitation of static models is that they do not include any dynamic aspects of 

digestion, such as the gastric emptying of small particles or changes in pH or secretion flows 

[9], nor do they recreate the kinetic aspects involved in the biomechanical action of the in 

vivo GIT such as peristaltic motion or transit of materials [10]. Static in vitro GIT models are 

limited in usefulness to the study of simple meals or single substrates that can be tested 

under specific conditions [59]. 

2.2.2 Dynamic in vitro models 

Dynamic in vitro simulation models attempt to recreate, integrate and control a varied range 

of parameters of the GIT digestive process, such as body temperature, gastric pH control, 

stomach mixing, gastric emptying, intestinal pH control, digestive secretions, intestinal tract 

motility, intestinal absorption and intestinal microbiota [8]. Table 1 and Table 2 display a 

chronological listing of some of the developed dynamic gastric models, as well as their 
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related mechanical aspects and operational characteristics. Only models that have 

incorporated a stomach component have been included in the tables. 

While dynamic models may provide good simulation of in vivo biochemical digestive 

processes and attempt to simulate GIT contraction and mixing, they do not closely replicate 

actual physiological forces and pressures underlying organ wall deformation as they appear 

in vivo or are limited to replicating the effects only over a specific region. The mechanical 

properties and morphology of an actual GI tract widely varies over its entirety [62] and little 

is known about how the physical deformation of the tract wall contributes to GIT motility 

and mixing processes. Aspects of the developed models for simulating GIT wall behaviour 

are outlined in the following section, including: the type of intended application, 

incorporated components, reactor materials, component orientation, gastric secretion, 

mixing and emptying, transfer of contents, feedback and control, and biomimicry. 
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Table 1: Chronological listing of dynamic in vitro models reviewed from the literature. 
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 Table 2: Characteristics of dynamic in vitro models. 
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2.2.2.1 Components and component orientation 

Single or multiple components 

Some of the dynamic models may be designed around a single component or include 

multiple components of the gastrointestinal tract, such as the oesophagus, stomach, small 

intestine (duodenum, jejunum and ileum) and colon (ascending, transverse and 

descending).  Multiple components are restricted to models that use a rigid containment 

compartment, such as glass, with some provision for basic transit of the contents between 

them (TIM-1 [52, 63], SHIME [64], DIDGI [72], SIMGI [73], ESIN [75], TIMagc [52, 77], BGR 

[23]). The transit and mixing mechanisms involved with these models are, to a large extent, 

typically lacking biomimetic accuracy, and the shape or form of the compartments is un-

representative of the true form and flexibility of the actual GIT components.  

With reference to Table 2, models representing a singular component such as the stomach 

tend to introduce more advanced biomimetic mechanisms within their designs (DGM [65, 

66], HGS  [67, 68], stomach simulator [69], c-GDS [70, 71], RD-IV-HSM [76], DGSM [78], 

IMGS [79], improved HGS [26], AGS [27], AGDS [28], GSM [15], distal gastric simulator [16], 

and SoGut [18-22, 80]). However, these mechanisms may be useful only for bio-mimicry of a 

single component or localised action, such as antral grinding, and may not be suitable in 

replicating the bio-mechanical actuation of other gastrointestinal components or range of 

motility actions. This may be a reason dynamic models exhibiting advanced bio-mechanical 

action have not yet extended into replicating the full gastrointestinal tract. Another reason 

may be that the materials and mechanisms used may be too costly or too complex to 

implement over a wider range of gastrointestinal components.  
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Component orientation 

One of the most overlooked aspects to the design of the dynamic models is an ability to 

change the orientation of the model to reflect a change of body posture or position. Most 

models have a fixed orientation to the components involved, apart from DHS-IV [24, 25] 

that can be rotated 90° about a single axis only [24, 25]. The components cannot be rotated, 

flexed or varied in any direction other than the one they are originally fixed to. These 

models therefore do not attempt to mimic the wide variations in posture that the human 

body may assume during the hours-long process of digestion. A change in posture alters the 

GIT component orientation and has potential to influence changes in internal pressure of 

the components. Changes in pressure arising from alteration in posture are particularly 

evident in the stomach [81] and can be because of gravity, as well as from pressure from the 

surrounding organs and tissues.  

A major limitation of a model’s capability to provide variable orientation to the modelled 

components may relate to the types of mechanisms, materials and design that are used for 

containing and deforming the component membrane wall. Heavy, large, rigid and inflexible 

materials are too difficult to alter in orientation, particularly if they are attached to or 

require to be positioned relative to a static wall or framework. If a containment vessel 

cannot be fully enclosed or sealed, such as through the actuation of artificial sphincters or 

valves, then its contents could also potentially fall out if it is rotated. Applied membrane 

deformation mechanisms i.e., mechanisms that apply forces directly to the membrane wall, 

will need to be rotated along with the membrane shell, and if they are bulky in design then 

this complicates achievement of a re-orientation of the compartment. 
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Reducing the complexity of actuation mechanisms for GIT motility to be as light, compact, 

and flexible as possible would help improve a model’s potential to re-orient its component’s 

position. From a biomimicry perspective this would mean reducing the footprint of the 

actuation devices to be as close as possible to that of the actual membrane being mimicked, 

containing the deformation actuation mechanisms within the membrane itself. Ideally this 

means fabricating artificial muscles that can be contained entirely within the GIT wall 

membrane, with the same orientation and contractibility that the biological membrane 

muscle layers exhibit while also displaying similar flexibility. 

The directional orientation of the muscle layers in various regions of the GIT, such as the 

stomach muscle orientations depicted in Fig. 5, suggest they approximate a crossover grid-

like patterned formation when layered upon each other. Pseudo-muscle unit constrictors 

may be aligned along these directional surface lines within an artificial muscle membrane 

layer. Subsequent manipulation, such as contraction and relaxation of the unit constrictors, 

could then create deformation patterns and promote a morphing of the overall shape of the 

organ into various forms. Similar morphological transformations of organic forms have 

previously been described by D’Arcy Thompson in “On Growth and Form” [82]. Thompson’s 

work has provided a theoretical basis for explaining the formation of looping in the gut [46], 

the buckling and wrinkling of the internal GIT wall from mechanical instabilities between 

epithelial tissues and their surroundings [47, 83], and may also provide insight for prediction 

of the morphological deformation of the GIT wall in general. 

A structured, orientated patterning of the muscle layers i.e., along the lines as shown in Fig. 

5, provides a basis from which controlled morphing of the entire length of the GIT wall 

could be achieved. In this way, different stomach shapes and organ morphology could be 
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programmed into a simulation through independent constriction and relaxation of the 

artificial muscle lines. At the same time, reproducing the anatomic orientation of the muscle 

layers may provide improved mimicry of the actual longitudinal and circumferential 

constriction characteristics that produce the motility patterns of the natural system. 

2.2.2.2 Reactor materials 

The most used materials in the fabrication of gastric reactors i.e., the vessel within which the 

digestive actions take place, include glass, acrylic, PVC, ABS, latex or silicone rubber 

(PDMS). These materials are chosen because of their physical characteristics including 

resistance to chemical degradation, transparency, flexibility, elasticity and the ability to 

form them in a suitable manner for containment. However, not all characteristics are usually 

obtainable within any one type of material, so combinations of these materials are 

commonly found within the models reviewed.  

The SHIME [64] and DIDGI [72] models use a purely glass containment for their 

 

Fig. 5: (a) 3D CAD model of a human stomach derived from magnetic resonance imaging (MRI) 
scans. (b, c & d) Surface lines depicting approximated longitudinal and circumferential muscle 
orientations. The oblique layer is not shown.  
(This work includes rendered derivatives of BodyParts3D, © The Database Center for Life Science 
licensed under CC Attribution-Share Alike 2.1 Japan: 
https://dbarchive.biosciencedbc.jp/en/bodyparts3d/lic.html) 
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components but do not involve any flexible membrane. The DGSM [78] is similar but uses 

acrylic instead of glass. Other models (TIM-1 [52, 63], DGM [65, 66], c-GDS [70, 71], SIMGI 

[73], TIMagc [52, 77], BGR [23]) use a flexible latex or silicone membrane for the reactor wall 

that is located within a solid i.e., glass or rigid plastic, containment vessel. Component forms 

are therefore limited to basic shapes such as beakers, cylinders, cones or simple curved 

sections. Only a few of the models reviewed have been designed with a moulded gastric 

reactor that takes on a recognisable form resembling that of an actual stomach (IMGS [79], 

the stomach simulator [69], RD-IV-HSM [76], DHS-IV [24, 25], AGDS [28], GSM [15], the 

distal gastric simulator [16], SoGut [18-22, 80]). In all instances these designs followed a ‘J-

shaped’ stomach form. AGS [27], HGS  [67, 68] and improved HGS [26] use a flexible J-

shaped bag or membrane to replicate the stomach shape, but these do not exhibit as close a 

resemblance to an actual stomach as do the models using a moulded stomach form. The 

addition of rigid materials and mechanisms used in the design of many of the models 

prevent them from simulating a form that closely mimics the dynamic morphological 

capabilities of an actual stomach.  

The use of purely rigid materials for reactor containment cannot therefore realistically be 

considered as entirely suitable for the biomimicry of the biomechanical and material 

properties of biological tissue. The biological gastrointestinal tract is confined within the 

abdominal cavity and is surrounded by various organs including the liver, pancreas, spleen, 

kidney, the diaphragm of the lungs, fatty tissue, skeletal muscles, and inter-connective 

tissues such as the mesentery. From a biomimicry point of view, a ‘soft’ approach to 

confinement is preferred over the use of inflexible or rigid materials. 
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Single layer membranes without some form of rigid structural support are likely to require a 

thick layer of an elastomeric material. This is to reduce the possibility of rupture as the shell 

deforms and assists in returning the shell back to its original shape after constriction. The 

membranes used by models such as IMGS [79], RD-IV-HSM [76], DHS-IV [24, 25], stomach 

simulator [69], AGS [27], GSM [15], distal gastric simulator [16] and SoGut [18-22, 80] are of a 

single layer of elastomeric material directly formed from a static mould. Other attempts 

have been made to create anatomically correct and distensible copies of parts of the GIT by 

3D printing silicone shells using measurement data obtained from manipulated computed 

tomography scans [55]. This approach affects the ability for the mechanical creation of 

internal surface folding and buckling as the shell contracts. This may be evident with the 

model used by Chen et al. [34] as they deliberately fabricate a pattern of rugae, or soft 

surface folds, onto the inner surface of the silicone shell, rather than allowing rugae to 

develop on the surface of the wall through the folding deformation action of the membrane. 

Studies on the formation of buckling or folding behaviours of tissue [47-49, 83] suggest that 

rugae naturally arise from differences in the properties of the various layers present in the 

wall membrane, such as differences in mechanical stiffness between layers. 

Many of the models in Table 2 involve a single layer, flexible or elastic wall, typically made 

from silicone or latex, being constricted in some manner at various locations. In using a 

single layer membrane, these models pay little attention to effects that may occur from the 

interactions between different layers within the wall membrane. Gastric toning, the 

expansion and contraction of the stomach wall for the accommodation of food, is also 

limited by the characteristics of the selected membrane materials used for the stomach 

reactor and lacks a controllable constrictive and expansive capability over the entirety of the 

stomach shell. For instance, Chen et al. [76] fabricated a replica human stomach in silicone 
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and used several ‘rope’ tendons, embedded within the antrum (lower) region of the silicone 

stomach, to act as constrictors. A pseudo-peristaltic contraction motion was simulated 

through the attachment of the tendons to varying positions along a hinged rod, the tip of 

which is attached to a motorised spindle that pulls the rod tip down and then releases it, 

allowing the three constrictors to contract and expand at differing amounts.  The model, 

however, has difficulty achieving the disintegration of large food particles and in 

reproducing the gastric emptying, or sieving, and jet-like retro-propulsive flow effects 

present in the in vivo stomach.  

2.2.2.3 Gastric secretion, motility and the emptying of stomach contents 

Gastric secretion 

For some dynamic models, gastric secretions such as saliva, gastric juices and hydrochloric 

acid are provided to the system to simulate and promote the chemical breakdown of food 

structures within the stomach. Rotary peristaltic and syringe pumps feature prominently 

among models that provide secretions (TIM-1 [52, 63], DGM [65, 66], SIMGI [73], TIMagc 

[52, 77], HGS  [67, 68], ESIN [75], RD-IV-HSM [76], DHS-IV [24, 25], AGS [27], GSM [15], 

BGR [23]), particularly with the multi-stage, multi-compartmented models employing glass 

containment of the individual compartments. Some of the pumps distribute the fluids over 

the container wall, while others employ tubing to feed the fluids through various locations 

on a flexible membrane. Another common method is the addition of fluids directly into an 

inlet to the stomach compartment using either a peristaltic or syringe pump, or by manual 

injection or mixing of the fluids in with the contents before adding them to the reactor (c-

GDS [70, 71], SIMGI [73], IMGS [79], improved HGS [26], AGS [27], AGDS [28], distal gastric 

simulator [16], SoGut [18-22, 80]). 
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Gastric motility 

Biological digestive tract motility is significantly dependent on the interaction of 

contractions and expansions that occur between muscle layers in the longitudinal and 

circumferential, and in the case of the stomach, oblique orientations [1]. During peristaltic 

contractions the longitudinal muscles relax and extend as the circumferential muscles 

contract, and vice versa. Replication of this expansion and contraction interaction between 

muscle-layers can be difficult to achieve in a controlled physical simulation. 

The models mentioned in Table 2 employ a diverse range of methods for promoting gastric 

movement or mixing, also referred to as motility, within the stomach compartment. These 

include the use of hydraulic or pneumatic pressure against a flexible wall (TIM-1 [52, 63], 

SIMGI [73], TIMagc [52, 77], BGR [23], GSM [15], distal gastric simulator [16], SoGut [18-22, 

80]) or from the driving of a piston and barrel (DGM [65, 66], ESIN [75], DGSM [78]), 

magnetic stirring (SHIME [64]), mechanical rollers against a flexible wall (HGS  [67, 68], c-

GDS [70, 71], DHS-IV [24, 25], improved HGS [26], AGDS [28]), rope driven contraction 

(stomach simulator [69], RD-IV-HSM [76]), impellor stirring (DIDGI [72]), direct piston 

pressure (IMGS [79]) or iris-type diaphragms (AGS [27]).  

The methods for transfer of post-gastric contents, typically employed in models that also 

incorporate intestinal compartments, generally involve straight-forward pumping via 

peristaltic valve pumps (TIM-1 [52, 63], SHIME [64], TIMagc [52, 77], ESIN [75], DIDGI [72], 

SIMGI [73]) that may also be assisted by the movement of the digesta through applied 

hydraulic or pneumatic pressure on a flexible membrane (TIM-1 [52, 63], TIMagc [52, 77]). 

These methods provide good control for transfer of contents from one compartment to the 

other but cannot be considered as closely mimicking actual GIT motility deformations. 
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A useful theoretical framework from which to begin to consider approaching biomimicry of 

the biomechanical properties of the tract wall membrane is the “three element model” as 

devised by Hill [39]. Hill’s model considers the muscle tissue as a composite consisting of a 

‘contractile element’ connected with a ‘series elastic element’ for describing the active 

contraction of the tissue muscle, and a ‘parallel element’ to describe the connective tissues 

such as elastin and collagen. Hill’s model has also been increasingly used in the 

development of appropriate finite element analysis methods for biomechanical modelling of 

muscle mechanics [84]. 

Gastric emptying 

Gastric emptying involves the gradual removal of contents from the stomach into the 

duodenum. Biologically this is carried out via the opening and contracting of the pyloric 

sphincter that begins as a slow contraction wave, progressing from the antrum, and 

increasing in constriction until it reaches the pylorus [3]. The size of particles passing 

through the sphincter is typically less than 2 mm in diameter [33]. To achieve this particle 

size the artificial sphincters used in the models may employ a variety of mechanisms for the 

‘sieving’ and release of chyme out of the stomach including valves (TIM-1 [52, 63], TIMagc 

[52, 77], DHS-IV [24, 25], AGS [27]), Teflon membranes (DIDGI [72]), mesh nets (HGS  [67, 

68], c-GDS [70, 71]), pumps (SHIME [64], c-GDS [70, 71], ESIN [75], improved HGS [26], 

AGDS [28]), elastic annuli (DGM [65, 66]) and biomimetic contractions (GSM [15], SoGut 

[18-22, 80]). 

Many of the methods used for replicating the ‘gastric sieve’ of the pyloric sphincter fall short 

of achieving a close biomimetic simulation. It is unrealistic to consider that mesh nets or 

perforated membranes would behave in a similar manner to a rolling wave that terminates 
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in a constricting aperture when fluidic suspensions or delicate food matrices are propelled 

along with it. Improvements in the reproduction of the muscular contractions of the pyloric 

and other GIT sphincters are therefore another area requiring further attention. 

Alternative approaches and soft-robotics technology 

Other dynamic models have been developed specifically for the biomimetic simulation of 

the oesophagus [85-90], duodenum [91], or the small or large intestine [92-98], but without 

the inclusion of a stomach compartment. These models present some unique methods and 

mechanisms in their design that tend to more closely mimic actual motility and deformation 

of the GIT wall, the majority of which employ pneumatics to drive the contraction of a 

flexible membrane wall in a specific manner and sequence. However, the methods employed 

tend to work only for a specific section of the GIT, or for a specific motility action, and 

therefore lack some flexibility in applying the same method or mechanism of motility to 

other GIT components. This is due, in part, to the inclusion of rigid components for 

achieving suitable operation of the actuation or movements, such as requiring solid outer 

shells for pneumatic pressures to act against or the use of rigid connectors between 

individual actuation units.  

The trend now is towards the development of soft-robotic systems that use flexible materials 

and actuation approaches to create entirely ‘soft’ mechanisms. This is apparent through the 

recent proliferation of models that employ pneumatics to drive the artificial contractions 

over a flexible membrane. Artificial muscle contractions could also be realised through use 

of other alternative technologies such as electroactive/photoactive polymers (EAPs) [99-

102], electrically-driven hydrogels [103-107], phase-change materials [108], pneumatic, 

vacuum and fluid-driven actuators [109-111], shape memory alloys (SMAs) [112], twisted nylon 
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fishing line [113-121], and origami or kirigami actuators [109, 122-124]. Many of these 

technologies may provide for artificial muscles to potentially become embedded within a 

membrane wall itself, which would in turn allow for the simulated component membrane to 

respond in a dynamic manner more like that of the actual biological component being 

modelled. 

Advances in membrane technologies could also be applied to mimic different parts of the 

GIT wall or improve the physical properties of reactor membranes, bringing them closer in 

responsiveness to those of biological membranes. Elastic fabric and elastomer composites 

have been trialled in replicating the skins of octopi [125-127] and in creating thinner, 

reinforced viscoelastic membranes with improved resistance to tearing [128]. Braided and 

mesh structures have been employed to replicate the tubular peristaltic locomotion action 

of earthworms [129-132] and the design of gastrointestinal stents [133] so that they 

deliberately deform in a peristaltic manner. There is also potential for embedding of 

advanced sensor materials, such as flexible plastic bioelectronics [134] and rubbery sensors 

[135], within the membrane to provide quantitative feedback of membrane characteristics 

such as strain, pressure and temperature. 

2.2.2.4 Feedback and control 

To provide realistic simulation of GIT motility e.g., the demonstration of peristaltic slow 

waves, segmentation, and gastric emptying, some form of control over the appropriate 

contraction timing and sequence is required. This is complicated by the biological presence 

of feedback mechanisms, chemical triggers, and mechano-receptors throughout the entirety 

of the GIT wall that influence the initiation and timing of the contraction processes. For 

example, the rate of gastric emptying is determined by feedback mechanisms coming from 
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the stomach, duodenum and the small intestine [3], meaning that all related compartments 

may require modelling in some manner to approach a realistic biomimetic feedback 

response. 

This does not mean that the modelling of the necessary feedback components is required to 

be physical in form as they could instead be virtual or computational simulations of selected 

components or regions. Developments in computational modelling allow for multi-scale 

control of factors and geometries of the GIT and can include mathematical and finite 

element analysis of shell deformation [36, 44, 136-140], predictive modelling [139], and 

computational fluid dynamics [141-143]. This form of modelling could provide simulation 

results that approximate actual biological feedback responses. Despite the rapid advances in 

computational modelling Du et al. [144] suggest there is still a disconnect between the 

mathematical and virtual modelling of slow waves, mechanisms of slow wave propagation, 

material properties, motility, and luminal content distributions. 

Understanding of patterns of slow wave generation i.e., frequency, velocity and amplitude, 

has been explored through use of magnetic tracing [145] and high-resolution mapping 

techniques using electrodes [146-153]. The results of these studies may be useful in providing 

information on proposed timing sequences and patterns for controlling the localised muscle 

contractions of a physical model. However, the patterns recorded are of limited duration, 

derived mostly from single pattern occurrences of the constrictions, and in many cases show 

no indication of the initiation of the motility patterns coming from specific chemical or 

mechanical feedback receptors within the tract wall layers. 

Experimental assessments of the characteristics and properties of a physical biomimetic 

model could be used in conjunction with computational in silico models [144]. There may 
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also be some potential in driving the motility patterns of dynamic in vitro GIT models via 

feedback directly provided from electrophysiological mapping techniques capturing slow 

wave propagations from biological systems. 

2.3. Instruments 

2.3.1. Tensile strength 

Studies of biological GIT wall mechanical properties, the contractive forces and pressures 

involved, and the characteristics of GIT motility, provide a basis from which an assessment 

of the performance of a biomimetic simulation model can be made. A limited number of 

studies have been carried out on the tensile properties of GIT soft wall tissue, with tensile 

testing and analysis undertaken on human post-surgery and cadaver specimens [37] and 

comparable species such as pigs [62, 140, 154, 155]. The observed differences between results 

of these studies, for both human and porcine samples, highlight the wide range of variation 

in physical morphology and mechanical properties that naturally occur between 

populations. Tensile results also differ significantly between different regions of the GIT 

(Table 3) [37, 62].  

Table 3: Regional differences in the tensile properties of human gastrointestinal tissue. 

 

Location Maximal Stress Destructive Strain 

Oesophagus 1.2 MPa 140 % 

Stomach (axial) 0.7 MPa 190 % 

Stomach (transversal) 0.5 MPa 190 % 

Small bowel (transversal) 0.9 MPa 140 % 

Large Bowel (transversal) 0.9 MPa 180 % 
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However, the scope of specimen sampling, particularly in human studies, is limited and 

there can be considerable variation between the locations and orientations of sample tissue 

strips selected in each case study. The values of Young’s modulus obtained between studies 

can span multiple orders of magnitude [156], and tensile studies that take into consideration 

the preconditioning and zero-stress states of the materials under test are more likely to 

provide comparably accurate data [39, 45]. Therefore, specifying a suitable target range of 

tensile properties i.e., for the selection of any considered biomimetic soft-wall membrane 

material, will not be straight-forward and depends on the selected methodology used in 

measuring the tissue properties. 

Planar uniaxial, biaxial and triaxial tensile tests are the typical methods employed for 

measuring the material properties of the wall tissue of the GIT. Uniaxial tensile testing is the 

most common method but neglects the anisotropic behaviour of the soft tissue [37, 155]. 

Biaxial and triaxial tests provide a better account of the non-linear anisotropic 

characteristics of the sample tissue yet they provide challenges in reproducibility due to the 

difficulty in providing adequate anchorage of the samples during testing [140, 154]. 

A multi-axial out-of-plane tensile testing machine could be designed to obtain quantitative 

information on the anisotropic properties and behaviour of artificial tissue layers. One type 

of tensile testing machine is based on employing flexural loading of the sample fabric 

specimens and a capacitive sensor array to measure strain of the material in multiple 

directions [157-159]. These machines have been developed for testing the behaviour of 

various types of fabric and textiles and therefore could also be employed to evaluate tensile 

forces acting in multiple directions on fabricated elastic membranes. 

 



 

50 
 

2.3.2. Pressure, force and volume 

A variety of methods have been used for measurement of in vivo forces, pressure, and 

changes in cross-sectional area or volume occurring during motility within gastrointestinal 

regions. Several of the most employed methods found within the literature are described in 

Table 4.  

Pressure measurements of the contractions from artificial muscles of in vitro models have 

been demonstrated using a 22 mm hollow thick-walled rubber bulb attached to a hand-held 

manometer. This technique was used by Kong & Singh [67] for obtaining measurements of 

contractile force in the Human Gastric Simulator [67, 68]. The amount of force that is 

applied by the constrictors may be calibrated by compressing the bulb in a universal testing 

machine and calculating the relationship between pressure readings from the manometer 

and linear force applied by the universal testing machine.  

It is also possible that balloon or inflation bag distension of tubular regions of the tract may 

be carried out on in vitro models to determine membrane compression forces. The 

procedure for in vivo testing, as described in Gregersen et al. [160], relies on inflating a 60 

mm long non-compliant 25 micrometre thick balloon in a section of the tract for 

experimental testing of the membrane tension. The balloon is connected to a container of 

fluid via a tube and is inflated to pressure by varying the height of the level container. 

Preconditioning of the membrane by cycling of the inflation and deflation processes may be 

required until the stress and strain relation is reproducible [160]. Suggested pressure steps 

may range between 0 to 15 cm H2O with the distension radius determined through 

measured grid analysis and timed frame capture with a high-resolution camera [160].  
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Table 4: Common methods used for measuring biomechanical properties of the gastrointestinal 
tract. 

 

 

Method Measurand Description Source 

conventional and 
high-resolution 
manometry 

pressure 

Detects pressure changes caused by 
constrictions. Uses either strain gauges on a 
probe or perfusion of water from a catheter. Low 
cost, low precision method measuring only 
circumferential constrictions. High-resolution 
manometry uses a larger number of (fibre-optic) 
electrodes for measurement. 

[1, 161] 

barostat volume 

Involves the maintaining of a constant pressure 
in an air-filled bag placed in the lumen, the 
volume of air entering or leaving during 
constrictions is measured. 

[162-165] 

impedance 
planimetry 

cross-
sectional 
area 

Cross-sectional area measurements are made 
from measurements of electrical impedance 
from electrodes on a probe. Can be combined 
with bag distension methods. 

[1] 

ultrasonography and 
endoscopic 
ultrasonography 

volume 

A medical imaging technique using a 
combination of real-time scanning with Doppler 
technology. Useful for measuring gastric 
emptying, however images may be blurred by fat 
or gas. Measures volume change over time. 
Endoscopic ultrasonography combines 
ultrasonic transducer imaging with an 
endoscopic probe. 

[1, 163-
165] 

magnetic resonance 
imaging (MRI) 

volume 

Like ultrasonography, this medical imaging 
technique measures volume changes over time 
but uses magnetic resonance as the imaging 
source, ultrasonography and MRI methods can 
also be combined with computational fluid 
dynamics. 

[1, 163-
166] 

single-photon 
emission computed 
tomography 
(SPECT) 

volume 
A nuclear medicine tomographic imaging 
technique using gamma rays. Can provide 3D 
information. 

[163-165] 

electromyography force 
Uses electrodes to pick up electrical activity of 
the muscle cells and measure the amount of 
force produced. 

[167] 

agar bead fracturing force 

Agar beads are made with predefined fracture 
strengths (determined through compression 
tests). The remains of surviving beads in the 
lumen determine the limits of constrictive force 
that have been applied. 

[168] 

inflation bag testing 
(distension) 

external 
diameter 
from applied 
pressure 

Like the barostat technique but typically using a 
fluid and with an emphasis on measuring the 
tensions on the bag along its length as it is 
deformed. 

[36, 160] 

high resolution pill-
tracking of forces 

force 

A pill containing a permanent magnet is 
swallowed into the stomach and tracked using a 
matrix of magnetic field sensors. Force and 
torque data is calculated from the pill’s position 
as a function of time. 

[169] 
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2.4 Conclusions 

A review of the literature has identified several knowledge gaps involved with present state-

of-the-art gastrointestinal tract simulators: 

1. Dynamic gastrointestinal simulation models are significantly lacking in ability to 

accurately replicate the entire biomechanical action, peristaltic motions, gastric toning, 

gastric emptying, retro-propulsive flow effects, and the physiological forces and 

pressures underlying organ wall deformation of the in vivo gastrointestinal tract. 

Biomimetic models that focus primarily on replicating the biomechanical actions of the 

GIT show a distinct lack in provision for the biochemical digestive processes that the 

dynamic simulation models have targeted. This highlights the existence of a distinct gap 

to be bridged between the biochemical systems of the dynamic GIT in vitro models and 

current mechanical GIT biomimicry attempts. 

2. Little is known of how differences in morphological form and physical properties of the 

deformation of the membrane walls contribute to the mixing and motility processes of 

the GIT. 

3. The use of single layer membranes in replicating the tract wall neglects any mechanical 

interaction effects between the different layers of the in vivo tract wall, and how differing 

orientations of the muscle layers interact to create the natural motility and deformation 

patterns. The occurrence of internal surface buckling and folding, derived from layers 

with different mechanical properties, is also omitted from simulations. 

4. Much of the data obtained on the tensile properties of the tract wall neglect the 

anisotropic behaviour of the soft tissue. 
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5. Although in silico models can provide multi-scale control of factors and geometries, they 

still do not effectively connect through simulation the replication of slow waves, 

mechanisms of slow wave propagation, material properties, motility, and luminal 

content distributions. 

6. Feedback mechanisms, such as the chemical and mechanical receptors in the layers of 

the wall and their ability to initiate various motility patterns as food is digested, have not 

been explored in simulations of gastrointestinal tract mechanics. 
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Chapter Three 
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Chapter 3  – The Membrane 

This chapter describes the development of an artificial membrane for mimicking the 

gastrointestinal tract wall. It includes the fabrication and testing of a composite elastic 

membrane and a membrane composed of a poroelastic silicone sponge shell. The composite 

elastic membrane combines a silicone elastomer rubber with a stretchable nylon fabric to 

provide a very thin, structurally reinforced elastic membrane that can be formed to follow 

the shape of a typical stomach. A silicone sponge material is also described that can be both 

expanded and compressed. Due to the porous and elastic nature of the sponge material it 

demonstrates potential in providing a means of distribution for gastric fluids to and from 

the internal contents of the reactor. 

The mechanical properties and characteristics of the biological tract wall have been 

investigated for the development of an artificial deformable membrane. The mechanical 

properties of the artificial membrane should attempt to mimic the elasticity characteristics 

of the biological tract as dictated by the collagen-elastin content of the ECM, the thickness 

and strength of the muscle layers over different regions of the tract, and the buckling and 

folding properties of the biological tissues involved. However, some consideration should 

also be given to the provision of chemical pathways through the membrane wall material or 

directly into the internal contents, and the creation of impermeable or semi-permeable 

surfaces for retention of the contents within the reactor. An ability to provide chemical 

pathways throughout the artificial membrane wall could provide means to mimic digestive 

fluid secretions into the stomach cavity, as well as provide some form of surface lubrication 

along the wall lining for supporting the oesophageal transport of a food bolus to the 

stomach. 
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3.1. Composite elastic membrane 

A composite elastic membrane is a membrane produced from two or more materials that 

alter its material properties when merged. These material properties can include improved 

mechanical or chemical characteristics such as tensile strength, elasticity, flexibility, tear-

strength, transparency, durability, and chemical resistance. Changing the physical 

properties of a material by merging it with other materials can help produce desired 

characteristics that align it more closely with the requirements of the intended application. 

Specifications for the required achievable strain of an artificial tract wall membrane may be 

derived from observed measurements of maximum strain for wall tissue samples obtained 

from various locations on the biological tract. According to Egorov et al. [37] the maximum 

uniaxial strain achieved by actual human gastrointestinal tissue is approximately 190% in the 

stomach, 140% in the oesophagus and 140% in the small intestine. This suggests that 

achieving a strain of at least 200% from the artificial membrane material would be sufficient 

to mimic the maximal strain obtained by actual biological gastric wall tissue.  

Wang, Gregory and Minor [128] investigated improvements to the mechanical properties of 

moulded silicone rubber when composited with a range of fabric materials including nylon, 

polyester, rayon, silk, cotton, and several blended fabrics. They found that tensile strength, 

tear strength and puncture resistance were improved when synthetic materials such as 

nylon, polyester, rayon-spandex, and polyester-cotton fabrics were used within the 

composite material and that they were more suited to applications that required toughened 

structures or reduced strain. However, the nylon, polyester and polyester-cotton composites 

displayed a limited ability to stretch compared to other silicone composites made from 

elasticated rayon-spandex blended fabrics.  
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Use of elasticated fabrics combined with a silicone rubber has been studied in development 

of a skin analogue for a robotic octopus [125-127]. An elasticated knitted nylon fabric 

combined with two types of silicone rubber of differing softness was used to obtain a 

suitable stiffness for the elastic artificial octopus skin. The Young’s moduli in both the 

transverse and longitudinal directions were found to be lower than those of actual octopus 

skin, while the strength, failure strain and fracture toughness were higher. This method of 

fabric compositing was considered for simulating the soft tissue of the gastrointestinal tract 

as the artificial octopus skin was proven to be watertight in construction, highly flexible, and 

displayed unidirectional failure strain beyond 200% from its original length. 

A silicone (Ecoflex™ 00-30, Smooth-On Inc., USA) and nylon composite material was 

fabricated to investigate its potential as a robust elastic membrane, acting as a reactor shell 

for the containment of food materials and providing a structure onto which the connection 

of unit constrictors or artificial muscles could be made. A basic stomach shape was 

constructed by inflating a rubber glove and wrapping rubber-bands around it in various 

locations to form the fundus, corpus, and antrum regions of the anatomical stomach (Fig. 

6). Elasticated nylon knitted fabric, obtained from a pair of nylon stockings, was pulled over 

the inflated stomach form and liquid silicone was brushed over to seal the fabric and make it 

watertight. Once the sealed membrane was removed from the form it was filled with water 

and the openings tied shut with rubber-bands. 



 

58 
 

The fabricated membrane exhibited high flexibility and good resistance to tear and fracture 

while also remaining water-tight when stretched or manipulated. The membrane could hold 

water for several months without any obvious leakage or breakdown of the material. Based 

on these promising results a repeatable method of fabrication for this type of reactor 

membrane shell was explored. 

Three-dimensional stomach template form 

A three-dimensional (3D) stomach model was designed and built as a solid template form 

onto which a silicone composite membrane could be fabricated. Computer-aided design 

(CAD) software (SolidWorks) was used to section a 3D surface model created from the 

dimensions of a human stomach (BodyParts3D, © The Database Center for Life Science 

licensed under CC Attribution-Share Alike 2.1 Japan) [29] into a series of 3 mm thick slices. 

 

Fig. 6: (a) Artificial membrane formed over a basic stomach shaped mould. (b) The same artificial 
membrane removed from the mould and filled with water. 
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The profile outlines of these slices were cut into 3 mm sheets of corrugated cardboard using 

a laser cutter (Epilog Fusion CO2 Laser 120W). The slices were then rearranged, slice by 

slice, back into the original stomach shape and glued together with polyvinyl acetate (PVA) 

adhesive. The layered cardboard stomach form was finally completely covered with 

modelling clay and the surface smoothed by hand before allowing it to dry (Fig. 7). The 

dried clay surface was brushed with a coating of silicone oil to prevent the clay from 

inhibiting the liquid silicone during curing.  

A cylindrical length of elasticated nylon knitted fabric was pulled over the solid stomach 

form while rubber bands were used to hold the loose fabric against the form at the openings 

of the oesophagus and duodenum. The fabric-dressed form was suspended over a drip tray 

and a layer of liquid silicone was brushed over the entire surface and allowed to cure (Fig. 

8). This process was repeated two or three times until the thickness of the silicone layer was 

 

Fig. 7: (a) Close-up image of the stacked corrugated cardboard sheet slices used to form the 
stomach shape. (b) The completed cardboard stomach shape filled with a surface layer of modelling 
clay. 



 

60 
 

between 1-2 mm and there were no visible holes or gaps in the silicone material. The 

composite layer was removed from the mould by carefully stretching and peeling the elastic 

material back over the solid form. 

Two-dimensional stomach template form 

 A second fabrication approach was to create a solid form for the membrane from a template 

stomach shape cut from a sheet of 3 mm thick medium-density fibreboard (MDF). An initial 

outline of the stomach was drawn on a sheet of paper by pressing out the composite 

membrane that was created using the solid stomach form described above and tracing 

around the edges of the membrane. This hand-traced outline was then scanned, placed into 

CAD software (SolidWorks) as a two-dimensional (2D) image and traced with spline tools to 

produce a digital copy of the 2D stomach shape that could be cut out with a laser cutter 

(Epilog Fusion CO2 Laser 120W). Additional reference lines were drawn on the cut MDF 

 

Fig. 8: Composite membrane formed over the surface of a 3D stomach shape. 
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template to indicate approximate placement locations of the unit constrictors for the 

membrane.  

 The surface of the MDF form was brushed completely with silicone oil to create a suitable 

surface for curing of the liquid silicone. A tubular length of elasticated nylon knitted fabric 

was pulled over this form and repeated brushing of multiple layers of silicone completed the 

fabrication of the composite membrane (Fig. 9). Particular attention was paid to the 

application of silicone over the edges of the form as this was where inadequate surface 

coverage was most likely to occur. Once completely covered the form was suspended over a 

drip tray and any excess liquid silicone was allowed to flow, by gravity, off the form. 

To further ensure that no holes were present in the fabricated membrane, and that it was 

completely waterproof, one opening was tied with a rubber band while water was poured 

into the other opening, filling the enclosed membrane sac. Any points of leakage were 

marked and patched with a small amount of liquid silicone after the water was removed. 

This process was repeated several times with increasing amounts of water being added until 

five litres could be held without any subsequent leakage occurring. 

Tensile testing of the artificial tissue membrane layers attempted to follow procedures for 

the tensile testing of actual gastrointestinal tract tissue as described in the literature [37, 62, 

140, 154, 155]. Artificial membrane samples were obtained from the fundus, corpus, and 

antrum regions of the fabricated stomach (Fig. 10). Transverse (circumferential) and 

longitudinal-orientated sections of the artificial tissue were cut into 60 mm long by 10 mm 

wide sample strips using a guillotine. 
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 To determine the thickness of the membrane, the samples were placed between two 8.00 

mm thick machined steel plates and the combined thickness of the steel plates and 

membrane measured with a micrometer and recorded (Table 5). An average thickness taken 

from several measurements was calculated as the thickness of the artificial tissue was not 

uniform, and the sandwiching effect of the material between the steel plates can cause some 

compression of the membrane. However, plate compression was not considered to alter the 

measurements by a significant amount. The samples were then subjected to uniaxial 

 

Fig. 9: Composite membrane moulded over the surface of a template stomach form cut from a sheet 
of MDF. 
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extension on a universal testing machine (Instron 5960 Dual Column Tabletop) fitted with a 

30 kN load cell. A 25 mm length of sample material was held between the clamps and a 

strain rate velocity of 200 mm per minute applied to the sample under test. Preconditioning 

of the sample was undertaken by applying 3 cycles of stretching to 100% of original length 

prior to stretching them to the point of complete failure. No recovery period was allowed 

between the preconditioning cycles and final stretch cycle. 

 

 

Fig. 10: Locations of the extracted artificial membrane material samples used for tensile testing. 
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The uniaxial tensile tests indicate that the artificial membrane material can stretch to over 

200% for both longitudinal and transverse-oriented samples before showing signs of 

material failure (Fig. 11Fig. 12). The composite membrane material experienced a slow 

degradation of the knitted fibres as the strain increased. The breaking of threads within the 

weave of the elasticated nylon fabric could be observed as sharp dips in the stress-strain 

curve beginning at approximately 250% strain. The onset of thread-breaking was initiated at 

the compressed points of the material where it was being held in the clamps of the machine, 

potentially cutting through the silicone and exposing the fabric. Tearing would also begin to 

spread from the cut edges of the composite material where the nylon fabric had been 

exposed from the silicone. This suggests that the strength of the woven fabric can be 

improved when it is completely covered by the silicone rubber, and that stress points can be 

minimised in an artificial membrane by ensuring that the nylon fabric remains fully 

embedded within the silicone.  

The difference in the amount of stress experienced between samples is influenced by the 

amount of pre-stretch that different regions of the nylon fabric experience prior to 

embedding it in silicone. This is most obvious in the transverse samples of the corpus region 

and the longitudinal samples of the antrum where the nylon stocking has been stretched  

Table 5: Thickness measurements of the composite membrane samples 

Sample 
location 

Fundus Corpus Antrum 

Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse 

Average 
sample 
thickness 
(mm) 

0.86 1.01 0.86 0.77 0.95 0.82 
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Fig. 11: Stress vs strain performance of the longitudinal composite membrane samples. 

 

 

 

 

 

Fig. 12: Stress vs strain performance of the transverse (circumferential) composite membrane 
samples. 
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significantly when pulled over the stomach template. The ability of the membrane to 

withstand strain up to 200% is most important in the fundus and corpus regions of the 

artificial stomach as this is where most stretching activity is likely to occur, such as when 

simulating the gastric toning of the stomach wall and providing for the accommodation of 

food.  

Fig. 13 shows that the composite material has good ability to provide 200% stretch over all 

regions of the stomach, but also that any transverse or circumferential stretching over the 

corpus region is likely to experience stiffer response from the material. Fig. 14 shows images 

of the fabricated composite membrane sac taken at various stages of filling with water; up to 

a 3.5 litre capacity. A greater capacity of filling is possible but not considered to be required 

 

Fig. 13: Stress vs strain performance of the longitudinal and transverse composite membrane 
samples stretched up to 200% of their original length. 
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for the reactor shell as a volume of 1-1.5 litres is a typical volume for a full human stomach. 

The shape and expansion of the membrane was highly influenced by where the sac was held 

or constrained and any contact with surrounding rigid physical objects. When freely 

suspended from the gastroesophageal junction the sac elongates significantly as gravity pulls 

down on the water mass and the elastic material stretches. The membrane material 

experiences longitudinal stretch mostly at the upper region of the sac, while the base tends 

to expand outwards where most of the water content collects. This characteristic of 

membrane stretch, due to gravity acting on its contents, suggests that the shape of physical 

bodies or boundaries surrounding the filled membrane can significantly impact how the 

stomach shape is formed in a bio-relevant manner. 

In the biological system, the surrounding organs and tissue of the abdominal cavity act as 

the physical boundaries to the stomach. These anatomical boundaries are not entirely rigid 

themselves and can react against the expanding stomach wall as it fills with food. The liver, 

pancreas, spleen, and kidney are fixed in position and do not change significantly in size 

during the process of digestion. However, the stomach is situated above the transverse 

colon, which can dynamically change its shape and form as it transports digesta to the 

descending colon. Little is known about what effect the motions of the transverse colon or 

the boundary presence of a filled or empty colon may have on the biomechanical actions of 

the stomach wall. Therefore, the presence of a dynamic moving boundary at the lower 

region of the stomach may require consideration in design of an appropriate biomimetic 

enclosure for the stomach reactor model. 
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During fabrication of the membrane there is potential for pinholes to appear in the 

composite material from inadequate application of liquid silicone. The first layer of applied 

 

Fig. 14: Composite membrane stomach filled with up to 3.5 litres of water while placed on a flat 
surface. 
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silicone requires the greatest attention so that the fabric layer is properly ‘wetted’ and can 

provide a consistent surface for the subsequent layers of silicone to adhere to. The 

appearance of voids or holes within the silicone can create stress points in the composite 

material as it is filled, which can rupture and cause the fluid to leak out when under 

pressure. The appearance of voids can be reduced by degassing the liquid silicone at 90 kPa 

vacuum pressure in a vacuum chamber for 3-5 minutes, which releases dissolved gases 

within the liquid silicone so that it does not form bubbles as it cures. 

If leakage is observed when filling the membrane sac, then these holes can be identified and 

marked so that additional plugging of the holes can be made when the sac has been emptied 

of water. A small amount of silicone can be applied to any marked holes and then left to 

cure to fully seal them. Larger holes or tears in the fabric material can also be patched with a 

small piece of silicone-wetted fabric if necessary, however this should be avoided if possible 

as it can affect the material stiffness of the membrane at these areas and cause expansion of 

the membrane to deform in an unknown manner. 

The alternative template forms used in creating the membrane sacs, the 3D stomach form 

and the sheet-cut 2D form, show no significant difference in the expanded stomach shapes 

formed when the membrane sacs are filled with fluid. The 2D sheet-cut form is however 

significantly easier, cheaper, and faster to produce than the 3D stomach form and is a 

preferred method for membrane fabrication due to these fabrication advantages. The 2D 

MDF form can also be easily altered or scaled in size to create alternative stomach shapes 

that mimic anatomical variances in individuals e.g., scaled to a child-sized version. 
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With the addition of the nylon fabric the transparency of the composite material membrane 

becomes reduced compared to that of a mono-material silicone membrane (Fig. 15). The 

composite membrane remains semi-transparent, but the transparency level can alter 

depending on the type of elastic nylon fabric that has been used and the denier, or linear 

mass density of fibres, of the fabric weave. The colouring of the fabric affects the final 

appearance of the material. Skin-coloured knitted nylon fabric was therefore preferred for 

use over other coloured fabrics as they create a more natural-looking stomach. 

Increasing the thickness of the membrane shell or increasing the hardness of the silicone 

used in the composite material increases the shell stiffness and alters its folding and 

buckling characteristics. The stiffness, folding, and buckling characteristics of the 

 

Fig. 15: Transparent inflatable stomach shape made from 100% silicone rubber and filled with 
coloured water. 
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membrane material are important as to how the shell deforms when being manipulated. 

This influences the generation of peristaltic slow-wave contraction patterns, inner surface 

deformation patterns from the closure of a sphincter, and recreation of mucosal layer 

surface folds. As these characteristics can also differ over different regions of the 

gastrointestinal tract, it may be necessary to alter the membrane shell thickness at different 

anatomical locations for example, thickening of the membrane layer at the pyloric sphincter. 

Another method may be to employ the use of harder or softer silicones within the composite 

material. 

Silicones of different stiffness can be layered on the composite material to create a range of 

different membrane deformation effects. For example, a softer silicone such as Ecoflex™ 00-

10 (Smooth-On Inc., USA) can be layered on top of Ecoflex™ 00-30 (Smooth-On Inc., USA) 

that is used to encase the nylon fabric. If the membrane sac is turned inside-out to place the 

softer silicone on the inner surface of the sac, the softer inner surface silicone layer will 

come under compressive stress and wrinkle and fold as a result. This effect suggests a simple 

method of fabrication for the stomach folds on its inner surface, which can be observed 

when the stomach is un-stretched or empty but disappears when the stomach wall expands. 

An improved method for the mimicry of surface layer folds, or rugae, can be achieved by 

expanding the stomach sac prior to the addition of a layer of soft silicone. Expansion is 

achieved by inflating the membrane sac to a point where the filled sac resembles that of a 

filled stomach and then tying the open ends closed. The sac should be turned inside-out 

before inflating to maintain the correct form of the stomach. The softer silicone is then 

layered onto the outer surface of the expanded membrane to a thickness of 2-3 mm. When 

the silicone is cured, the sac can be deflated and turned inside out to regain its original 
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form. This method of layering on a pre-expanded surface and then inverting the surfaces 

simulates the same effect as when a faster growing inner surface, for instance the innermost 

mucosal layer, is confined from expansion during cell growth by the slower-growing outer 

boundaries of the circular and longitudinal muscle layers. 

The composite silicone and elasticated nylon fabric membrane displays encouraging 

physical characteristics for mimicking the properties of a biological gastric tract membrane. 

Reinforcement of the membrane, provided by the embedding of the elastic fabric, gives it 

improved tear resistance while also allowing the membrane to be constructed with a smaller 

thickness than would be required for a pure silicone membrane. Maintaining a thin cross-

section of the membrane improves its flexibility and folding or buckling characteristics, 

allowing it to mimic the deformation patterns of a biological tract wall more closely. The 

improved tear strength of the thin membrane material also provides a suitable substrate for 

the direct connection of artificial muscles to the fabric-silicone composite.  

3.2. Silicone sponge 

Silicone sponge is silicone rubber with a cellular, sponge-like structure. The structure is 

formed by introducing numerous bubbles, cells, or voids within the liquid rubber as it cures. 

The two forms of sponge that can be created are closed-cell sponge, where the voids or 

bubbles are completely closed off from each other, and open-cell sponge where the cells are 

not closed off from each other and therefore possess an ability to draw in liquids or air into 

the sponge structure.  

These sponge materials exhibit different mechanical properties to those of pure silicone 

structures as the total mass of silicone material used is reduced. The density, stiffness, and 

tensile properties of the sponge material are lower than for pure silicone. However, unlike 



 

73 
 

pure silicone rubber these silicone sponges are capable of elevated levels of compression as 

well as elastic extension, making them useful in applications where both elastic 

compressibility and extensibility are required. The mechanical properties of elastic silicone 

sponge may be useful for influencing specific artificial stomach membrane characteristics 

including fluid retention and absorbency, compressive folding and the forming of soft 

internal ridges, and acting as a conduit for secretion of gastric fluids or lubricating mucus. 

Several different methods could be employed for fabricating silicone sponge [170] including 

direct templating, where a sacrificial solid is added to the curing silicone and removed by 

leaching or melting [171-176], emulsion templating [177, 178], gas foaming, phase separation 

and 3D printing [179]. Silicone sponges have been used in a variety of applications including 

soft robotic biomimicry of the human heart [180], the separation of oil from water [171-173, 

178, 179], pressure and thermal sensing [174, 181, 182], electromagnetics [183], wound 

dressings [184] and the continuous pumping of water through a capillary action [176]. 

A silicone sponge was prepared using the sugar templating method [171-176] and trialled as a 

potential membrane layer for an artificial stomach. The sponge material was first moulded 

as a stand-alone membrane layer on a stomach-shaped form, while a second trial involved 

layering it onto an elasticated knitted nylon fabric to assess its adhesion and folding 

capabilities. The silicone sponge material was made using a ratio of 2:1 granulated sugar to 

liquid silicone, which was mixed in a container until it was evenly distributed. The ratio of 

sugar to silicone allowed for an open-cell sponge structure to be obtained whilst 

maintaining enough fluidity in the sugar-silicone mixture for it to be evenly spread over a 

surface without run-off occurring. The texture of the mixture resembled that of wet sand but 

also exhibited enough fluidity to adhere to itself without collapsing or breaking off. The level 
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of fluidity of the mixture also ensures that the resulting sponge structure form is completely 

enclosed after the curing of the silicone. 

The mixture of sugar and silicone is best applied to a solid or rigid structure since it requires 

to be firmly pressed onto a surface. The amount of pressure to apply may vary depending on 

what is required to spread the mixture evenly, combine adjacent sponge mixture sections 

together, and achieve an adequate thickness of the final surface covering. Use of a rigid, 

rather than flexible, backing material helped to ensure that an even thickness of the material 

could be applied over the entire form. 

A solid 3D stomach form was used as the backing material for the sugar-silicone mixture, 

the fabrication of which is described in Section 3.2. The form was covered with a layer of 

plastic film to help assist in the removal of the cured sponge material from the surface of the 

form. Sections of silicone and sugar mixture were gradually built up by hand-pressing it over 

the surface of the stomach form, while material thickness was periodically assessed by the 

insertion of a pin in various locations of the compacted mixture. A targeted thickness of 5 

mm was sought over the entire stomach form, but due to variability in the applied pressure, 

and inconsistent smoothing of the compacted silicone and sugar surface, this result was 

adjusted to 7 mm ±1 mm.  

A variation of a 3D stomach silicone sponge structure was created with a set of embedded 

expandable braid unit constrictors (Section 4.2). An initial layer with thickness of 3-4 mm 

was spread over the stomach form and allowed to cure. Eleven expandable-braid unit 

constrictors were distributed over the sponge layer by placing them in an orientation 

replicating that of the circumferential muscle layer, beginning from just under the gastro-

oesophageal sphincter, and covering a region from the corpus down to the pyloric sphincter 
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(Fig. 16). A further four unit-constrictors were positioned over the fundus, above the gastro-

oesophageal opening, to represent muscles in an oblique orientation. All constrictors were 

then covered with another 2-3 mm thick layer of silicone and sugar mix to completely 

embed them within the sponge structure.  

Once the silicone had fully cured, the silicone and sugar mixture became rigid due to the 

high sugar content, making it difficult to remove the cured sponge material from the 

stomach form in a single intact piece. The sugar could be removed by dissolution while it is 

in solid form, however, it was desired that the internal surface of the sponge material first be 

coated with an impervious layer of silicone. To accommodate this internal impervious layer 

of silicone, the cured silicone-sugar material needed to be removed from the form with the 

sugar content intact. A cut was therefore made between the fourth and fifth unit-

constrictors and angled towards the oesophageal opening so that the fundus region could be 

flipped back over the top of the 3D mould (Fig. 16).  

When the cured sugar and silicone stomach was removed from the form, liquid silicone was 

poured into the internal cavity, spread over the inner surface, and left to set and create an 

impervious barrier on the inside of the sponge material. The entire sponge structure was 

then immersed in warm water with a little detergent and agitated by hand to assist in the 

dissolving of the sugar. The dissolution process needed to be repeated several times to 

ensure that as much sugar as possible was removed from the structure, at which point the 

sponge structure was allowed to fully dry. 
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To determine the tensile properties of the sponge material three sample lengths each of 

sponge and pure silicone (Ecoflex™ 00-30, Smooth-On Inc., USA) were subjected to uniaxial 

stretching on a universal testing machine (Instron 5960 Dual Column Tabletop). The 

samples were all 25 mm long by 10 mm wide by 7 mm thick. The testing machine was fitted 

with a 30 kN load cell and the sponge samples were stretched at a strain-rate velocity of 200 

mm per minute. Preconditioning of the samples was undertaken by applying 3 cycles of 

 

Fig. 16: A silicone-sugar mixture moulded over a 3D shape of a stomach. Expandable-braid unit 
constrictors are embedded within the sponge material. 
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stretching up to 100% strain prior to stretching the samples to their point of complete 

failure. No recovery period was allowed between the preconditioning cycles and final 

stretch. 

The sponge material was capable of significant extension due to the elastic properties of the 

silicone (Fig. 17). An extensibility of nearly 400% was achieved by the test samples while the 

stiffness of the material was found to be lower than the pure silicone. However, the cellular 

structure of the material also causes the breaking strain of the sponge to be lower than that 

of pure silicone.  

The direct templating method, using granulated sugar as a template filler material for the 

silicone, was employed due to its ease-of-use in fabrication and the low cost of the materials 

and process involved. An open-cell structure was desired so that the sponge material 

demonstrated absorbency of fluids as well as compressibility of the material. Sixty-six 

percent of the mass of the prepared silicone sponge material consisted of granulated sugar. 

Granulated cane sugar has a density of 1.59 g/cm3 while Ecoflex™ 00-30 silicone has a density 

of 1.07 g/cm3, therefore when the sugar was dissolved from the encapsulating silicone the 

remaining sponge structure had a potential compression ratio of up to approximately 57% of 

its original volume. At this compression ratio all the open cells within the structure would 

be compacted. 
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The uncured silicone-sugar mixture was found to readily adhere to elasticated nylon knitted 

fabric in its semi-liquid state. Once cured and the sugar dissolved, the sponge material 

continues to provide good adherence to the elastic fabric, even when stretched to the full 

extensibility of the fabric substrate. This aspect can be exploited to create a sponge-fabric 

composite material suitable for reinforced membrane fabrication of the stomach and other 

gastrointestinal sections. Adequate sealing of at least one of the inner or outer surfaces of 

the sponge material is required to complete the membrane to a condition where it becomes 

impervious to fluid and can contain fluid contents when expanding and contracting. 

The silicone sponge material displays potential as a distinct tissue layer for the artificial 

membrane, particularly as a mucosal or inner layer of the tract because of its low stiffness 

 

Fig. 17: Stress vs strain performance of the silicone sponge membrane. 
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and compressibility characteristics. A short tubular structure of the material was fabricated 

to investigate surface folding characteristics and contraction properties of the sponge. A 100 

mm tubular length of the composite elastic membrane (Section 3.2) was first fabricated to 

act as base structure for the sponge material layers. Elastic nylon stocking of 7 denier (Anko, 

Kmart Australia Ltd.) was pulled over a 35 mm diameter length of polyvinyl chloride (PVC) 

tubing and sealed with liquid silicone (Ecoflex™ 00-30, Smooth-On Inc., USA). When cured, 

the composite elastic membrane tube was expanded over a piece of 70 mm diameter PVC 

tubing to pre-stress the base membrane layer prior to the application of the sponge layer.  

A soft silicone (Ecoflex™ 00-10, Smooth-On Inc., USA) was mixed in with granulated sugar at 

a ratio of 1:2 liquid silicone to sugar by weight and spread over the base composite 

membrane layer at a thickness of 2-3 mm. Once the sugar-silicone mixture had cured, the 

artificial membrane tube was peeled from the PVC tubing and the sugar dissolved from the 

silicone. The two-layer membrane tube was then stretched by 100% over a length of 35 mm 

diameter PVC tubing and held in this position with cable ties. A final layer of liquid silicone 

was spread over the sponge material to seal or semi-seal the membrane tubing and create a 

soft, thin, surface layer. 

 The fully cured three-layer artificial membrane tube was then turned inside out. The 

process of pre-stressing the different layers of the artificial membrane by stretching them 

during fabrication mimics a build-up of residual stress within the membrane as found in 

biological gastrointestinal tract tissue layers i.e., stresses that arise from the different growth 

rates of the tract wall layers. Turning the membrane inside-out then causes the thicker, but 

softer, silicone sponge material layers to fold and buckle as the (now) outer composite 

elastic membrane layer constrains the softer inner layers from expansion. The cutting of a 
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ring-section, obtained from the artificial tubular membrane, into a sector, results in the 

residual stress being released. When floated on top of a body of water the sector will invert 

and curl back against itself as the inner sponge layer is allowed to expand to its equilibrium 

state (Fig. 18). This result compares well with the stress behaviour of biological 

gastrointestinal tissue observed by Gregersen and Kassab [45]. 

To assess the folding capabilities of the composite material several circular rings of different 

internal diameter were used to act as fixed–diameter constrictors on the external surface of 

the artificial tubular membrane. The solid rings were laser cut (Epilog Fusion 120W) from a 

4.5 mm thick sheet of MDF. Fig. 19 shows the ridges and folding that occurs on the inner 

surface of the membrane when constricting the external membrane surface with 40 mm, 30 

mm, 20 mm, and 18 mm internal diameter solid rings. Complete closure of the internal 

 

Fig. 18: (a) A complete ring section cut from the tubular multi-layer artificial membrane. (b) The 
same ring section cut to show the inverted curling of the section as the residual stress within the 
membrane is relieved. 
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lumen occurred at an external circular constriction of 18 mm in diameter. The folding and 

buckling patterns of the inner sponge soft silicone layer were intended to mimic the 

biological patterns observed from a human stomach.  

Analysis of the images in Fig. 19 using image processing software (ImageJ, [185]) was used to 

calculate the internal cross-sectional area of the lumen with respect to the diameter of the 

external constriction. The folding of the membrane wall due to the contractions is 

comparable with the folds found in a human stomach, taken from endoscopic images of the 

closing of the pyloric sphincter. Fig. 20 shows the correlation between lumen cross-sectional 

area and the diameter of the external constrictions can be represented by a 2nd order 

polynomial. This result is useful when determining the amount of external constriction that 

is required to contract the inner surface of the stomach by a desired amount.  

The surface of the inner sponge layer develops small ridges resulting from the compression 

of the softer sponge material by the outer composite elastic membrane. These ridges are 

apparent even when the artificial membrane tubing is turned inside-out (Fig. 21). The ridges 

develop into deeper peaks and valleys as the constriction of the membrane tubing is 

increased. On further constriction the inner surface ridges begin to collide and compress 

into each other, occupying any available space and eventually resulting in the lumen 

becoming fully occluded. The occlusion capability of the sponge when fully constricted has 

significance for use of this characteristic at sphincter regions of the artificial tract. 
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Fig. 19: Demonstration of compressive folding that develops on the inner surface of a multi-layer 
sponge membrane (left) when different diameters of contraction to the external membrane surface 
are applied.  Note: Images of real human stomach sourced from video “ Peristalsis in the stomach, 
endoscopy”. Copyright 2023 by Science Photo Library.  
https://www.sciencephoto.com/media/410578/view/peristalsis-in-the-stomach-endoscopy. 
Reproduced by permission. 



 

83 
 

 

 

Fig. 20: Chart of the lumen cross-sectional area for an artificial tubular membrane at various 
external constriction diameters. 

 

 

 

Fig. 21: The appearance of ridges and folding on the surface of the fabricated pre-stressed multi-
layer artificial membrane tube prior to turning the tube inside-out. 
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Some types of artificial muscle or unit constrictors may be embedded directly within this 

type of sponge material. The main requirements are that the operation of the constrictor is 

not restricted in movement by the surrounding silicone sponge and that the ‘muscle’ 

remains located in its original position. This becomes apparent when the surrounding 

silicone sponge gets entangled within the constrictor material as it is being constricted; 

reducing its ability to attain its full constriction range and creating wear on the silicone 

material by the repetitive abrasive action from constrictor movement. Eventually the action 

of the constrictor may result in it cutting through the surrounding sponge material to the 

membrane surface, effectively dissecting the membrane as it does so.  

To reduce the abrasive effects of movement from the constrictor against the silicone the 

constrictor could either be separated from the silicone by a protective layer, or the 

movement between constrictor and silicone could be minimised as much as possible. 

Providing a protective layer between the constrictor and silicone layers proves difficult as 

the protective layer was also required to expand and contract along with the silicone 

membrane and constrictor. Plastic films were considered but were found to degrade and 

rupture against abrasive action. Use of the composite elastic membrane as a surface layer, or 

the minimisation of any contact movement between the constrictors and the silicone layer, 

are viable options for reducing abrasive wear on the sponge material. 

Holes or tears in the sponge material can be repaired by adding patches of uncured silicone-

sugar mixture to the affected areas. The cured mixture requires dissolution of the templated 

sugar prior to use, but the resulting adherence of silicone to silicone is strong and the 

membrane will again take on the appearance of a single structure with homogenous physical 

properties. This ability to add sections of sponge material to itself after the sugar has been 
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dissolved from the original material, and that it can be applied to other surfaces such as 

fabrics and pure silicone, shows that the sponge material can be added to other membrane 

surfaces after their initial fabrication. This suggests that the sponge material could be added 

to silicone sponge surfaces, pure silicone surfaces, or even silicone-fabric composite 

membranes in a way that they can provide open-cell porous sections or pathways through a 

non-porous membrane structure. This suggests suitability for the material to perform as 

some form of artificial mucosal layer. 

A disadvantage to use of the silicone sponge material as an artificial membrane layer is a 

reduction in transparency of the silicone due to its cellular structure. The matrix of voids 

within the silicone refracts visible light which causes the material to become opaque. Some 

amount of translucency can be regained if these voids are again filled with a clear liquid, but 

the level of transparency is less than that obtained with pure silicone rubber. The 

application of sponge material as an inner porous layer is also likely to reduce overall 

transparency or translucency of a multi-layered artificial membrane significantly. 

The mechanical strength of the sponge material is also affected by the density of its porous 

structure. Silicone sponge material is softer and less stiff than pure silicone but also 

susceptible to increased tearing at large strain. If the sponge material is not reinforced e.g., 

embedded with an elastic fabric, the thickness of the sponge is required to be significantly 

increased to achieve similar strength properties to solid silicone membranes. This material is 

therefore not considered to be ideal as an artificial membrane on its own but displays 

potential as a lining material for the inner surfaces of a composite membrane, due to its 

porosity and absorption capabilities as well as its compressibility and folding characteristics. 

Silicone sponge absorption capabilities require further investigation for its use as a liner 
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material in an artificial stomach, as unadulterated silicone sponge is hydrophobic but will 

readily soak up oils and organic solvents [171, 173].  

3.3. Summary 

Mimicry of the physical characteristics of a biological stomach tract wall can be achieved by 

using a multi-layer approach in the fabrication of a membrane for an artificial stomach 

reactor. One approach involves using a combination of a reinforced outer layer made from a 

composite of silicone rubber and elastic nylon fabric material, a compressible porous 

middle-layer made from silicone sponge, and an internal surface layer made from soft 

silicone to act as a barrier against fluids and gastric contents. The three layers demonstrate 

mimicry of the biomechanical characteristics of the extra-cellular matrix (ECM) and serosa, 

the sub-mucosal layer, and the mucosal layer of the biological tract wall, respectively. Pre-

stressing of the layers, by stretching them prior to the addition of subsequent layers, can 

result in the appearance of contractive and folding characteristics like those of biological 

systems. The combination of physical characteristics and material properties contributed by 

each of the individual layers results in a composite material that demonstrates suitability as 

a biomimetic stomach membrane. 
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Chapter 4  – The Muscles 

Digestive tract motility is dependent on the contraction and expansion interactions 

occurring between the muscle layers in the longitudinal and circumferential orientations of 

the tract [1]. During peristaltic contractions, the longitudinal muscles relax, extending as the 

circumferential muscles contract. Similarly, the circumferential muscles relax as the 

longitudinal muscles contract. Mimicry of this basic expansion and contraction interaction 

between the muscle layers can be challenging to achieve in a controlled physical model. 

Artificial muscles mimicking those of the stomach require physical characteristics 

resembling biological smooth muscle including contraction force, contraction range, 

flexibility, comparative size and form, connectivity to the membrane, and controllability. 

Several innovative designs of ‘soft’ actuator have been considered that attempt to simulate 

these muscle characteristics. They incorporate linear compressive and expansive actuation 

in combination with material flexibility, allowing the artificial muscle segments to flex and 

bend in response to external forces. 

This chapter describes the development of artificial muscle actuators and their 

implementation including unit constrictors, deforming braided membrane structures, 

tendons and Bowden cables, and an exploration of aspects of reactor membrane and muscle 

interconnectivity. Section 4.1 involves the development of a range of individual artificial 

muscles, or unit constrictors. The unit constrictors are made from inexpensive nylon fishing 

line or expandable braided sleeve and are designed to replicate the action of separate 

bundles of muscle. An evaluation of potential connection methods for attachment of the 

artificial muscles to a flexible elastic membrane is included. Section 4.3 introduces a tubular 

braided membrane structure for moving and mixing materials using controlled peristaltic 
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deformation patterns. The remaining section (Section 4.4) investigates the use of Bowden 

cables for providing distanced actuation of the artificial muscles through the pulling of 

flexible tendons. ‘Tendons’ refer to the flexible line or cable that passes through the artificial 

muscles and hollow Bowden cables. 

4.1. Unit constrictors 

This section describes the development of a range of artificial muscles made from 

inexpensive expandable braided sleeve and nylon fishing line that effectively mimic several 

desired characteristics of biological smooth muscle including:  

i. they provide sufficient contractive force whilst maintaining a highly flexible form 

ii. they will relax back to their original unloaded length 

iii. they are sufficiently small and compact in size to be embedded within, or on top of, 

another layer of membrane material 

iv. they can maintain a layer thickness comparable to actual muscle layer thickness, and 

v. they can be effectively controlled via tendons pulled by basic winding mechanisms.  

Biological muscle action involves a strong unidirectional contraction only. As the muscle 

cells are relaxed a reciprocal muscle action, acting in another direction, is required for the 

muscles to extend and return to their original length. This suggests that a reciprocal pair of 

artificial muscles may be used to mimic the action that biological muscles display. However, 

the need for a reciprocating pair of artificial muscles may not be necessary if the returning 

action of the muscle can be carried out passively by design. 

There are a variety of ‘soft’ artificial muscles that have potential to display characteristics 

and properties like those of the smooth muscle layers of the gastrointestinal tract including; 
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electro-active and photo-active polymers [99-102], electrically-driven hydrogels [103-107], 

phase-change materials [108], pneumatic or fluid-driven actuators [109-111], shape memory 

alloys  [112], twisted nylon fishing line or thread [113-121], origami or kirigami based actuators 

[109, 122-124], knitted or woven textile actuators [186] and worm-like peristaltic locomotion 

robotic platforms [129, 131, 132, 187-197]. Many of these artificial muscles may be cost-

prohibitive, difficult to effectively implement or control, or require complex fabrication 

methods. Some of them are only partially soft in their construction as they can require rigid 

or solid materials to complete their actuation capability or to contain the artificial muscle. 

Others may require heating or produce significant amounts of heat during operation, which 

could complicate temperature control of the stomach reactor. 

An external or indirect force applied to the flexible surface of a membrane is a common 

approach for many dynamic in vitro gastric tract simulation models that employ some form 

of mechanical muscle actuation [24-28, 67, 68, 70, 71, 79]. The artificial muscles are typically 

not physically attached to the membrane but instead provide an external force or pressure 

that deforms the surface of it, therefore the membrane moves with the muscle action, but 

the muscles do not necessarily move with the membrane surface as it deforms elsewhere 

along the tract. Membrane surface deformation created from detached, externally applied 

contractions can result in limited ability to control the overall deformation pattern of the 

membrane wall. 

To effectively mimic artificial smooth muscle the unit constrictors should be able to 

passively flex and elongate or extend along with the membrane surface. If the artificial 

muscles are bonded or attached to the membrane, then they will follow the stomach wall as 

it moves and deforms. Without this characteristic the muscles could restrict much of the 
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deformation that typically takes place. Fully attached constrictors can also passively provide 

compressive stress to the membrane that mimics the contractive and folding characteristics 

of actual biological gastric wall tissue when in an un-filled state i.e., mimicry of the folding 

that results from differences in tissue growth rates between the inner mucosal layer of the 

wall and the muscle tissue layers [47], and the residual stress that these different growth 

rates create [39]. 

A further requisite for the effective use of simulated artificial muscle bundles is that they can 

be linked together in some way. The interconnected artificial muscles can then mimic a 

single unified layer of muscle that can be built into, and become, an integral part of the 

reactor membrane. A unified muscle layer made from individual unit constrictors allows for 

various sections of the layer to be controlled independently, and subsequently behave in a 

manner like that of the mimicked biological material. An example of this is the action of 

peristalsis, where the contraction of a series of adjoining muscle bundles are triggered in 

sequence, one after the other, to create a wave-like contraction pattern. Attachment of the 

unit constrictors directly onto a contiguous substrate or layer of elastic material would 

achieve the desired connectivity and interaction between each constrictor and form a layer 

of artificial muscle. 

The unit constrictors described in this section have ability to contract and yet return to their 

original length upon relaxation. The returning action comes from compression of a coil or 

set of coils during the contraction of the unit constrictor. The stored energy of the 

compressed coil provides a restoring force for the unit constrictor. This allows the artificial 

muscle to perform constrictive actions and then return to its original un-loaded length 

without the need for a reciprocal set of artificial muscles. The compact design of this 
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artificial muscle also means that it has a small footprint on the reactor and requires few 

additional mechanisms to be put in place to control the muscle action. 

4.1.1. Coiled nylon fishing line 

Commercial nylon fishing line is a low-cost material that can come in a wide range of 

diameters and rated tensile strengths. Nylon line was selected because it is non-metallic, has 

high flexibility, and provides low a surface friction against many types of material. Coiled 

nylon unit constrictors were fabricated using 0.4 mm, 0.57 mm, and 0.8 mm diameter 

commercial nylon (polyamide 6/6) fishing line to provide actuation mechanisms for 

simulating the contraction of individual muscle sections or bundles of muscle tissue. The 

unit constrictors were designed in the form of a compressible spring by tightly coiling nylon 

line over a solid rod or mandrel and heat-setting the coils in place. Flexible tendons or 

lengths of nylon line were threaded through each coil to provide cable-driven actuation for 

the compression and expansion of the unit constrictor.  

Nylon line from each of the different diameters were cut from rolls of fishing line and 

wound around mandrels made of solid steel welding rods of 1.2 mm and 1.8 mm diameter. A 

mandrel was inserted into a cordless electric-drill chuck along with one end of the nylon 

line and the chuck was closed around them so that they were held in place. Another short 

length of 2.4 mm steel rod was held perpendicular to the mandrel so that a consistent 

spacing between the formations of each rotation of the coil could be made. The drill was 

then slowly turned to wind the nylon line as a helical coil around the mandrel. 

When a 100 mm length coil had been formed the nylon was held in place with adhesive tape 

to prevent it from uncurling. The nylon was then annealed by passing it over a 200° Celsius 

temperature source, provided via a heat-gun, so that the nylon would soften to a glass 
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transition state and the residual stress energy formed in the coiling process could be 

released. Once it had cooled to room temperature the same annealing process was repeated 

two more times to ensure that all residual stress was removed from the nylon and that the 

coil would not unwind when removed from the steel mandrel. To complete the coil as a unit 

constrictor a length of flexible line was threaded through each of the prepared nylon coils to 

act as a contractive tendon or cable (Fig. 22).  

4.1.2. Expandable braid 

Expandable braided sleeve is commercially available as a cable management product and is 

made from numerous thin flexible thermoplastic filaments that are woven to create a hollow 

tubular strip of intertwined helical coils. Manufacture of the expandable braid is undertaken 

 

Fig. 22: (a) Looped nylon spring coil unit constrictors in both an expanded and contracted state. (b) 
A close-up image of the nylon coil showing the tendon threaded through it. 
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via complex mechanical rotary braiding machines known as ‘maypole’ braiding machines 

[198] and similar expandable braid materials have been used with pneumatic balloons in 

McKibben-type artificial muscle actuators [199, 200]. As this braid is constructed from 

numerous helical coils it has similar spring-like attributes to that of a single coil spring, 

however the intertwined helices of the braid threads are orientated in both clockwise and 

anti-clockwise directions which cause the braided material to form a tubular shape that will 

expand transversely as the tube is constricted longitudinally. 

Lengths of 3 mm diameter expandable braid, left in the unexpanded state, were cut using a 

hot knife to prevent the ends from fraying. A flexible nylon tendon was threaded through 

the centre of each length of braid to provide a means for constriction of the expandable 

tubing. Loops of artificial muscle can be created by connecting the two ends of braided 

tubing together and providing a single outlet point for the nylon tendon. Expandable braid 

is made from fine threads of polymer that exhibit spring-like characteristics like those of the 

coiled nylon line. The braid also displays a similar ability to self-return to its original 

unloaded length when in a relaxed state (Fig. 23). 

4.1.3. Unit constrictor contraction force tests 

Contraction ratios were obtained from unit constrictor samples by dividing the change in 

circumference, or perimeter, for each constrictor (Pi – Pf) by the unit constrictors’ initial 

circumference (Pi) and multiplying the result by 100% (Eqn. (4-1)). A negative contraction 

ratio would therefore indicate that expansion has taken place.  

 

Where: Pi = initial looped unit constrictor circumference, Pf = final looped unit constrictor circumference 

𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 = (
𝑃𝑖−𝑃𝑓

𝑃𝑖
) × 100%     (4-1) 
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The tensile and contraction tests were undertaken on a universal testing machine (Instron 

5960 Dual Column Tabletop) at a velocity of 250 mm per minute using a 30 kN load cell. The 

tests involved attaching the nylon coil type unit constrictors to the universal testing 

machine grips and contracting the coils. A 1.0 mm diameter rigid brass rod was used to act 

as a tendon for the constrictors so that they would not buckle out of axis as they were being 

contracted. One end of the brass rod was looped to prevent it from pulling through the 

spring-coil or braided tubing. Contraction tests required a custom-made rig that held each 

constrictor in place at the lower testing machine grip while the solid brass rod, acting as a 

tendon, ran through the centre of the constrictor and was connected to the upper grip of the 

testing machine. The solid rod was displaced by the upper testing machine arm so that the 

force used to contract the unit constrictor could be measured. 

The maximum contraction ratio that can be achieved differs between nylon spring coils 

depending on the original helix angle provided during their fabrication. To minimise any 

 

Fig. 23: A loop of expandable braid tubing being contracted from its relaxed state (a) to its fully-
constricted state (b). 
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differences in the resulting contraction ratio all nylon spring coil samples were given an 

initial helix angle of 45°. 

Testing of the coiled nylon line unit constrictors indicate a linear stiffness during the linear 

contraction and extension tests (Fig. 24 and Fig. 25). The contraction ratio of the coiled 

nylon line unit constrictors, when the coil was turned end-to-end into a loop, can reach over 

60% from its original unloaded or ‘relaxed’ length (Fig. 26). The contraction ratio of the 

braid can reach also reach over 60% of its initial extended length, which is on par with the 

maximum contraction ratios exhibited by the coiled nylon. The stiffness of the 

monofilament nylon coils appears to increase as the diameter of the nylon used is increased. 

Looped and linear forms of the expandable braid unit constrictors showed non-linear 

stiffness during contraction (Fig. 27).  

Various nylon line coil constrictor widths can be created by changing the diameter of the 

nylon line and the internal diameter of the spring as set by the diameter of mandrel used for 

winding of the spring-coil. Fig. 28 shows two unit-constrictors of different widths, 3.4 mm, 

and 1.2 mm. Altering the width of the unit constrictors can be useful when attaching them to 

a smaller or larger size of the artificial stomach shell, the number of ‘muscle bundles’ that 

can potentially be placed over a specific region can be increased when the unit constrictors 

are of smaller or narrower width. For example, the fabrication of a stomach reactor to mimic 

a child’s stomach would benefit from use of narrow unit constrictors due to the smaller 

surface area available over the stomach wall. 
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Fig. 24: Compression test results of 0.4, 0.54, and 0.80 mm monofilament (a) Nylon springs made 
with 1.2 mm internal diameter and (b) 2.4 mm internal diameter. 
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Fig. 25: Extension test results of 0.4, 0.54, and 0.80 mm monofilament Nylon springs made with (a) 
1.2 mm internal diameter and (b) 2.4 mm internal diameter. 
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Fig. 26: Force versus contraction ratio test results of looped monofilament nylon springs made with 
(a) 1.2 mm internal diameter and (b) 2.4 mm internal diameter. 
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Fig. 27: (a) Force versus compression and (b) force versus looped contraction ratio test results of 
expandable braid. 
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4.1.4. Connecting unit constrictors to a membrane 

Several different methods for interconnecting the two types of unit constrictors to a 

membrane were explored including embedding the constrictors within multiple layers of 

membrane material, attachment of the expandable braid via flexible intermediary materials 

that adhere to silicone, and the sewing or tying of the nylon coils directly to the embedded 

fabric material of the membrane. Individual constrictors made from lengths of expandable 

braid can be combined into a structure of interconnected longitudinal and circumferential 

artificial muscles that can be ‘morphed’ (Fig. 29). A model was fabricated from expandable 

braided tubing lengths that were measured to match the dimensions of a 150% scaled 

 

Fig. 28: Coiled nylon unit constrictors of (a) 3.4 mm and (b) 1.2 mm width. The scale is shown in 
millimeters. 
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version of an actual stomach derived from a three-dimensional CAD model of a scanned 

human stomach (BodyParts3D, © The Database Center for Life Science licensed under CC 

Attribution-Share Alike 2.1 Japan). The network of artificial muscles can have the 

expandable braid unit constrictors independently actuated to morph various regions of the 

structure and return it to its original structural form when they are relaxed. Peristaltic 

operation of the constrictors remains possible even when the structure has been morphed to 

an entirely new form and the stomach has taken on a new shape. 

The structure of the morphing interconnected expandable braid tubes maintains a good 

correlation to the general form of a stomach. Actuation of the individual constrictors also 

allowed for changes in the overall shape to be made or for a sequence of peristaltic 

contractions to occur. However, connecting a membrane to the muscle structure proves 

difficult. The braided tubing does not adhere well directly to silicone surfaces and loosens 

from the membrane material after multiple contractions of the constrictors. The braided 

 

Fig. 29: Examples of interconnected expandable braid artificial muscles forming a ‘morphing’ 
stomach shape. 
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tubing also tends to twist and buckle when undergoing contractions, causing it to pull away 

from the material it is attached to. Another disadvantage was the expandable braids’ 

inability to extend sufficiently. The braid unit constrictors could initially be heat-set at a 

semi-constricted length to provide some additional allowance for extensions to take place, 

but the overall range of extension and contraction of the expandable braid was more limited 

than that displayed by the coiled nylon spring unit constrictors. 

One method explored to maintain connection between the expandable braid tubing and the 

membrane was to use an intermediary material. The material would need to adhere well to 

silicone while still being connected to the braid, allowing the unit constrictors to flex and 

move more freely when actuated. This intermediary material would mimic the extracellular 

matrix (ECM), a layer composed of collagen and elastin tissue that connects the various 

layers of the gastric wall. A soft silicone sponge strip, with holes in it to allow the threading 

of the unit constrictor through it, was used for testing this method of connection (Fig. 30). 

The sponge strips can be bonded directly to a silicone membrane layer at various points 

along their length. Solid silicone strips were initially trialled but were found to be much 

stiffer than the silicone-sponge material, required a significantly greater force for achieving 

actuation, and caused the membrane to buckle in an uncontrollable manner when 

contractions were applied. 

Another connectivity approach was to embed the unit constrictors within multiple layers of 

membrane material. This approach mimicked the multi-layered structure of the biological 

gastric wall. Unit constrictors were placed as a separate layer over the artificial membrane 

and then covered with another layer of membrane material (Fig. 31). The constrictors were 

able to contract within the layers they were embedded in and remained in a fixed location 
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on the membrane. Single unit constrictors were able to be effectively embedded, but 

challenges were experienced with the side-by-side embedding of multiple constrictors.  

It was difficult to create an adequate bond between the inner and outer membrane layers so 

that adjacent unit constrictors were kept apart. The multiple layers also increased overall 

stiffness of the membrane. The increased stiffness of the membrane caused excessive 

buckling and folding to occur over the artificial gastric wall. It also created torsional 

deformation of the embedded unit constrictors when they were contracting, and a larger 

tension force was required when pulling the tendons during actuation of the artificial 

muscles. 

 

Fig. 30: An example of expandable braid unit constrictors threaded through flexible silicone sponge 
strips and placed over a silicone stomach shape. 



 

105 
 

Nylon spring-coil constrictors can be directly tied onto the surface of an artificial composite 

membrane. Tying onto the membrane is best done while the membrane is placed over a 

rigid form, as in the flat wooden template form described in Section 3.2 (Fig. 9). Using a 

rigid form as a backing material makes it easier for positioning the unit constrictors into 

their correct locations. The spring-coils were pre-stressed by extending them by 20% before 

attaching them over the form. A 0.25 mm diameter nylon line, thread through the 

membrane material with a needle, was used to tie each of the spring-coil constrictors to the 

 

Fig. 31: Unit constrictors embedded within layers of artificial membrane. 
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nylon fabric layer of the membrane at regular intervals. After tying all the constrictors, the 

entire membrane was removed from the form and turned inside out so that a layer of 

silicone could be applied to the inner surface. Upon curing, the additional layer of silicone 

assisted in resealing the membrane once more to a watertight condition.  

In a relaxed state the constrictors would contract a small amount, due to the amount of pre-

stressing of the coils prior to attachment, and a visible pattern of folding of the silicone-

fabric membrane could be observed (Fig. 32). This folding was created to mimic formation 

of the rugae folds that appear on the inner surface of the biological stomach wall when it is 

in an un-expanded state. The observed pattern of folds correlates with the locations on the 

membrane where the constrictors are physically tied with nylon line. Changing the number 

of, or distance between, the tied locations of the constrictors can therefore affect the folding 

pattern forming over the membrane surface. 

The unit constrictor type of artificial muscle show good potential for mimicking and 

simulating the muscular biomechanics of the stomach wall and exhibit several beneficial 

properties including: 

i. They provide a contractive force that can be controlled through applied tension to 

a flexible tendon. 

ii. The amplitude of the contraction can be controlled by the displacement of the 

tendon. 

iii. They maintain a highly flexible form that follows the deformation of the elastic 

membrane material they are attached to. 

iv. They return to the original length and form of the artificial muscle when tension 

on the tendon is removed. 
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v. They are small and compact. 

vi. They can be embedded within a layer of membrane material or attached close to 

the surface of an artificial membrane and create 'layers' of artificial muscle tissue. 

vii. They have a thickness like that of biological muscle layer thicknesses. 

These types of unit constrictor actuators are highly flexible with a controllable contraction 

rate that can be maintained even when they twist out-of-plane. However, there are some 

differences between the coiled spring and expandable braid unit constrictors. The maximum 

contraction ratio achievable by the expandable braid was found to be 70% compared to 80% 

for the coiled nylon spring unit constrictors. The transparency of the unit constrictors made 

 

Fig. 32: Direct tying of nylon spring coil unit constrictors onto an artificial membrane surface. 
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from the expandable braid was also reduced due to the number and colour of the threads it 

was made from and the interlocking weave of the braided tubing. 

Contraction of the expandable braid results in a transverse expansion of the tubing material 

during axial contraction of the coils. Less torsional twisting of the expandable braid would 

occur compared to the coiled nylon springs, but an increase in twisting of the expandable 

braid loops is noticeable when the loop diameter was increased in size. The widening of the 

expandable braid tubing from constriction gives the braided unit constrictors a muscle-like 

appearance during contractions, as bundles of biological muscle fibre will also thicken as 

they contract. 

The unit constrictor artificial muscles contain no metal or rigid parts, and are remotely 

actuated via flexible tendons, so they eliminate any need for electrical or thermal operation 

mechanisms to be placed directly onto, or close to, the reactor membrane. This aspect 

improves controllability over temperature regulation of the reactor shell, while also allowing 

for the potential use of magnetic tracing techniques without interference occurring from 

nearby metal components. 

4.2. Braided structures 

Some braided structures have shown an ability to deform in a peristaltic manner. An 

example is the expandable braid material used for creating unit constrictors in Section 4.1. 

The spiral geometry of the interweaved threads has been applied in creating the peristaltic 

motion displayed in locomotion of worm-robots [129-132], and in the design of 

gastrointestinal stents [133].  
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A method for contracting the braided structure in a patterned peristaltic manner was 

investigated by deforming a tubular braided structure with constricting flexible tendons 

(Appendix A). In this way, the controllable contraction patterns that were created have the 

potential for being used in the moving and mixing of food materials within the internal 

cavity of the structure. This method has applicability in mimicking the transport of a bolus 

of food through the oesophagus and is described further in Section 5.1.2 where it is used in 

the design of a linear peristaltic pump. 

One aspect of the commercially available expandable braid tubing used to create the tubular 

structures described in Appendix A and Section 5.1.2 is that the braid exhibits a limited 

extent to which it can be expanded and contracted. Limit to contraction meant that full 

closure of the lumen was not possible without addition of a thick inner tube, made of 

silicone, being placed inside the braid. However, a significant amount force is then required 

to contract both the braided structure and the thick inner silicone tubing. The thickness of 

the required inner silicone tubing also alters the peristaltic deformation of the structure and 

flattens out the peristaltic contractions. As a result, a method for increasing the maximum 

contraction limit of the braided structure was considered. 
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Increasing the maximum contraction limit of the braided tubing would mean that a thinner 

and more deformable inner tubular sleeve of silicone could be used. A complete closure of 

the lumen can then be achieved with improved deformation properties and less constrictive 

force being applied by the tendons. Complete occlusion of the lumen can be approached by 

increasing the spacing between the braided threads or by reducing the total number of 

threads the structure is constructed from. A hand-made braided tube was created using 1.0 

mm diameter nylon line that was thread in an over-under pattern along a 50 mm diameter 

tube of polyvinyl chloride (PVC) (Fig. 33). The hand-made braid was capable of complete 

closing of an inner membrane when constricting it with circumferential nylon tendons. The 

 

Fig. 33: (a) A braided tube constructed with nylon line. (b) The same nylon line braided tube 
displaying different levels of expansion and contraction. 
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hand-made braided structure also displays considerable radial expansion capabilities when 

the axial length of the braided tube is contracted. 

4.3. Tendons and Bowden cables 

Flexible Bowden cables allow for remote actuation of an end-effector to take place, in this 

case the drawing and releasing of a unit constrictor tendon (Fig. 34). Bowden cables are 

hollow, flexible cables that are used to transmit mechanical force or energy by the 

displacement of an internal tendon relative to the outer housing. The cables may 

incorporate a composite structure using a tightly coiled helix with a flexible plastic outer 

coating. Some Bowden cables also have an inner lining made of PTFE 

(polytetrafluoroethylene) or similar material to assist in lowering frictional contact with the 

moving tendon. 

The Bowden cable acts as a conduit for the displacement of the tendon while the actual 

 

Fig. 34: Bowden cables running unit constrictor tendons from a braided tube. 
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pulling force behind the tendon displacement can be located at some distance from the unit 

constrictor. This allows the artificial muscles to be near to or directly on the reactor 

membrane without the need for a driving mechanism or pulley system to be placed directly 

alongside them. The ability to free up space around the actuating artificial muscles allows 

the membrane to deform more freely without colliding into other objects. 

Polyvinyl chloride (PVC) or polypropylene (PP) flexible tubing was initially employed to act 

as a basic Bowden cable, but flexibility was limited and surface friction with the movement 

of the nylon tendon was significant. Friction would increase as the bending angle of the 

Bowden cable increased, which resulted in a larger pulling force being required to draw the 

tendon through the cable. Curtain wire, which was narrower, more flexible and exhibited 

lower friction, was investigated, but it had an intrinsic stiffness to it due to the steel coil it 

was comprised of. Use of a nylon coil for the Bowden cable was considered for improving 

the overall flexibility and reducing friction against the nylon tendon.  

As no nylon Bowden cable could be commercially sourced it was fabricated to specification. 

A length of nylon line was taped to one end of a steel rod 1.8 mm in diameter. The rod and 

nylon line were placed into a cordless drill chuck and the nylon line was slowly wound 

around the rod while ensuring that the coils were packed tightly together. This was 

continued until a desired length of the Bowden cable was achieved, at which point the loose 

end of the nylon line was attached to the rod by a piece of adhesive tape to prevent the coil 

from unwinding. 

The coil was then heated while on the steel rod using a heat gun at a temperature setting of 

200° Celsius. The heat was passed over the coil in a reciprocating manner from one end to 

the other while slowly rotating the rod at the same time. Several passes were made over the 
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rod before removing the heat and allowing the nylon coil to cool. This process was repeated 

two or three times to ensure that the coil was set in place and would not unwind when 

released from the rod. 

Before removing the coil from the rod, a length of 3 mm diameter heat-shrink tubing was 

placed over the nylon coil and heated with a heat gun to shrink the tubing in place and 

further ensure that the coil could not unwind. When cooled, the covered nylon coil (Fig. 35) 

was removed from the rod using a gentle twisting action and the ends of the fabricated 

Bowden cable trimmed with a pair of scissors. 

The internal diameter of the cable should be at least 1.5 times the diameter of the tendon or 

tendons passing through it. This reduces the amount of surface friction that the tendon 

encounters as it moves through the Bowden cable. Two 0.4 mm diameter tendons can pass 

through a 1.8 mm internal diameter Bowden cable easily and with little resistance.  

Bending of the Bowden cable causes increased friction between the tendon and cable to 

occur [201-203]. Maintaining as small a bending angle as possible reduces the amount of 

friction encountered when pulling the tendon. However, the purpose of the Bowden cable is 

to allow as much freedom of action for the end-effector or unit constrictors as possible. A 

 

Fig. 35: A nylon coil Bowden cable with a pair of nylon tendons running through it. Part of the outer 
plastic sheath has been removed to expose the nylon coil. 
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small increase in friction through increased bending angles can be justified by allowing the 

unit constrictors a greater freedom of movement.  

The type of material used for the flexible tendons of the artificial muscles is required to 

exhibit limited stretch when placed under tension. This is because a stretching tendon 

affects the amount of displacement of the tendon taking place during a unit constrictor 

contraction. This in turn affects the calculation of the contraction ratio that is achieved. 

Three types of flexible tendon material, nylon monofilament (Maxistrike, 15 lb, 0.40 mm), 

fluorocarbon monofilament (Black Magic Tough Fluorocarbon, 20 lb, 0.40 mm), and 

polyethylene braid (Black Magic Hyperglide 13x Braid, 50 lb, 0.405 mm), were tested using a 

universal testing machine to determine the amount of stretch – strain - of the tendons when 

placed under increasing level of tensile force (Fig. 36). The polyethylene braid showed the 

 

Fig. 36: Tensile force test results of three different tendon line materials. 
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least amount of stretch when placed under tension and is the most suitable of the three 

types of flexible line to use as a unit constrictor tendon. 

4.4. Summary 

This chapter explored the use of three diverse types of artificial muscle for deforming the 

flexible membrane of an artificial gastric tract. The first of the artificial muscles were unit 

constrictors made from coiled nylon line and an expandable braided sleeve, the second 

involved contraction of the surface of an expandable braided tube. The artificial muscle 

systems investigated involved the pulling of tendons to control their contractive action. 

Tendon actuation was found to be a highly controllable method for obtaining a desired 

contraction force and amplitude of contraction for the artificial muscles. Flexible fabricated 

nylon Bowden cables were developed to decouple the artificial muscles from a tendon 

pulling system and provide the constrictors with greater freedom of movement over an 

attached membrane. 

Unit constrictors made from coiled nylon line and expandable braid (Section 4.2) display 

high flexibility and controllability within a compact form. Both forms of unit constrictors 

had similar maximum contractive ratios of 60-70% of their initial length. However, the 

coiled nylon line also had the ability to extend or expand beyond its initial length and 

displayed better flexibility. The unit constrictors can be connected to create a layer of 

artificial muscle by attaching them onto a flexible elastic substrate material. Connected 

artificial muscle layers made from unit constrictors exhibit a good ability to mimic the 

mechanical characteristics of biological smooth muscle layers. The shape of the membrane 

the unit constrictors can be attached to may be complex and irregular, such as the shape of a 

stomach, and may involve substantial expansion. The high flexibility of the coiled nylon line 
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unit constrictors allows them to closely follow the surface deformation and folding of 

complex membrane shapes. 

Expandable braided tubing forms a tubular structure made from many fine intertwined coils 

that display a smooth, wave-like deformation of the tubular surface when placed under 

controlled contractile activity. Contractive tendons can be threaded through the braided 

tubing to constrict the structure at specific points and create peristaltic deformation 

patterns. The expandable braid can be placed as a sleeve or sheath over an elastic tube and 

act as an artificial layer of muscle. This type of artificial muscle layer may best be used in 

mimicking contractive actions over long tubular sections of the gastric tract e.g., the 

oesophagus.  
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Chapter 5  – Actuation of the muscles 

Actuate means to put into motion or action. Control over the mechanical deformation of a 

simulated gastric tract membrane involves actuating the artificial muscles at a specific time 

and location, depending on the biomechanical deformation pattern being mimicked. 

Deformation patterns can differ significantly between anatomical regions and digestion 

phases. To successfully mimic the biological system, consideration should be given to the 

diverse types of membrane deformation patterns that occur and appropriate mechanisms or 

methods of actuation that can be used to obtain these patterns.  

The major anatomical regions of the human gastric tract of interest in this study are the 

oesophagus, stomach, and the proximal region of the duodenum. The stomach is sub-

divided into four anatomical regions; the fundus, corpus, antrum, and pylorus (refer Fig. 2, 

Section 1.1). However, functional regions may span the anatomical boundaries and are where 

specific digestive functions take place. For example, the gastric reservoir functional region 

includes the fundus and corpus sub-regions of the stomach and is where tonic contractions 

take place to provide for the accommodation of ingested food. Tonic contractions create a 

continued muscular tension and occur at the lower oesophageal and pyloric sphincters 

which manipulate the entry and emptying of contents within the stomach. The gastric pump 

functional region is where phasic contractions such as peristaltic waves occur. Phasic 

contractions can span the corpus, antrum, and pylorus sub-regions of the stomach 

depending on the type and extent of gastric pumping taking place.  

Receptive, adaptive, and feedback mechanisms can trigger deformations which promote the 

gastric relaxation of the stomach wall. Receptive stomach mechanisms involve a brief 

relaxation of the gastric reservoir during chewing and swallowing actions. The act of 
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swallowing stimulates mechanoreceptors in the pharynx and oesophagus and prepares the 

stomach for an incoming bolus of food. As it fills, intragastric pressure within the stomach 

body increases which triggers an adaptive mechanism to expand the stomach volume [204]. 

The sensing of the presence of gastrin, a hormonal control chemical, is a feedback 

mechanism that triggers the stimulation of additional gastric juice secretions [3]. Sensing of 

nutrients in the chyme within the small intestine causes additional relaxation of the gastric 

reservoir, delaying emptying of the stomach and allowing more time for the intestine to 

process the available nutrients [3].  

The function of the gastric reservoir is to store and empty the stomach contents. The 

emptying process is carried out by two mechanisms: tonic contraction of the reservoir and 

small peristaltic waves moving over the upper corpus region of the stomach. Mixing and 

evacuation of the contents typically only involves a superficial layer of chyme that has been 

diluted by gastric juices [3]. During this process, pH level remains high within the stomach 

and the digestion of starch by amylase continues to occur within the middle region of the 

stomach. 

The gastric pump process involves the creation of peristaltic waves that begin mid-way over 

the stomach region and propagate toward the pylorus. The peristaltic waves occur 2 to 3 

times per minute - every 20-30 seconds - and are triggered by electrical waves originating 

within the stomach wall. The electrical waves are initiated by the interstitial cells of Cajal 

(ICC) which produce electrical potential signals and act as pacemakers for the triggering of 

the peristaltic muscle contractions [205]. The frequency and propagation velocity of the 

peristaltic slow waves are determined by these pacesetter potentials. The pacesetter 

potentials are always present but may not always trigger a peristaltic contraction wave due 
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to the electric potential being below a necessary threshold level for actuation. Upon 

reaching the threshold level, excitatory neurotransmitters, one of the most prominent being 

acetylcholine, are released and induce an electro-mechanical coupling [3]. However, the 

findings from Hocke et al. [206] suggest that minute slow-wave contractions still occur even 

when the pacesetter potential threshold has not been reached. 

The stomach emptying mechanism of the antral pump involves a deep contraction of the 

muscles towards the lower region of the stomach as the peristaltic waves reach the antrum. 

Gastric pumping involves three phases: propulsion, emptying and mixing, and retro-

propulsion and grinding. The phase of propulsion involves waves moving over the antrum 

and propelling chyme into the terminal antrum. The emptying and mixing phase, which is 

associated with the gastric sieving effect, is where the pyloric sphincter opens slightly, and 

small amounts of chyme are swept into the duodenum from waves occurring over the 

middle of the antrum. Duodenal contractions are inhibited during this emptying and mixing 

phase. The retro-propulsion and grinding phase involves contraction of the terminal antrum 

and a closing of the pyloric sphincter. This action prevents flow of the contents from the 

pylorus into the duodenum and propels the digesta back into the middle antrum region of 

the stomach, causing some mixing and grinding to occur with the contents. 

The rate of gastric emptying is dependent on several factors: the relaxation of the reservoir, 

the depth of antral wave constriction, the amount of pyloric opening, the receptive 

relaxation of the duodenal bulb, and the contractive pattern of the duodenum [3]. The 

pylorus and pyloric sphincter act as an electric isolator to the stomach pacesetter potentials, 

rendering the duodenum as a separated region of activity. However, the motility of the 

duodenum is strongly related to that of the stomach. The duodenal pacesetter potentials 
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occur at a higher frequency with 3 to 4 contractions appearing during a single antral 

contraction of the stomach. During the emptying phase, the duodenal bulb is relaxed, and 

contractions are inhibited, allowing the duodenum to passively accept digesta transferred 

from the stomach. Duodenal contractions are more likely to occur during the antral pump 

phase of retro-propulsion, where the pyloric sphincter is closed, and can sometimes occur 

during the antral phase of propulsion. 

This chapter introduces methods that provide actuation of the artificial muscles for an 

artificial stomach and allow for the simulation of many forms of deformation that occur in 

the biological system. Included are mechanical actuation methods for creating multiple 

constrictions from a single rotating mechanism, and a pulley-driven actuation system for 

driving individual unit constrictor contractions.  

5.1. Independent actuation of individual unit constrictors 

A range of dynamic contraction patterns is obtainable from the independent actuation of 

the artificial stomach muscles. Independent control over individual unit constrictors should 

be considered when the contraction amplitude or actuation sequencing varies over time, or 

the deformation activity patterns change due to feedback from sensors or other control 

mechanisms. The deformation patterns of the stomach exhibit highly dynamic and variable 

behaviour during the entire process of digestion; contractions change in amplitude during 

both the fed and fasting states, the stomach stretches and contracts to accommodate 

contents, and the pyloric sphincter opens and closes creating a sieving and retro-propulsive 

grinding effect on food particles. Implementation of independent actuation methods are 

therefore considered for the artificial muscles attached to the artificial stomach membrane.  
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Independent actuation of the tendon-driven unit constrictors involves the ability of the 

actuation system to contract and expand each unit constrictor on demand. This means that 

each unit constrictor tendon is pulled and released by controlling the direction and speed of 

a winding spindle and motor. Although this form of control over the unit constrictor 

actuation provides for basic contractile activity of the artificial muscle it does not necessarily 

mean that the muscles are being activated in a manner that is biologically relevant. To 

achieve muscle actuation that mimics that of a biological system more advanced control 

methods for the constrictor actuation are required. 

Controlling the correct amount of individual unit constrictor contraction is complex and 

requires consideration of several factors including:  

i. Monitoring the absolute length of tendon that is being retracted or released and the 

time required to complete the operation so that a specific contraction ratio and speed 

of contraction can be achieved.  

ii. Providing a pulling force capable of fully retracting the unit constrictor tendon and 

deforming the reactor shell and its contents. This includes overcoming any surface 

friction created through tendon contact with the Bowden cables and the attached 

membrane. 

iii. Provision for changes in speed or direction of the winding motors in response to 

feedback signals received from various sensors or control sources. 

Other considerations for the motor control system include: the total number of unit 

constrictors requiring actuation, the physical size and electrical characteristics of the 

motors, the diameter of the winding spindles or pulleys, and the type of tendon line material 

being used. The total number of unit constrictors that are to be independently actuated 
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determines the total number of winding motors required. The physical size, electrical 

characteristics, and number of winding motors required influence the physical footprint and 

power requirements of the motor control system. The diameter of the winding spindles 

affects the rate of contraction that can be achieved at various motor speeds - large diameter 

spindles can create faster winding rates but take up more space. The type of flexible tendon 

material used should be capable of continuous winding and unwinding on the spindles or 

pulleys without developing line memory. Line memory occurs when a flexible line is curled 

around a spool or spindle for an extended length of time and will re-coil itself when it is 

unwound from its spindle. 

5.1.1. Creating peristaltic waves in the stomach 

Before determining the mechanical requirements for unit constrictor actuation the 

generation characteristics of the peristaltic slow wave patterns need to be defined. These 

characteristics include the amplitude of the contractions that occur over the different 

regions of the stomach, the velocity of the peristaltic slow wave as it travels over the greater 

curvature of the stomach and the frequency of peristaltic slow wave activity within a 

specified period. Each characteristic influences the actuation timing of the unit constrictors, 

the amount and rate of winding or displacement required for each of the unit constrictor 

tendons, and the mechanical power required for actuation of the unit constrictors. 

A peristaltic slow wave contraction pattern is maintained over the artificial stomach surface 

by timed sequential actuation of the independent unit constrictors. The period and 

frequency of the generated peristaltic slow waves are determined by sequentially delaying 

the actuation timings of adjacent unit constrictors. Actuation timings are also influenced by 
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the physical separation between adjacent unit constrictors over the artificial stomach 

surface.  

To maintain continuous slow-wave contractions over a region of the stomach membrane 

requires at least three adjacent unit constrictors to be actuating in a specific pattern (Fig. 

37). Initially, all unit constrictors are in a relaxed state (Fig. 37(a)) with minimal tension 

applied to the unit constrictor tendons. The first constrictor (C1) then contracts towards its 

programmed contraction ratio (Fig. 37(b)). Once C1 reaches its programmed contraction 

ratio it holds this contracted state while the second constrictor (C2) begins contracting to its 

programmed contraction ratio (Fig. 37(c)).  

When both C1 and C2 have reached their programmed contraction ratios (Fig. 37(d)) C1 then 

expands in diameter and returns to its initial relaxed state while C3 begins to contract (Fig. 

37(e)). Upon C3 reaching its programmed contraction ratio (Fig. 37(f)) C2 will then expand 

and return to its initial relaxed state. This process continues sequentially throughout the 

entire series of unit constrictors, from the corpus region towards the antrum, until the 

contraction wave reaches the pyloric sphincter. 

Actuation timings 

During the generation of each peristaltic wave the unit constrictors attached to the artificial 

stomach membrane undergo three sequential states of actuation: 

i. Contraction period: the contraction period (tc) begins with a unit constrictor at its 

starting contraction ratio or resting state. The tension on the tendon is then 

increased and the unit constrictor contracts until a programmed ratio of contraction 

is reached.  
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ii. Holding period: the holding period (th) maintains the contracted state of a unit 

constrictor without further contraction or expansion taking place. It occurs when a 

unit constrictor has reached its desired or maximum contraction ratio.  

 

Fig. 37: Sequence of actuation states for adjacent unit constrictors. Contraction amplitudes have 
been exaggerated for clarity.  
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iii. Expansion period: the expansion period (te) occurs when tension on the unit 

constrictor tendon is decreasing, causing the unit constrictor to expand in diameter 

from its contracted state until it reaches its starting contraction ratio or relaxed 

state. 

Fig. 38 shows a timing diagram representing the different actuation states of two adjacent 

unit constrictors attached to the artificial stomach. The complete actuation time (ti
full) for a 

single unit constrictor during the generation of a peristaltic wave is found by adding the 

timings of the contraction, holding, and expansion states that it passes through (Eqn. 

 

tnewWave – time before the generation of a new peristaltic wave 
tfull – actuation time of a unit constrictor 
tc – contraction time 
te – expansion time 
th – holding time 
tdelay – time delay before the next adjacent unit constrictor begins to actuate 
 

Fig. 38: Example timing diagram for two adjacent unit constrictors during peristaltic slow wave 
generation.  
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(5-27)). 

𝑡𝑓𝑢𝑙𝑙
𝑖  =  𝑡𝑐

𝑖 + 𝑡ℎ
𝑖 +  𝑡𝑒

𝑖      (5-1) 

 

A time delay (tdelay) occurs from the start of a contraction actuation of one constrictor and 

the start of contraction for the next adjacent constrictor. This delay mimics the delayed 

contraction pattern of muscle bundles that form the layers of circumferential smooth 

muscle in a human stomach. The velocity of the peristaltic wave travelling over the stomach 

is controlled by varying the delay timing between adjacent unit constrictors. 

The velocity of a peristaltic wave travelling over the surface of the greater curvature of the 

stomach reaches between 3 to 8 mm s-1 [207].  The velocity of the wave varies depending on 

the region of the stomach that it is passing over. O’Grady et al. [207] used high resolution 

electrophysiology mappings of the propagation of peristaltic wave pacemaker electrical 

signals, measured over the greater curvature of the stomach, and recorded the velocity of 

the travelling signal as being in the range of 5.2-5.4 mm s-1 within the antral region, and 3.0-

3.3 mm s-1 in the corpus region.  These measurements provide a basis from which the unit 

constrictor delay timings can be estimated for specific regions of the stomach. 

The minimum and maximum timing delay between adjacent unit constrictor actuations are 

calculated from the maximum and minimum velocities of the travelling peristaltic wave. The 

average distance between adjacent unit constrictors over the greater curvature of the 

stomach (refer to Fig. 2, Section 1.1) is 18 mm so the time delay between actuation of 

adjacent unit constrictors when the peristaltic wave is travelling at 8 mm per second would 

be 2.25 seconds (Eqn. (5-2)). 
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𝑡𝑑𝑒𝑙𝑎𝑦(𝑚𝑖𝑛𝑖𝑚𝑢𝑚) =
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
=

18 𝑚𝑚

8 𝑚𝑚.𝑠−1 = 2.25 𝑠𝑒𝑐𝑜𝑛𝑑𝑠   (5-2) 

 

When the peristaltic wave is travelling at 3 mm per second the time delay would be an 

average of 6 seconds between adjacent unit constrictors (Eqn. (5-3)). 

𝑡𝑑𝑒𝑙𝑎𝑦 (𝑚𝑎𝑥𝑖𝑚𝑢𝑚) =
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
=

18 𝑚𝑚

3 𝑚𝑚.𝑠−1 = 6.00 𝑠𝑒𝑐𝑜𝑛𝑑𝑠   (5-3) 

 

The total time for a peristaltic wave to propagate from the corpus to the pyloric sphincter 

(twave) is found from the summation of the time delays for unit constrictors from C2 through 

to C12 (Eqn. (5-4)). 

𝑡𝑤𝑎𝑣𝑒 =  ∑  𝑡𝑑𝑒𝑙𝑎𝑦
𝑖

12

𝑖=2
    (5-4) 

 
In a healthy human stomach there are 2.83 ± 0.35 contractions beginning every minute 

[207].  This would mean that the timing delay between the start of one peristaltic wave and 

the initiation of the next wave (tnewWave) would range between 27.5 and 40.5 seconds (Eqns. 

(5-5) and (5-6)). 

𝑡𝑛𝑒𝑤𝑊𝑎𝑣𝑒 (𝑚𝑖𝑛𝑖𝑚𝑢𝑚) =  
60 s

(2.83+ 0.35)−1
= 27.5 𝑠𝑒𝑐𝑜𝑛𝑑𝑠   (5-5) 

𝑡𝑛𝑒𝑤𝑊𝑎𝑣𝑒 (𝑚𝑎𝑥𝑖𝑚𝑢𝑚) =  
60 s

(2.83− 0.35)−1
= 40.5 𝑠𝑒𝑐𝑜𝑛𝑑𝑠   (5-6) 

 

The contraction ratio or contraction amplitude for unit constrictors varies between the 

corpus and antrum regions of the stomach. Smaller contraction amplitudes are found in the 

corpus region compared to the antrum. Magnetic resonance imaging (MRI) scan 
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measurements conducted by Lu et al. [208] found that contractions in the antrum reach an 

amplitude of 5.18 ± 0.24 mm and 3.30 ± 0.16 mm in the corpus. However, data from the 

literature is limited as to how quickly these contractions reach these amplitudes so 

contraction timings for the unit constrictors (tc) could vary considerably. Winding motor 

velocity and torque therefore need to accommodate rapid contraction rates of the unit 

constrictors if required. 

Table 6 shows the minimum and maximum timing parameters of the unit constrictors 

during the generation of a peristaltic wave over the artificial stomach. Each unit constrictor 

can use its own unique parameters or use parameters common to the regions of the stomach 

that the unit constrictor is attached to. For example, unit constrictors in the corpus region 

(C1 – C6) may all use parameters of tdelay = 5.6 seconds, tc = 4.0 seconds, th = 4.0 seconds, and 

te = 5.0 seconds, while unit constrictors in the antrum region (C7 – C11) may have parameters 

of tdelay = 3.4 seconds, tc = 3.0 seconds, th = 3.0 seconds, and te = 4.0 seconds. Pairing these 

timings with progressively increasing unit constrictor contraction amplitudes - starting from 

Table 6: Minimum and maximum values for peristaltic wave timing parameters. 
 

Parameter 
Minimum value 

(s) 
Maximum value 

(s) 

tnewWave 27.5 40.5 

tdelay 2.25 6.00 

tc 
> 0 

(dependent on winding motor max. speed) 
tnewWave – (th + te) 

th 0 tnewWave – (tc + te) 

te > 0 
(dependent on winding motor max. speed) 

tnewWave – (tc + th) 
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the corpus and towards the antrum – would result in an example set of parameters as shown 

in Table 7. Fig. 39 shows the corresponding timing diagram for the example parameter. The 

period between generation of a new peristaltic wave (tnewWave) in Fig. 39 has been set to 28.5 

seconds, meaning that a new peristaltic wave is started at a rate of 3.1 times per minute.  

5.1.2. Determining mechanical power required for actuation 

 Several steps are involved in determining suitable motor specifications for the pulling of the 

unit constrictor tendons. The first step involves determining the maximum speed, or 

displacement per unit time, for the retraction of the unit constrictor tendon. The second 

step is to determine the tensile force that is applied to the tendon to achieve a desired 

constriction of the unit constrictor. Power requirements for the winding motor can then be 

calculated by using Eqn. (5-7) for translational motion or Eqn. (5-8) for rotational motion, 

depending on whether a linear or rotational measurement system is used. 

Table 7: Example timing parameters and contraction ratios for unit constrictor actuation on the 
artificial stomach. 

 

Constrictor Region 
Contraction Ratio 

(from starting 
circumference) 

tdelay tc th te 

C1 Corpus 20% 0 4.0 4.0 5.0 

C2 Corpus 25% 5.6 4.0 4.0 5.0 

C3 Corpus 30% 5.6 4.0 4.0 5.0 

C4 Corpus 35% 5.6 4.0 4.0 5.0 

C5 Corpus 35% 5.6 4.0 4.0 5.0 

C6 Corpus 35% 5.6 4.0 4.0 5.0 

C7 Antrum 40% 3.4 3.0 3.0 4.0 

C8 Antrum 45% 3.4 3.0 3.0 4.0 

C9 Antrum 50% 3.4 3.0 3.0 4.0 

C10 Antrum 55% 3.4 3.0 3.0 4.0 

C11 Antrum 60% 3.4 3.0 3.0 4.0 

C12 Pylorus 60% 3.4 3.0 3.0 4.0 
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Fig. 39: Example timing diagram using parameters from Table 7 for the actuation of unit constrictors 
attached to the artificial stomach. 
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𝑃𝑜𝑤𝑒𝑟 (𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛𝑎𝑙) = 𝑓𝑜𝑟𝑐𝑒 ×  𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒  (5-7) 

𝑃𝑜𝑤𝑒𝑟 (𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙) = 𝑡𝑜𝑟𝑞𝑢𝑒 ×  𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦   (5-8) 

 

Tendon displacement and unit constrictor contraction 

The nylon coil unit constrictor described in Section 4.1 uses the displacement of a looped 

tendon running through the nylon coil to contract the constrictor. A tendon loop is formed 

by threading a braided polyethylene fishing line (Black Magic Hyperglide 13x Braid) through 

a Bowden cable and then through the constrictors’ nylon coil before returning through the 

Bowden cable (Fig. 40(a)). The Bowden cable is assumed to be an incompressible hollow 

tube that maintains a constant length when under compression (refer Section 4.3). When 

the ends of the tendon lines are pulled through the Bowden cable the tendon loop reduces 

in circumference and contracts the nylon coil of the unit constrictor (Fig. 40(b)). The 

displacement of the tendon from this contraction action can be calculated from the change 

in length of the tendon lines exiting the Bowden cable (Eqn. (5-9)). 

 

𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡𝑒𝑛𝑑𝑜𝑛 = 𝑥 =  𝑥𝑓 − 𝑥0     (5-9) 

Where: x = displacement or change in length of the tendon lines 
 x0 = initial tendon line length 
 xf = final tendon line length after pulling or releasing of the tendon  

 
 

Total tendon displacement during unit constrictor contractions is dependent on the 

required contraction ratio or contraction amplitude to be achieved and the circumference of 

the unit constrictor before contraction takes place. The total length of the tendon lines 
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being pulled through the Bowden cable is equal to the reduction in the circumference of the 

tendon loop. Because two ends of the tendon line are being drawn through the Bowden 

cable at the same time (Fig. 40(a)) the total length of line being pulled through the cable is 

twice the measured displacement of the tendon (Fig. 40(b)). The final circumference of the 

unit constrictor (Pfinal) can then be calculated by subtracting twice the displacement of the 

tendon line (2x) from the starting circumference of the unit constrictor (Pstart) (Eqn. (5-10)). 

A contraction ratio for the contraction action can be calculated from the initial and final 

unit constrictor circumferences using Eqn. (4-1) (refer Section 4.1). 

 

  𝑓𝑖𝑛𝑎𝑙 𝑢𝑛𝑖𝑡 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑜𝑟 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑃𝑓𝑖𝑛𝑎𝑙 =  𝑃𝑠𝑡𝑎𝑟𝑡 − 2𝑥  (5-10) 

 

The amount of tendon displacement – or length of tendon retraction - required to reach a 

specified contraction ratio is dependent on the initial circumference of the individual unit 

constrictor, which in turn depends on where it is attached on the artificial stomach 

membrane. The contraction ratio refers to the external unit constrictor circumference and 

not the internal surface perimeter of the contracting lumen. Calculation of the contraction 

ratio for the internal lumenal surface is more complex than that of the unit constrictor 

contraction ratio because the inner membrane surface will fold and buckle under 

compression (refer Fig. 19, Section 3.2). The ratio of contraction for the lumen is dependent 

on the thickness of the membrane material at the point of constriction; a thicker membrane 

will occlude more of the lumen under unit constrictor contraction than a thinner 

membrane. 
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Angular displacement of the winding motor shaft  

Electric motors attached with winding spindles are used for winding the unit constrictor 

tendons. The displacement of the unit constrictor tendon is calculated from the radius (r) of 

the winding spindle or pulley that the tendon is wound on to and the angular displacement 

(Δϴ) of the shaft of the winding motor (Eqn. (5-11)), where the angular displacement is in 

radians.  The rate of unit constrictor contraction and expansion can thus be changed by 

 

Fig. 40: Looped tendon displacement during contraction of a unit constrictor. 
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altering the rotational speed of the winding motor. 

𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡𝑒𝑛𝑑𝑜𝑛 = 𝑥 = 𝑟𝛥𝜃    (5-11) 

 

Eqn. (5-12) provides the total angular displacement of the winding motor shaft during the 

contraction of the unit constrictor. 

𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 =  ∆𝜃 =  
𝑥

𝑟
 𝑟𝑎𝑑𝑖𝑎𝑛𝑠   (5-12) 

 
Angular velocity and revolutions per minute of the winding motor 

Maximum mechanical power is required when the unit constrictors contract at their 

maximum rate. The rate of unit constrictor contraction is dependent on the velocity of the 

travelling peristaltic wave as it travels over the stomach surface. The minimum actuation 

time delay between two adjacent unit constrictors is 2.25 seconds (refer Table 6, Section 

5.1.2) and the rate of contraction of the unit constrictor should at least match this minimum 

timing. Thus, a minimum unit constrictor contraction time (tc) of 2.5 seconds was selected 

for estimating the maximum velocity of the unit constrictor contractions. 

Eqn. (5-13) gives the average angular velocity (ω) of the winding motor shaft from the 

angular displacement (Δϴ) divided by the time taken for contraction (tc). This can then be 

converted into average revolutions per minute (RPM) of the winding motor by multiplying 

the angular velocity by 60 seconds and dividing by 2π (Eqn. (5-14)). 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑟𝑎𝑑𝑖𝑎𝑛𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑) =  𝜔 =  
𝛥𝜃

𝑡𝑐
   (5-13) 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑃𝑀 =  𝜔 ×  
60 𝑠𝑒𝑐𝑜𝑛𝑑𝑠

2π
    (5-14) 
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Determining tensile force applied to tendons during unit constrictor contractions 

Measurement of the tensile forces required for pulling of unit constrictor tendons was 

obtained by attaching the looped tendon of a unit constrictor to a universal testing machine 

(Instron 5960 Dual Column Tabletop) and pulling the tendon through a 300 mm long 

Bowden cable (Fig. 41). A 0.405 mm diameter braided PE (polyethylene) fishing line (Black 

Magic Hyperglide 13x Braid) with 22 kg (50 lb.) rated breaking strain was used as the tendon 

for the unit constrictors due to its low-stretch characteristics (refer Section 4.3). The tendon 

lines exiting the non-constrictor end of the Bowden cable were fed through a 2 mm hole 

made in a rigid holding rig. The holding rig was clamped into the lower jaws of the testing 

 

Fig. 41: Testing setup for unit constrictor tendon applied tensile force. 
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machine while the loose ends of the tendon were clamped into the upper jaws using a cable-

tension clamp. The Bowden cable was laid out to maintain a 90° bending angle between the 

tensile machine and the unit constrictor. An extension rate of 1000 mm/minute was used on 

the tensile machine for pulling the tendon.   

An initial trial was undertaken to determine the volume of the water-filled artificial stomach 

that produced the highest tensile forces during unit constrictor contraction. A single unit 

constrictor – C1 – was tested against stomach volumes of 0, 0.5, 1.0 and 1.5 litres of water. Fig. 

42 shows the tensile force applied to the unit constrictor tendon as it was pulled. At 1.0 and 

1.5 litre volumes the unit constrictor began its contraction in an initially expanded state – a 

negative contraction ratio, having been stretched by the expansion of the artificial stomach 

membrane when filled with water. Tests at 0 and 0.5 litre volumes of the stomach started 

with the unit constrictor at its initial contraction ratio of 0% - where no initial stretching of 

the artificial membrane was evident. A volume of 1.5 litres for the artificial stomach exhibits 

the highest levels of tensile force being applied to the unit constrictor throughout the 

contraction period. At a volume of 1.5 litres the unit constrictor also achieved the highest 

contraction ratio – approximately 90% - when contracted to a 50 N tension force. During the 

expansion phase, when the unit constrictor returns to its starting contraction ratio, the 

tension force initially drops rapidly and then continues to remain under 5 N. 
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Tests were then carried out for each individual unit constrictor – C1 to C11 – at a filled 

stomach volume of 1.5 litres, with no additional tensioning being applied to any of the other 

unit constrictor tendons during the test. Pulling of the tendon continued until the applied 

tension force reached 50 N. Each of the tested unit constrictors began their contraction in 

an expanded form relative to their initial circumference of P0, which is noted in Fig. 43 as a 

negative contraction. Fig. 43 shows the applied tension force recorded during the pulling of 

the tendon was similar amongst all unit constrictors tested. A 60% contraction ratio was 

typically achieved before any significant increase in tension force was encountered. 

 

Fig. 42: Chart of tensile force encountered during the actuation of unit constrictor C1 at different 
water-filled volumes of the artificial stomach.  
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The applied tension force remains linear to 50-70% contraction ratio for each of the looped 

unit constrictors. Above 70% contraction ratio the applied tension force encounters 

significant increase. This occurs as the nylon coil of the unit constrictor begins to self-collide 

and the flexible artificial membrane that the unit constrictors are attached to begins to fold 

and press against itself. The results also suggest that a 70-90% contraction ratio should be a 

maximum amount of contraction applied to the unit constrictors to prevent excessive 

tensile forces damaging them. The coiled nylon unit constrictors and artificial membrane 

showed no signs of damage during any of the tests up to 50 N.  

The tension force measured was taken from the tensioning of a single unit constrictor 

 

Fig. 43: Chart of tensile force experienced during contraction of unit constrictors C1 to C11 on an 
artificial stomach filled with 1.5 litres of water. 
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tendon with no other unit constrictor tendons being tensioned at the same time. When 

multiple unit constrictor contractions occur at the same time, as happens during the 

progressive propagation of peristaltic slow wave contractions along the stomach wall, the 

determination of force required for contraction of the tendons becomes complicated. As the 

initial contraction begins, starting in the region of the stomach corpus, the constrictors 

adjacent to the initial contraction begin to contract after a specified delay, and so on with 

subsequent unit constrictors onwards towards the pylorus. This suggests that during 

peristaltic slow-wave contractions the tension force being applied to the unit constrictor 

tendons is not solely concentrated on any one constrictor but is spread over adjacent 

constrictors presently undergoing actuation. However, determining the tensile force 

required for contraction of individual unit constrictors allows for an estimate of the 

maximum mechanical power required to complete a contraction. 

Determining the mechanical power and winding motor speed-torque requirements 

Table 8 shows the parameters used for calculating the power requirements of the winding 

motors from contraction of the unit constrictors (c1 to c11) attached to the artificial stomach 

membrane. C12 was completely closed off. A progressively increasing contraction ratio, from 

20% of the starting circumference of unit constrictor C1 to 60% of the starting circumference 

of unit constrictor C11, was applied to the unit constrictors from the corpus region to the 

pylorus. These parameters provide total or average values calculated over the contraction 

period and not instantaneous values over the actuation time. 

Eqn. (5-9) and column 9 of Table 8 provide the total displacement of the tendon during the 

contraction time. However, displacement of the tendon over the full contraction period is 

not constant. Acceleration and deceleration of the winding motor causes the winding 
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spindle to speed up at the beginning of the contraction and slow down as it approaches the 

end. To allow for this, the instantaneous displacement of the tendon (Eqn. (5-15)) was 

modelled following a sinusoidal-wave to simulate the acceleration and deceleration, where 

the variable (t) is the time between zero and the total contraction time (tc). 

𝑖𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 =  𝑠(𝑡) 

=  (sin (
𝑡

𝑡𝑐
𝜋 +

3

2
𝜋) + 1)  ×  𝑥    (5-15) 

 

Fig. 44 shows the displacement of the tendons for unit constrictors C1 to C11 when Eqn. 

(5-15) is used to calculate tendon displacement over a 2.5 second contraction period. Each 

constrictor is separated by a delay time (tdelay) of 2.5 seconds between the actuation of each 

subsequent unit constrictor. The holding and expansion periods of unit constrictor 

actuation are not shown in Fig. 44 as the power requirements for these actuation states are 

decreasing or negligible compared to the contraction period. 
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The mechanical power required for the winding of a tendon and contraction of a unit 

constrictor can be calculated from the product of the angular velocity of the motor shaft and 

the applied motor torque (Eqn. (5-8)). The required winding motor torque (τ) is the product 

of the radius of the winding spindle (r) and the tensile force (F) (Eqn. (5-16)). 

𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑜𝑟𝑞𝑢𝑒 =  𝜏 = 𝑟𝐹     (5-16) 

 

Force calculations were based on the tendon displacement over time as provided by Eqn. 

(5-15) and then matched against the applied tension force per tendon displacement as found 

during the tensile tests for each unit constrictor. The instantaneous torque required for each 

 

 

Fig. 44: Chart of the displacement of unit contraction tendon lines during contraction on a 1.5 litre 
volume artificial stomach. C12 was closed off. 
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unit constrictor contraction was then calculated by multiplying the required force by a 

winding spindle radius of 7.5 mm.  

 
The required mechanical power during the contraction period, per unit constrictor, was 

determined using Eqn. (5-8) for rotational power calculation and is plotted in Fig. 45. The 

required power for unit constrictor actuation increases from unit constrictor C1 to C8 – from 

the corpus to the mid-antrum – and then begins to decrease for unit constrictors C9 to C11 – 

from the mid-antrum to the pylorus.  

A winding motor required speed versus required torque chart is shown in Fig. 46. Included 

in the chart is the speed-torque characteristic of a 0.5 Watt GA12-N20-100 metal gear motor. 

The GA12-N20-100 motor was considered for use as a possible winding motor for the unit 

constrictors due to its small size (12 mm x 10 mm x 35 mm). Fig. 46 shows that the speed-

torque requirements for the winding of the unit constrictors cannot be provided by the 

speed-torque characteristics of the GA12-N20-100 metal gear motor i.e., the speed-torque 

curves of the unit constrictors do not all fall completely underneath the speed-torque curve 

of the GA12-N20-100 motor. Larger motors with improved speed-torque characteristics can 

potentially be used to individually drive the unit constrictor contractions, but this would 

increase the overall footprint and cost of the motors. Addressing this problem led to 

rethinking of the approach taken and the development of a capstan mechanism for 

providing mechanical advantage in the winding of the unit constrictor tendons. 

5.1.4. Creating mechanical advantage with a capstan mechanism  

The power and size of the motors required for the contraction of the unit constrictors can be 

reduced through the application of mechanical advantage. This also reduces the overall cost 
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and physical footprint of the motors, particularly if the number of motors required for 

driving the individual unit constrictors is substantial. The capstan mechanism creates 

mechanical advantage by amplifying a small input tension into a much larger output tension 

force. This section describes how a tendon and pulley system can implement use of the 

capstan mechanism to gain mechanical advantage. 

The principle of the capstan mechanism involves a constantly rotating spindle producing a 

large amount of torque, around which a flexible tendon or rope is coiled. A small tension 

force applied to one end of the tendon, and in the same direction that the capstan spindle is 

rotating, will produce a larger tension force on the tendon on the other side of the capstan 

spindle [209, 210]. The increase in applied tension force from the input tension to the output 

 

Fig. 45: Power requirements for unit constrictors C1 to C11 during a contraction time of 2.5 seconds 
per unit constrictor. C12 was closed off. 
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tension depends on the amount of friction contact occurring between the capstan spindle 

and the tendon. The amount of contact friction between the tendon and capstan spindle can 

be altered by changing the number of turns or coils that the tendon makes around the 

capstan spindle. Increasing the fractional number of turns of the tendon around the capstan 

spindle therefore increases the output tension achieved by the mechanism (Eqn. (5-17)) 

[209]. 

𝑇2 =  𝑇1𝑒𝜇𝛽     (5-17) 

Where:  
T1 = input tension 
T2 = output tension 
µ = friction coefficient between spindle and tendon 
β = angle (in radians) in which the tendon is in contact with the spindle (fractional number 
of turns or coils)  
 

 
 

Fig. 46: Required speed-torque characteristics for the winding spindles of unit constrictors C1 to C11 
compared against the speed-torque capability of a 0.5 Watt GA12-N20-100 metal gear DC motor. 
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The coefficient of friction for braided polyethylene line (Black Magic Hyperglide 13x Braid, 

50 lb, 0.405 mm) when wrapped around mild steel tubing was determined experimentally by 

measuring the output tension force obtained from a capstan mechanism setup. A capstan 

motor and spindle was placed underneath a universal testing machine with one end of the 

braided polyethylene line gripped in its upper jaws. A 1 Newton mass was suspended at the 

other end of the braided line to act as the input tension to the capstan mechanism. The 

braided line was wrapped around the capstan spindle before suspending the 1 N mass from 

it. The number of turns of braided line wrapped around the capstan spindle was increased 

from 1 turn to 9 turns in 1 turn stages and the results of the measured output tension force 

obtained is shown in Fig. 47. 

A coefficient of friction (µ) of 0.065 was obtained by fitting an exponential curve to the 

experimental data and rearranging Eqn. (5-17). This coefficient is comparable with that 

obtained by Dhouibi et al. [211] when investigating the friction behaviour of high-density 

polyethylene (HDPE) against 304L stainless steel. Increasing the number of turns of tendon 

around the capstan spindle can provide significant magnification of the output tension. 

However, the output tension force is constrained to an absolute maximum level by the 

speed-torque capability of the capstan motor that is being used. The advantage obtained 

here is that the input tension force applied by the winding spindle can now be reduced by 

the level of force magnification provided by the capstan mechanism - this means that 

smaller motors with lower torque capabilities can be used to drive the input tension from 

the winding spindles. 
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If the continuous rotational velocity of the capstan spindle drops to an insufficient rate, then 

the mechanical advantage obtained by the capstan mechanism may be lost. The rotational 

velocity of electric motors has an inverse relationship to the amount of torque provided by 

the motor. As the torque increases, the velocity reduces. Selection of a capstan motor with 

sufficient power to handle the required speed and torque characteristics, along with an 

appropriate choice for the capstan spindle diameter, can prevent this problem from 

occurring. 

For mechanical advantage to be maintained the capstan spindle needs to rotate at least as 

fast as the maximum rate of draw that is being applied to the tendon. The angular velocity 

(ω) and diameter (D) of the capstan spindle determine the maximum potential winding rate 

 

 

Fig. 47: Range of output tension obtained from a capstan mechanism when a 1 Newton mass was 
suspended on a polyethylene braided line wrapped around a mild steel tube capstan spindle. 
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of the tendon as defined by Eqn. (5-18). The angular velocity of the motor shaft varies 

depending on the load being applied to the motor at any one time, but if the capstan 

spindle’s rotational velocity always exceeds the maximum required amount of tendon draw 

then the capstan mechanism will continue to provide mechanical advantage. 

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡𝑒𝑛𝑑𝑜𝑛 𝑑𝑟𝑎𝑤 =  
𝜔

2𝜋
𝜋𝐷 =  

𝜔𝐷

2
=  𝜔𝑟  (5-18) 

Where:  
ω = angular velocity 
D = diameter of the capstan spindle 
r = radius of the capstan spindle 
 
 
A proof-of-concept model was constructed for a tendon actuation system using mechanical 

advantage obtained by the capstan mechanism. Fig. 48 shows a basic configuration diagram 

of a capstan mechanism being applied to the contraction of a unit constrictor. The tendon 

lines from a unit constrictor are passed through a 2 mm hole in a fixed wall or plate to 

prevent the unit constrictor’s Bowden cable from moving when tension force is applied to 

the tendon, therefore allowing the looped unit constrictor to contract as a result. The 

tendon is coiled around a capstan spindle several times and attached to a winding spindle 

powered by a small, geared, DC motor. The capstan spindle is continuously rotating in the 

same direction as the uptake direction of the winding motor and driven by a motor with 

larger power capabilities. To mechanically amplify the contraction force in pulling the 

tendon the winding motor and spindle should be winding on the tendon in the same 

rotational direction as the capstan spindle is rotating. The input tension to the capstan 

spindle is then transformed by the mechanism to an amplified output tension to the unit 

constrictor tendon. 
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Initial trials of the capstan mechanism indicated deficiencies in the take-up and release of 

the input tension of the tendon. Friction contacts of the tendon arising between the winding 

spindle and capstan spindle (Fig. 49) affected the input tension being applied to the capstan 

spindle and caused a small delay to occur between winding spindle activation and the 

contraction of the unit constrictor. 

 

Fig. 48: Diagrammatic example of the contraction of a unit constrictor employing a capstan 
mechanism. 
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Fig. 49: Proof-of-concept prototype model of the winding control system using a capstan 
mechanism. 
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This was because displacement of the tendon needed to overcome static friction before a 

sufficient input tension was able to be provided to the capstan spindle. If the amount of 

static contact friction to overcome is significant then the initial rate of change in the input 

tension can be dramatically affected. As a result, the contraction of the unit constrictor may 

visibly respond with an initial sudden jump in contraction. This situation can occur on both 

take-up and release of the input tension of the tendon. 

Minimising friction effects on the input tension may be achieved by ensuring a direct line of 

feed of the tendon from the winding spindle to the capstan spindle, or by introducing a 

pulley in between the winding and capstan spindles to reduce frictional contact through 

rotational redirection of the tendon. However, if the amplification provided at the output 

tension side of the mechanism is large then even small disturbances in the input tension 

side can cause the unit constrictor to rapidly contract in an uncontrollable manner. These 

disturbances can arise from overcoming the static friction of a connected pulley, from loose 

fastenings of the winding motor bracket or spindle, or from backlash from the winding 

motor shaft.  

Feeding the tendon from a perpendicular direction to the capstan axis prevents it from 

drifting along the capstan spindle, which can cause a loose tendon to wrap over its own 

coils. If a tendon begins to wrap itself over its coils, it can prevent the tendon line from 

smoothly uncoiling off the capstan spindle and result in an uncontrollable, and at times 

catastrophic, contraction of the unit constrictor to take place. To mitigate this problem both 

the input and output sides of the capstan spindle should have the tendon approach it 

perpendicularly.  
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The flexibility of the type of tendon line material used for the capstan mechanism can also 

develop memory of curvature after repeated winding and unwinding around a spindle or 

pulley. This can add to the problem of the line wrapping over itself during operation of the 

capstan mechanism. To minimise tendon stretch and the potential for memory of curvature 

developing in the tendon line a braided polymer fishing line (Maxistrike Braid – 30 lb) was 

used as the winding tendon instead of a monofilament nylon line. 

The capstan mechanism only produces force amplification of the tension in a single 

direction. Reversing the direction of the winding spindle reduces the tendon input tension 

force being applied to the capstan spindle. As the input tension force reduces, the contact 

friction of the tendon coils on the capstan spindle decreases, allowing the tendon to relax, 

pass back through the Bowden cable, and expand the unit constrictor. Because the capstan 

spindle is continuously rotating in a single direction it then acts as a brake when the 

winding spindle is releasing tendon [210], preventing further extension of the unit 

constrictor until the input tension is again reduced. 

A lack of tendon tension on either side of the capstan spindle can also create a problem. 

This problem can occur when the winding spindle is releasing tension on the tendon and 

there is insufficient tension force being taken up at the output side of the capstan spindle. 

For example, assume a unit constrictor was undergoing a contraction by increasing the 

input tension on the tendon lines via the winding spindle. If the winding spindle reverses 

direction, and the unit constrictor was unable to extend in response, the tendon tension on 

both the input and output sides of the capstan spindle becomes slack. A slack tendon on the 

winding spindle can cause the tendon to slip off the winding spindle entirely. A slack tendon 

on the capstan spindle can cause the tendon coils to loosen and unwind, potentially 
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wrapping over themselves in a haphazard manner. If the winding spindle then increases the 

input tension the self-wrapped coils on the capstan spindle may not unwind properly, and 

the constantly rotating capstan spindle will continue to wrap more tendon around itself 

until the unit constrictor is fully contracted and either the tendon breaks, or the winding or 

capstan spindles seize - potentially damaging or destroying the motors. 

 A linear slider was trialled in the tendon control system to mitigate potential catastrophic 

failure of the tendon resulting from insufficient input and output tensioning. The slider was 

positioned between the capstan spindle and the tendon coming from the unit constrictor 

(Fig. 50(a)). Movement of the linear slider was created by using the capstan mechanism for 

both forward and reverse direction of the sliders’ motion (Fig. 50(b and c)). The winding 

spindle produces input tension to the capstan spindle while movement of the slider creates 

tension on the output side during both the winding and unwinding actions, therefore 

minimising potential for the tendon coils on the capstan spindle to go slack. The tendon 

coming from the unit constrictor is directly connected to the linear slider which then allows 

the slider to regulate the amount of contraction being applied to the unit constrictor. 

The winding spindle consists of two separate take-up sections to pull the linear slider in 

both forward and reverse directions (Fig. 50 (d)). One of the take-up sections is winding on 

as the other take-up section is winding off. This reciprocal winding action prevents the 

tendon line from becoming slack and spreading uncontrollably over the capstan spindle 

during the winding process. 
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Fig. 50: (a) Rendered image of the parts of the linear slider and capstan mechanism trial setup. (b) 
Expansion of the unit constrictor. (c)  Contraction of the unit constrictor.  (d) View of the tendon 
line coiled around the winding spindle and two capstan spindles in series. 
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Capstan mechanisms can be placed in series so that the output from one capstan spindle 

becomes the input to another (Fig. 50 (d)). This further reduces the input tension force 

required from the winding motors and redistributes the power burden for actuation over 

multiple capstan motors. Additional tensioner spindles can be placed to assist in reducing 

axial wandering of the tendons over the capstan spindle surface and redirect the tendon 

lines to the upper or lower take-up sections on the winding spindle. 

The speed-torque requirements for the unit constrictor winding motors calculated in 

Section 5.1.1 (Fig. 46) showed that an unassisted GA12-N20-100 metal gear DC motor, 

intended as a typical motor size for the winding of the tendons, was incapable of providing 

sufficient power for the task. Combination of low-torque winding motor with a capstan 

mechanism employing a high-torque geared DC motor and ten turns of the braided 

polyethylene tendon line over the capstan spindle, results in torque requirements for the 

winding spindle of the unit constrictor tendons being reduced by approximately 60 times 

(Fig. 51). With the subsequent reduction in torque requirements the low-torque winding 

motors now have capability to suitably drive the winding of the tendons. This is shown in 

Fig. 51 by the speed-torque requirement curves of the unit constrictor contractions falling 

completely within the speed-torque output curve of the low-torque motor. 

Sensing the amount of tendon winding taking place 

Quantifying the amount of displacement that the tendons undergo is accomplished by 

measuring either the rotary displacement of the motors and spindles, or the linear 

displacement of sliders (Section 6.1). Rotary displacement involves measuring the angular 

rotation of the winding motor shaft and then calculating the length of tendon that 

subsequently wraps or unwraps around the winding spindle perimeter. This calculation is 
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dependent on the diameter of the winding spindle and in maintaining continuous 

measurement of the angular rotation that is carried out by the motor shaft. Alternatively, 

sensing of the linear displacement of the slider can be an absolute measurement, meaning 

that continuous incremental sensing of the sliders’ position may not be necessary and that 

measurements need only be carried out when required. Tendon displacement feedback 

mechanisms for the actuation control system are explained in more detail in Chapter 6. 

5.2. Continuous actuation of multiple unit constrictors 

The ability to actuate multiple constrictions over the tract wall from a single controllable 

mechanism can reduce the cost and complexity of a physical simulation model. Some of the 

gastric tract deformation patterns that occur are cyclic and repetitive, which suggests that 

 

Fig. 51: Reduced unit constrictor speed-torque characteristics achieved through the implementation 
of a capstan mechanism delivering mechanical advantage to the winding of tendons. 
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the contraction pattern may be automated by mechanical means. This type of deformation 

control mechanism applies to situations where the amplitude of the constrictions is 

consistent over time, or the deformation pattern is not subject to alteration from feedback 

mechanisms. An example of the type of deformation pattern deemed suitable for single 

mechanical actuation control is the action of swallowing a bolus of food by the oesophagus. 

The oesophagus can be treated as a simple tubular section of the gastric tract that produces 

a steady, consistent peristaltic wave that propels the tract contents towards the stomach. In 

this way the oesophagus acts as an effective pump for boluses of food. A series of unit 

constrictors positioned along a length of artificial membrane tract can be used to provide 

contractions that mimic the circular contractions of the oesophageal tract wall. However, to 

actuate each of these artificial muscles individually along the entire length of oesophageal 

tract would require a substantial number of motors. Reducing the total number of motors 

required to control these multiple constrictions can be cost-effective and achievable using 

innovative mechanical actuation systems. 

5.2.1 Rotating disc mechanism 

A rotating disc mechanism was developed for pulling multiple unit constrictor tendons 

through the rotation of a single electric motor (Fig. 52 (a-d)). Multiple circular discs were 

attached to an axle that was driven by a geared direct-current (DC) electric motor. Tension 

pins were inserted between adjacent discs at an offset distance from the central axis (Fig. 52 

(a)). The discs were separated from each other by an eight-millimetre gap to allow for the 

tendons to pass between the discs (Fig. 52 (b)). The role of the tension pins was to create a 

tension on the unit constrictor tendons as the disc was being rotated, causing the unit 

constrictors to contract from tensioning of the tendon (Fig. 52 (d)). 
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Fig. 52: (a)  End view and (b) side view  diagram of rotating discs with tension pins offset from each 
adjacent pin by an angle of π/6. (c) Rendered image of the rotating discs configuration. (d) 
Diagrammatic representation of the tension applied to unit constrictor tendons by a rotating disc 
with an attached pin. 
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Each tension pin is offset from its adjacent tension pin by a specified angle, creating a 

spiralling configuration of the pins along the length of the disc mechanism. This offset 

provides sequential actuation of the unit constrictors as the discs rotate. To actuate a series 

of twelve consecutive unit constrictors within a single rotation of the discs would require 

the tension pins to be offset from each other by an angle of 2π/12 or π/6 (30°) (Fig. 52 (a)). As 

the discs rotate, the tendons are placed under tension by the pins and the unit constrictors 

are contracted one after the other, simulating a peristaltic contraction of the artificial 

muscles that is repeated each time the set of discs completes a full revolution.  

The offset distance of the tension pin from the central axis (see Fig. 52 (a)) determines the 

amount of displacement being placed on the constrictor tendons, and thus the amplitude of 

the contraction or contraction ratio achieved by the unit constrictor. The diagram in  

Fig. 53 shows the notation and geometry involved with the displacement of the tendons as 

the discs rotate. Calculation of the length of displacement of the unit constrictor tendon 

begins from obtaining the angle of the discs’ tension pin with relation to the horizontal axis 

(ϴ).  

When a disc rotates and the tension pin travels below the horizontal axis the tension pins 

will not be in contact with the tendon and the unit constrictor is placed in a relaxed state. 

This means that tensioning of the tendon occurs during only one half of the revolution 

period of the discs. During the other half-rotation, the tendon has no contact with the 

tension pin and therefore no tension is being applied to it (Fig. 52 (d)). Calculation of the 

amount of tendon displacement when it is in contact with the tension pin is based upon the 

angle of the tension pin with respect to the central axis (ϴ). The horizontal (x) and vertical 
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(y) distances of the tension pin from the central axis is obtained from Eqns. (5-19) and 

(5-20). 

𝑥 = 𝑟𝑜𝑓𝑓𝑠𝑒𝑡cos (𝜃)     (5-19) 

𝑦 = 𝑟𝑜𝑓𝑓𝑠𝑒𝑡sin (𝜃)      (5-20) 

 

Using Pythagoras’ theorem, the distance to the axis of the tension pin from the tendon entry 

point (A) and the fixed point of the tendon (B) can be obtained (Eqns. (5-21) and (5-22)). 

𝐴 = √(𝐶 − 𝑥)2 + 𝑦2     (5-21) 

𝐵 = √(𝐶 + 𝑥)2 + 𝑦2     (5-22) 

 

The length of tendon (A`), beginning from the tendon entry point and ending tangent to the 

surface of the tension pin, can also be obtained using Pythagoras’ theorem where A is the 

hypotenuse and the radius of the tension pin (rpin) is the other known length of the right 

triangle  (Eqn. (5-23)). 

𝐴` = √𝐴2 − 𝑟𝑝𝑖𝑛
2     (5-23) 

 

Similarly, the length of tendon from the surface of the tension pin to the fixed point of the 

tendon (B`) can be obtained using Eqn. (5-24). 

𝐵` = √𝐵2 − 𝑟𝑝𝑖𝑛
2     (5-24) 

 

To calculate the length of tendon that is in contact with the tension pin (Parc) first requires 

obtaining angles (e), (f), (a`) and (b`) (Eqns. (5-25) to (5-28)). 

𝑒 = cos −1 (
𝐶−𝑥

𝐴
)     (5-25) 

𝑓 = cos −1 (
𝐶+𝑥

𝐵
)     (5-26) 
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Fig. 53: Notation diagram of the geometry involved with the rotating disc method for tendon 
displacement. 
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𝑎` = cos −1 (
𝑟𝑝𝑖𝑛

𝐴`
)     (5-27) 

𝑏` = cos −1 (
𝑟𝑝𝑖𝑛

𝐵`
)     (5-28) 

 

Subtracting (e) and (f) from π gives (g) (Eqn. (5-29)), which is then used with angles (a`) and 

(b`) in Eqn. (5-30) to provide the arc length of tendon that is in contact with the tension pin. 

𝑔 = 𝜋 − (𝑒 + 𝑓)      (5-29) 

𝑃𝑎𝑟𝑐_𝑝𝑖𝑛 = 𝑟𝑝𝑖𝑛(2π − (g + a` + b`))    (5-30) 

 

The length of tendon when the tension pin is at angle (ϴ) to the horizontal axis is obtained 

by adding the lengths A`, B`, and Parc (Eqn. (5-31)). 

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡𝑒𝑛𝑑𝑜𝑛 𝑎𝑡 𝑎𝑛𝑔𝑙𝑒 (𝜃) = 𝐴` + 𝐵` + 𝑃𝑎𝑟𝑐_𝑝𝑖𝑛   (5-31) 

 

When the tendon is not under tension it simply rests on top of the central axis. By using 

Pythagoras’ theorem to obtain length C` (Eqn. (5-32)) and calculating angles (h) (Eqn. 

(5-33)) and (j) (Eqn. (5-34)) to get Parc_axle (Eqn. (5-35)) we can calculate the length of tendon 

in its resting state (Eqn. (5-36)). 

𝐶` = √𝐶2 − 𝑟𝑎𝑥𝑙𝑒
2     (5-32) 

ℎ = cos −1 (
𝑟𝑝𝑖𝑛

𝐶
)     (5-33) 

𝑗 = cos −1 (
𝑟𝑝𝑖𝑛

𝐶
)     (5-34) 

𝑃𝑎𝑟𝑐_𝑎𝑥𝑙𝑒 = 𝑟𝑎𝑥𝑙𝑒(π − (h + j))    (5-35) 

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡𝑒𝑛𝑑𝑜𝑛 𝑎𝑡 𝑟𝑒𝑠𝑡𝑖𝑛𝑔 𝑠𝑡𝑎𝑡𝑒 = 2𝐶` + 𝑃𝑎𝑟𝑐_𝑎𝑥𝑙𝑒   (5-36) 
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The change in length of tendon when placed under tension by the tension pin – the total 

tendon displacement (Eqn. (5-37) - is then obtained by subtracting the length of tendon in 

its resting state (Eqn. (5-36) from the length of tendon when placed under tension (Eqn. 

(5-31)). 

𝑡𝑜𝑡𝑎𝑙 𝑡𝑒𝑛𝑑𝑜𝑛 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 = 𝐴` + 𝐵` + 𝑃𝑎𝑟𝑐_𝑝𝑖𝑛 − (2𝐶` + 𝑃𝑎𝑟𝑐_𝑎𝑥𝑙𝑒)  (5-37) 

 

The maximum displacement of the tendon occurs when the disc pin is 90° from the 

horizontal axis. For a tension pin of 2.5 mm radius (rpin) with an axial offset (roffset) distance 

of 35 mm, an axle radius (raxle) of 7 mm, and a total distance between the tendon entry and 

its fixed point (C + C) of 130 mm, the length of displacement of the tendon line passing over 

the tension pin when the tension pin is rotated to 90° about the horizontal (ϴ = π/2) would 

be 20.4 mm. This would result in a total reduction of the unit constrictor circumference of 2 

x 20.4 mm = 40.8 mm as there are two tendon lines coming from the looped unit constrictor 

passing over the tensioning pin. If the outer sleeve of the expandable braid tubing (refer 

Section 4.1.2) has an initial relaxed diameter of 25 mm, then applying Eqn. (4-1) (Section 4.2) 

for the braid contraction ratio would result in a contraction ratio of (1 – ((π x 25 mm – 40.8 

mm) / (π x 25 mm))) x 100% = 52.0%. This translates to a final contracted braid diameter of 

25 mm x (1 – 0.52) = 12.0 mm. A contracted diameter of this magnitude is sufficient to 

completely close an artificial tract tube of soft rubber that has an initial relaxed internal 

lumen diameter of 10 mm and a wall thickness of 7 mm. 
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5.2.2. Linear peristaltic pump 

The rotating disc mechanism can be employed to drive a series of unit constrictors to 

sequentially squeeze a flexible tube or tract and therefore behave as a linear peristaltic 

pump. To demonstrate the pumping ability of such a mechanism an expandable braided 

tube was fitted over an inner soft silicone tube constructed from Ecoflex™ 00-30 (Smooth-

On Inc., USA), with an internal diameter of 10 mm and thickness of 7 mm, to act as the tract 

of an artificial oesophagus. Flexible braided polymer tendons (Maxistrike Braid 30lb, 

Maxistrike, New Zealand) were threaded through the expandable braid and run through 

Bowden cables to the rotating disc mechanism (Fig. 54). Lengths of 6 mm internal diameter 

 

Fig. 54: A linear peristaltic pump showing a proof-of-concept prototype of the rotating disc 
mechanism connected to an expandable braided tube with attached tendons for actuation. 
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silicone tubing were attached to the ends of the tubular pump to transport the trialled fluids 

to and from the pump. 

 The experimental setup involved peristaltic pumping of water and glycerol (99.5%) to 

specified heights and measuring the volumetric flow rate or capacity that was achieved. The 

fluid filled a weir that was connected to the pump via a length of 6 mm internal diameter 

silicone tubing. The total static head achieved by the pump was calculated by subtracting 

the height of the static suction head from the height of the static discharge head (Fig. 55).  

 

Fig. 55: Setup of measurement trial of linear peristaltic pump performance. 
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Initially the pump mechanism used a pattern of tension pin placements that created a 

sinusoidal contraction of the unit constrictors, which allowed for two contractions of the 

tract to be performed per single revolution of the discs. The tension created on the tendons 

was capable of entirely closing the tract tubing but was not capable of completely relaxing 

the tubing when the tendons were relaxed. This resulted in a sub-optimal volumetric 

capacity being achieved by the pump (Fig. 56 – ▲ green triangle) as the lack of expansion of 

the tubing prevented a larger volume of fluid from being transported during each peristaltic 

contraction. 

 

Fig. 56: Chart of linear peristaltic pump performance for the pumping of water at 22° C. 
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An improved version of the pump was developed where only a single contraction of the 

series of unit constrictors was created for every revolution of the discs. The relaxation period 

of the tendons was extended during each revolution to allow the tract to expand 

significantly between contractions and draw more volume of fluid into the tubing. Although 

the trial using the improved pump covered a static head of only up to 2 metres the capacity 

was twice that obtained by the original pump (Fig. 56 – ▲ red triangle). Fig. 57 shows the 

peristaltic pumping of 99.5% pure glycerol at 22°C resulted in a lower capacity of only 9-11 

millilitres per minute because the glycerol was significantly more viscous when compared to 

water at the same temperature, as is shown in Table 9 [212].  

The peristaltic transport of higher-viscosity fluids was affected by the increased friction the 

 

Fig. 57: Chart of linear peristaltic pump performance for pumping of glycerol (99.5% pure) at 22° C. 
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fluids experience against the surface of the tubing that it is travelling through. High-

viscosity fluids therefore take more time to be drawn into the inlet of the pump tubing 

which decreases the ability of the tubing to expand to its original relaxed diameter. The 

volume of fluid being pumped through the tubing during each peristaltic wave is reduced 

compared to the volume being pumped through with a less viscous and therefore less 

frictional fluid. 

The effects of high viscosity fluids on pumping capacity could be overcome by priming the 

pump inlet with a small volume of the viscous fluid prior to the initiation of the 

contractions. A volume of the fluid is therefore pushed or injected into the inlet, expanding 

the tract as it does so, and creating an initial volume of material upon which the peristaltic 

contractions can contract against. Some surface friction from pump contents could also be 

present throughout the entire length of tubing, but this could be mitigated by introduction 

of a surface lubricant to the inner lining of the tubing. Application of a tract surface 

lubricant may then assist in the same way as saliva and mucus secretions ‘lubricate’ the 

oesophageal tract to effectively propel a bolus of food. 

 The rotating discs mechanism provides a constant contraction ratio to the unit constrictors 

it is attached to so may prove to be more suitable for controlling the contraction of longer 

uniform lengths of tract for example, the oesophagus and intestinal segments. The reduced 

Table 9: Viscosity (in centipoise) of water and glycerol at different temperatures. Sourced from: 
Gregory, S. (2018). Physical properties of glycerine. In Glycerine (pp. 113-156): CRC Press. 

 

 0°C 10°C 20°C 30°C 40°C 

Water 1.792 1.308 1.005 0.8007 0.656 

Glycerol 9420 3090 1150 500 235 
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number of motors required to control the entire number of contractions suggests that this 

method provides a cost-effective means for simulating this form of membrane deformation. 

However, control over the constriction pattern must be predetermined and set into the 

mechanism prior to its operation. 

The capstan mechanism described in Section 5.1.2 can be used in conjunction with the 

rotating disc mechanism. This reduces the amount of torque required by the motor in the 

tensioning of the unit constrictor tendons as the discs revolve. This combination is useful if 

the tension pins have a large offset from the central axis, causing the moment arm of the 

tension force to be large. If the tension force from tendons acting on the tension pins 

becomes large, then the central axis experiences significant unidirectional stress, which in 

turn places the rotating disc motor and its mounting brackets under stress and potential 

damage of the motor. Addition of a capstan mechanism would assist in reducing the stress 

placed on the central axis, the rotating disc motor, and associated mounting brackets. 

5.3. Summary 

This chapter introduced two unique methods of actuation for the artificial muscles of the 

biomimetic gastric tract simulator. The first method involved the pulling of individual unit 

constrictor tendons with dedicated winding motors to create independent actuation over 

the artificial muscles. Independent actuation of the artificial muscles can provide a wide 

range of potential contraction patterns for the artificial gastric tract shell.  

The second method was a novel mechanism using a series of rotating discs with attached 

pins to coordinate the tensile pulling of the unit constrictor tendons. This method 

demonstrates capability for actuating multiple unit constrictors using just a single electric 
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motor. The addition of a capstan mechanism and motor to the rotating disc mechanism 

allows for improved capability in tensioning of the unit constrictor tendons. 

A capstan mechanism and linear slider was demonstrated as a means for reducing the 

required power and size of the winding motors, therefore providing a cost-effective solution 

for the actuation of the artificial muscles.  
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Chapter Six 
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Chapter 6 – Feedback and Control 

This chapter describes methods of feedback relating to controlling a biomimetic in vitro 

gastric tract simulation model. This includes measurement of applied force for the 

contraction of the artificial muscles, internal pressure sensing, and the sensing of membrane 

stretch. Techniques are discussed for measuring the force applied to artificial muscle 

contraction, and measuring changes in intra-luminal pressure as the gastric wall is being 

deformed during the process of digestion. Sensing of membrane stretch, and measurement 

of membrane shell deformation investigates the development of novel stretch-sensing 

materials and their potential for determining the amount of stretch taking place over an 

elastic membrane. Finally, the potential application for using feedback measurements in the 

virtual visualisation and mapping of the deforming artificial gastric tract is introduced. 

6.1. Feedback and control of muscle actuation 

Maintaining control over the contractions of the unit constrictors requires at least two 

sensing and feedback mechanisms to be put in place on the motor control system. The first 

involves obtaining feedback on the displacement of the unit constrictor tendons so that the 

contraction ratios of the looped constrictors can be constantly monitored. The second 

feedback mechanism is measurement of the tension force applied to the unit constrictor 

tendons so that the tension of each constrictor is maintained within a specified range. Both 

feedback mechanisms can be used for calculating the necessary direction and speed of the 

winding motors over a specific period. In this way all the unit constrictors should operate 

synchronously to dynamically deform the membrane shell with the desired patterns of 

contraction and expansion. 
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6.1.1. Constrictor contraction 

Controlling constrictor contraction involves measurement of the length of tendon that is 

pulled from the unit constrictor loop. The circumference of the constrictor loop reduces as 

the tendon is pulled and increases as the tendon is released or returned (refer Fig. 40 (b), 

Section 5.1.2). The length of tendon pulled from the end of the Bowden cable is termed as 

the displacement of the tendon. Tendon displacement is used to calculate the contraction 

ratio of the unit constrictor as it is actuated, which is the ratio of the final circumference of 

the constrictor over its initial circumference. The initial circumference is the fabricated 

circumference of the unit constrictor when the stomach is empty. The starting 

circumference of the constrictor is its circumference before a contraction takes place, which 

in turn is dependent on the total volume of the stomach as it accommodates food. A near-

empty stomach will therefore have smaller starting circumferences of the unit constrictors 

whereas a full stomach will have larger starting circumferences. 

Determination of unit constrictor tendon displacement can be made by measuring either 

the linear displacement of the tendon as it is being pulled or released, or from the rotational 

displacement of the winding spindle as it winds or unwinds the tendon lines. Linear 

displacement measurements determine the distance an object has travelled in a straight line 

from a predefined reference point. With respect to the unit constrictor, this means 

measuring the change in length of the tendon lines that exit the Bowden cable (refer Fig. 40, 

Section 5.1.2). Rotational displacement measurements determine the angular displacement 

of a motor shaft or winding pulley as it turns. The linear displacement of the unit constrictor 

tendon can be determined from the total angular displacement of the winding shaft and the 

radius of its winding spindle as in Eqn. (5-11) (Section 5.1.2). 
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Angular displacement of a motor shaft 

Sensors and feedback mechanisms that could be used for measuring the rotational 

displacement of the winding spindle are commercially available. However, the first 

consideration should be the type of motor employed for the winding of the tendons; options 

are stepper, servo, or geared DC motors. The type(s) of motor used dictate whether 

additional feedback mechanisms or support electronics are necessary for accurate 

measurement of the amount of tendon displacement taking place. 

Stepper motors 

Stepper motors rotate in steps. A control signal is sent to the stepper motor driver that 

determines when a step is to be taken and in what direction the motor is to turn. The 

generation of a step signal to the motor allows for counting of the number of steps made 

and an evaluation of the total shaft rotation. However, even though a step signal has been 

sent to the stepper motor, the motor may not always make that step. This can occur when 

the motor provides insufficient torque for the load it is bearing and the motor stalls, 

resulting in a misstep. The result of these missteps is that the calculated amount of motor 

shaft rotation may not always match the actual amount of rotation that has occurred.  

To minimise or eliminate the possibility of missteps during operation requires the stepper 

motor to be properly sized for its application. Alternatively, the open-loop control of the 

stepper motor may be converted into a closed-loop control system by adding a rotary 

encoder to the stepper motor shaft [213]. The rotary encoder senses incremental physical 

changes in the motor shaft rotation which can be accumulated and compared with the 

number of step pulses that have been sent to the stepper motor. This form of closed-loop 

control system allows for a more accurate calculation of the rotational displacement. 
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Geared DC motors and servo motors 

Geared DC motors provide little control over the positioning of the motor shaft. Rotary 

encoders must be fitted for measuring the amount of motor shaft rotation taking place. 

Although the degree of shaft rotation can be sensed and measured, these motors are more 

difficult to control for precise rotational positioning and angular velocity. However, they 

tend to be cheaper than stepper or servo motors, can be much smaller, and can also be 

combined with additional control systems to convert them into servo motors with rotational 

ranges extending beyond those of standard servo motors. 

Servo motors are geared DC motors with built-in control electronics allowing them to 

operate with closed-loop control over the rotational position of the motor shaft. A pulse-

width modulated (PWM) signal is provided to the servo motor that dictates the absolute 

positional angle of the motor shaft. Servo motors can provide substantial amounts of torque 

and the closed-loop control system allows for accurate rotational positioning of the motor 

shaft.  

However, most standard servo motors have limited rotational range, typically up to only 

180° rotation of the motor shaft. Due to this limited rotational range these standard servo 

motors require attachment of a large diameter winding spindle to the motor shaft to fully 

displace the tendons of the unit constrictors. A drawback to this approach is that the 

available torque from the motor diminishes as the diameter of the attached winding spindle 

increases. 

Customised servo motors 

Customised servo motors can be constructed by physically coupling a rotary potentiometer 

to the shaft of a geared DC motor. The changing resistance of the rotating potentiometer 

provides an absolute measure of the angular position of the motor shaft. Gears connecting 
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the motor shaft to the shaft of the potentiometer allow for multiple turns of the motor shaft 

to be sensed, rather than limiting it to the 180° rotational action of a standard servo motor. 

The ratio of the gears used determines the fractional number of turns of the motor shaft that 

can be sensed by the turning of the potentiometer shaft.  

Fig. 58 shows an example of a rotary potentiometer shaft coupled to a small, geared DC 

motor shaft with a set of spur gears. The gear ratios were achieved using a pair of 2:1 gears 

driving a pair of 3:1 gears, which creates a final reduction gear ratio of 6:1 from the motor 

shaft to the potentiometer shaft. The potentiometer shaft therefore rotates one complete 

turn to every 6 turns of the motor shaft. This arrangement allows the winding motors to use 

a small diameter winding spindle to fully wind the unit constrictor tendons while preserving 

most of the available torque of the winding motor. However, some torque is still lost in 

driving the gearing and potentiometer shaft. 

Linear displacement of a slider on a track  

The tendon winding system described in Section 5.2.2 uses a system of pulleys and a linear 

slider on a track to couple the winding motors to the unit constrictor tendons. The use of a 

slider on a linear track provides opportunity for tendon displacement to be determined by 

the linear displacement of the slider. Two low-cost methods for achieving measurement of 

the displacement of a linear track slider have been investigated; the first involves feedback 

from the extension of a stretch sensor attached to the slider, while the second measures 

force feedback from the extension of a spring. 
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Feedback from stretch sensor extension 

A silicone tube filled with a conductive ionic liquid was employed as a stretch-sensing 

feedback device for obtaining the absolute position of a linear slider on a track [214]. This 

 

Fig. 58: A rotary encoder that uses a potentiometer driven by gears to determine the angular 
displacement of the winding motor shaft. (a) Identification of the component parts. (b) Image 
showing a physical prototype with 3D printed winding spindle and gears. 
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stretch-sensing device is fully described in the conference paper reproduced in Appendix B. 

A saline solution was used as the ionic liquid within the silicone tubing while the ends of the 

tubing were terminated with stainless steel electrodes that also kept the liquid contained. 

When stretched, the cross-sectional area of the conductive channel would decrease while 

the distance between the stainless steel electrode terminals increased. This would result in a 

measurable change in resistance between the two terminals.  

A 3.3 volt, 10 kHz alternating current input signal was passed through a series circuit 

combining the stretch sensor and an additional carbon resistor of known value. The 

resulting circuit acted as a potentiometer when the stretch sensor was stretched. An 

alternating current was used to prevent electrolytic breakdown of the aqueous ionic fluid 

from developing bubbles at the electrode terminals. The change in resistance provided from 

the feedback of the sensor was used by a microcontroller to control the speed and direction 

of a winding motor, and thus alter the position of the slider. The stretch-sensor provides the 

absolute position of the linear slider so the microcontroller can maintain accurate control 

over the slider’s position on the track. 

However, the stretch-sensor used in the prototype model described in Appendix B presents 

a challenge as the saline water tends to diffuse out of the silicone tubing over time. This is 

due to silicone having a high permeability for water vapour [215-218]. The permeability of 

water vapour through silicone is influenced by the chemical composition of the silicone, the 

thickness of the silicone material, and environmental factors such as relative humidity, 

temperature and pressure [215, 217]. Over time, the aqueous solution contained in the 

channel of the stretch sensor tubing develops bubbles that disrupt the conductive pathway 
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and change its electrical characteristics. This eventually causes the sensor to become 

inoperable.  

To mitigate the effect of water permeating through the silicone tubing, an ionic liquid with a 

lower permeability was investigated. An example of an alternative ionic liquid to use is an 

aqueous solution of sodium chloride and propylene glycol as demonstrated by Zhang et al. 

[219]. Propylene glycol has reduced capacity compared to water for permeating through a 

silicone material. The use of a conductive glycerol as an ionic fluid also shows promise as a 

means for retaining the conductive pathway within the silicone tubing, and significantly 

extending the operating lifetime of the stretch sensor. Glycerol has a lower vapour pressure 

than water at the same temperature, and thus the glycerol will diffuse through silicone 

tubing at a lower rate than water. 

A conductive glycerol was developed by heating 90 grams of glycerol (99.5% pure, Ajax-

Finechem, Univar) and 10 grams of sodium chloride (NaCl) to 80° C for 30 minutes. The 

glycerol-salt solution was stirred constantly as it was heated to assist in the dissolution of 

the salt. Increasing the concentration of sodium chloride in the glycerol results in increased 

conductivity of the solution (Fig. 59), until the concentration of sodium chloride exceeds 

approximately 7% of the total weight of sodium chloride and glycerol and the conductivity 

does not increase further. This occurs as the glycerol becomes saturated with sodium 

chloride, shown by the dotted line in Fig. 59. 
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When initially put into the silicone tubing the conductive glycerol has very low water 

content (< 0.5%) and hygroscopic characteristics – it readily absorbs moisture. As a result, 

the glycerol begins to gradually absorb moisture from the surrounding atmosphere by the 

permeation of water vapour through the silicone tube wall. This is the opposite of what 

occurs when using a saline solution as the ionic liquid and water vapour begins to leave the 

tubing by permeating out of the tubing to the external atmosphere. The conductivity of the 

glycerol solution will change depending on how much water is absorbed or released through 

the silicone tubing. According to Gregory [212] , the surface layer of glycerol will equilibrate 

to the relative humidity of the surface it is in contact with, resulting in a glycerol-water 

mixture. Therefore, the conductivity of the glycerol solution in the silicone tubing is 

 

Fig. 59: Conductivity of glycerol (99.5% pure) and sodium chloride (NaCl) solutions with different 
concentrations of NaCl  over a range of temperatures. 
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dependent on the humidity of the external atmosphere as well as the temperature of the 

solution. 

A Wheatstone bridge should be used to counter effects on the conductivity of the ionic 

liquid sensor from any changes in temperature or atmospheric humidity. An appropriate 

Wheatstone bridge configuration can be made from three ‘dummy’ sensors (R1, R2, R3) 

connected to an active stretch sensor (RStretch) [220] and supplied with a constant excitation 

voltage (VEX), as shown in Fig. 60. The voltage reading obtained across V0 is used to 

calculate the change in resistance of the sensors connected to the bridge. It is important that 

the ‘dummy’ sensors have the same dimensions and geometry as the active stretch sensor so 

that they all change in resistance at the same rate. As the temperature or atmospheric 

humidity changes, each of the four sensors will change in resistance proportionately, leaving 

V0 unchanged. However, any time the stretch sensor (RStretch) is stretched, and the resistance 

between its terminals changes with respect to the amount of stretch, the voltage across V0 

will reflect this change and a true measure of the resultant stretch can then be taken. 

Feedback from linear extension of a spring 

An alternative to the use of an ionic liquid stretch sensor for measuring the displacement of 

a linear slider is to use a basic spring-force sensor. A proof-of-concept physical model was 

developed for measuring the force required for the displacement of a spring over a linear 

distance. The model used a steel spring attached to a load-cell at one end and to a linear 

slider at the other (Fig. 61 (a)). A load cell is a transducer that converts force into an 

electrical signal which changes as the amount of deformation of the load cell changes [221]. 

Measurements of the force applied by the steel spring as it was extended by the linear slider 

were obtained by converting the analogue load-cell signal to a digital reading with a 
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microcontroller, and calculation was made of the extension displacement of the spring by 

using Hooke’s law (Eqn. (6-1)). 

  

𝐹𝑠 = 𝑘𝑥     (6-1) 

Where: Fs = spring force (N); x = spring displacement (m); k = spring constant (N/m). 

 

 

Fig. 60: Wheatstone bride setup for the stretch sensors. 
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Measurement of the force required to displace a steel spring enables linear correlation 

between force and spring displacement. This force-displacement correlation is less 

susceptible to changes in environmental temperature or humidity than the ionic liquid 

 

Fig. 61: (a) Physical layout of the spring extension components used for measuring the displacement 
of a linear slider. (b) Component block diagram for load cell measurement of a spring attached to a 
linear slider. 
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stretch-sensor method described above. It therefore could provide more repeatable and 

reliable means of calculating the displacement of the linear slider. However, using the spring 

extension method for determining linear displacement is complicated by the need for 

additional support electronics to convert the load cell analogue electrical output to a 

readable digital output.  

The electrical output of a standard load cell is typically in the range of millivolts or 

microvolts, so voltage amplification is required to increase the load cell output reading to a 

more detectable range. The amplified output voltage can then be converted from an 

analogue to a digital reading using an ADC (analogue to digital converter). Each unit 

constrictor would thus require a load cell, voltage amplifier, and ADC directly interfaced 

with the load cell bridge sensor for measuring the linear displacement of its slider (Fig. 61 

(b)).  

6.1.2. Tension force applied to unit constrictor tendons 

Monitoring the tension force applied to the tendons of the unit constrictors can indicate 

when a constrictor tendon has become slack or when the tension applied during contraction 

exceeds a specified limit. This feedback is useful when stomach contents are being emptied, 

or when unit constrictors are approaching contraction beyond their design requirement. 

Removal of slack from unit constrictor tendon lines is also useful when slack in the lines is 

created from movement of the artificial stomach membrane. This movement of the 

membrane is typically caused by the contraction action of adjacent unit constrictors. 

A slack tendon should show negligible or no tension force measurement from the tension 

sensor and result in triggering the retraction of the tendon. Retraction of the tendon occurs 

until a minimum tension force initially becomes sensed, at which point the slack will have 
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been removed from the tendon lines and the unit constrictor will be considered to have 

reached its starting contraction ratio. When the sensed tension force in the tendon lines 

reaches a maximum specified limit the unit constrictor contraction action should be halted 

or reversed i.e., the tendon is no longer pulled or is released to decrease the amount of 

tension being applied to the tendon lines. 

Load cells 

One method that can be used to assess applied tension force to the unit constrictor tendons 

is to attach one end of the Bowden cable, furthest from the unit constrictor, to a bending 

beam type load cell. Fig. 62 shows such a system. The system contains a load cell that is used 

to assess tension forces by sensing change in resistance from the deflection of an array of 

strain gauges attached to the load cell surface. As the tendon of the unit constrictor is 

pulled, and the constrictor contracts, a reaction force is created along the axis of the 

incompressible Bowden cable which acts upon the load cell. An estimate of the applied 

tendon tension force can be calculated from the amount of deflection of the load cell caused 

by this reaction force.  
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The force measured by the load cell is an estimate because it includes contact forces 

occurring between the tendon surface and the internal surfaces of the Bowden cable, and 

contact forces at the tip of the Bowden cable where the tendon exits and spreads out to loop 

around the unit constrictor. These contact forces can vary depending on the amount of bend 

incurred by the Bowden cable and the amount of inward-directed radial force that the 

looped tendon of the unit constrictor applies to the artificial tract. The presence of 

additional contact forces can be mitigated by minimising the length of Bowden cable used, 

decreasing the bend angle the Bowden cable develops during a contraction action, and 

 

Fig. 62: Component block diagram connections for measuring tendon tension with a load cell. 
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minimising contact friction occurring at the tip of the Bowden cable e.g., by introducing 

roller bearings at the tips to reduce friction on the tendons as they exit the Bowden cable. 

Changes in measured reaction force originating from the bending of the Bowden cable can 

be mitigated by deliberately introducing a single 360° loop in the Bowden cable. 

Introduction of a 360° loop maintains a consistent contact friction force between the tendon 

lines and the inner surface of the Bowden cable throughout actuation of the unit constrictor. 

This approach for maintaining a constant contact friction force between the Bowden cable 

and tendon was demonstrated by Jeong and Cho [202]. However, deliberately increasing the 

friction force by introducing a 360° loop in the Bowden cable needs to be accounted for 

when evaluating the motor power requirements for actuating unit constrictors. Also, for this 

method of friction compensation to effectively work the total bend angle of the Bowden 

cable should not deviate from 360°, which can occur if the unit constrictor is moved away 

from its original position with respect to the Bowden cable. 

Compression of a piezo-resistive polymer film 

Another approach for obtaining feedback from the reaction force of the Bowden cables can 

be achieved through the compression of a film of piezo-resistive material as the Bowden 

cable presses upon it. The piezo-resistive effect occurs when a change in electrical resistance 

is caused by mechanical strain being applied to a piezo-resistive material. Velostat (Desco 

Industries) is a low-cost, carbon impregnated, polyethylene film used for protecting items or 

devices from electrostatic discharge. Velostat as a piezo-resistive material has been explored 

for use in a variety of sensing purposes including pressure measurement [222-226], force 

measurement [227, 228], posture recognition [229-231], gesture recognition [232, 233], and 

impact detection [234]. The electrical resistance characteristics of the conductive polymer 
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film decrease as the material is compressed and compacted, allowing for measurement of 

the change in resistance in the material to be made from an applied compression force.  

A small compression sensor was fabricated using Velostat, copper plates, and 3D printed 

plastic parts to monitor the tension force being applied to tendon lines running through 

Bowden cables (Fig. 63). A circular piece of Velostat film was placed between two circular 

copper plates that act as electrodes for measuring the resistance of the polymer sheet (Fig. 

63 (a)). Rigid 3D printed plungers connected to the ends of the Bowden cable press the 

copper plates against the piezo-resistive film (Fig. 63 (b)). When tension is applied to the 

tendon lines running through the centre of the sensor (Fig. 63 (c)) the ends of the Bowden 

cables react with compressive force that causes the copper plates to compress the piezo-

resistive film. A voltage potential is obtained from the two copper electrodes using a bias 

resistor and a regulated voltage supply to create a voltage divider circuit. The DC voltage 

that is sensed depends on the amount of compression being applied to the piezo-resistive 

material. This voltage is then converted from an analogue signal to a digital reading by a 

microcontroller.  
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Fig. 63: Tension sensor developed for measuring change in tension force applied to the tendon lines 
during actuation of a unit constrictor. (a) Exploded view of sensor components. (b) Direction of 
forces applied during tendon tensioning. (c) Cross-sectional view of the tension sensor showing the 
tendon lines running through it. 
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Fig. 64 shows the resistance feedback response of the fabricated tension sensor when an 

applied force compressing the piezo-resistive polymer film is increased from 0 to 55 

Newtons (N). The loading and unloading sensitivity of the sensor differs due to hysteresis 

because of polymeric characteristics of the piezo-resistive sheet and the rubber O-rings used 

to spread the compression force against the copper electrodes. The highest sensitivity of the 

sensor occurs between 0 to 10 N of applied compression force where the feedback from the 

sensor remains linear. The sensitivity of the sensor at levels of applied force below 10 N 

suggest that it can be useful for sensing when the tendon lines have become slack and an 

increase in tendon tension is required.  

The sensor is placed in-line with a Bowden cable to sense the tension force applied to the 

 

Fig. 64:  Resistance of a piezo-resistive tension sensor versus applied compression force. 
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tendon lines during contraction of a unit constrictor. The sensor is low cost, easy to 

fabricate, lightweight, and compact. It requires minimal support electronics for providing 

feedback of the tension of the tendon lines to the analogue-to-digital converter (ADC) of a 

microcontroller. Placement of the piezo-resistive tension sensor in-line with a Bowden cable 

also means that it does not require a fixed mounting point, which would be required if using 

a bending beam load cell as a tension force sensor.  

6.2. Other feedback and control mechanisms for the artificial stomach 

In vitro measurements of intragastric pressure and the deforming geometry of the gastric 

tract membrane would be useful when integrating the requirements of the in vitro physical 

model with observed in vivo measurements. Feedback mechanisms indicating the 

deformation of the membrane provide information for regulating and controlling the 

contraction or expansion actions that are needed to achieve desired deformation patterns. 

Temperature, pH, and humidity sensors can also be useful for monitoring simulations 

concerning the digestion of food materials. Measurements obtained by the feedback devices 

can also assist in reconstructing a virtual map of the deformation, pressure, and other 

physical changes occurring throughout the stomach during simulation.  

6.2.1. Membrane stretch 

Sensing and measuring the amount of stretch that occurs over the elastic membrane of a 

simulated gastric tract reactor has two potential uses. The first is to sense the amount of 

stretch occurring in the fundus region of the stomach and using this feedback to trigger 

adaptive relaxation of the constrictors, thus adapting the stomach volume to better 

accommodate its contents. This is applicable during runtime operation of the physical in 

vitro model to ensure the stomach expands appropriately when food enters. The second use 
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is to measure unidirectional change in the membrane surface for mapping of the tract 

geometry. These measurements can be recorded and used to provide information about how 

the stomach mechanically deforms during digestion.  

 The fundus region of the stomach is of specific interest for sensing membrane stretch. This 

is because the fundus is less constrained by surrounding organs compared to other regions 

of the stomach and does not undergo peristaltic wave deformations. Fig. 65 shows the 

region of the fundus where the placement of stretch sensors is proposed. Membrane stretch 

sensed in this area would indicate an increase in volume of the stomach from the input of 

food via the oesophagus or stretch from food contents being pushed back into the fundus 

region from the corpus and antral contractions. 

 

Fig. 65: Proposed region for stretch sensing on the fundus of the artificial stomach. 
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The stretch sensors need to be able to deform along with the gastric wall membrane they are 

attached to without significantly altering the membranes’ deformation characteristics. 

Stretch sensors are designed to stretch and return to their original form when relaxed. 

Because of this elasticity, a sensor therefore requires some force to be applied to stretch it 

and this force should be negligible in comparison to the force acting to stretch the 

membrane material of the gastric model. Otherwise, stretching of the sensor will prevent 

the membrane from deforming in the manner intended in its design. 

A preliminary investigation into fabricated stretch sensors was carried out to determine if a 

suitable solution could be found for the attachment of a sensor to a flexible elastic silicone 

membrane. The preliminary investigation is fully described in the conference paper 

reproduced in Appendix C. The investigation led to the development and testing of a novel 

conductive rubber composite material which is fully described in the conference paper 

reproduced in Appendix D. The conductive rubber uses change in electrical resistance for 

measuring stretch on an artificial stomach wall. The low-cost, easy-to-make conductive 

rubber is made from a conductive gel embedded within a silicone (polydimethylsiloxane) 

elastomer tube and can be fabricated as part of or within the artificial stomach or gastric 

tract wall membrane. 

However, a disadvantage of the gel-embedded silicone composite sensor was the gradual 

evaporation of the hydrated ionic gel from within the silicone structure. Moisture retention 

of the ionic conductive material was required for the sensor to maintain functionality during 

prolonged usage. The conductive glycerol used for the silicone tube stretch sensor described 

in Section 6.1.1 was considered as a candidate for further enhancing the material properties 

of the gel-embedded silicone sensor. 
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The glycerol-gel sensor was made using a premix of 3.0 grams of saturated conductive 

glycerol (refer Section 6.1.1.2) and 0.5 grams of guar gum powder. To the premix was added 

3.0 grams of deionised water and 3.0 grams liquid detergent (Palmolive® Original, Colgate-

Palmolive, USA), which was then stirred at 300 RPM for two minutes. The glycerol-gel 

mixture was combined with a platinum cure silicone (EcoFlex™ 00-30, Smooth-On Inc., 

USA) at a ratio of one part glycerol-gel mixture to two parts of the liquid silicone. The 

silicone and glycerol-gel mixture was stirred at 600 RPM for three minutes and then placed 

in a vacuum chamber and degassed at a gauge pressure of negative 90 kPa, for a further five 

minutes. 

The uncured glycerol-gel and silicone mixture can be spread as a continuous layer over a 

silicone membrane that has been laid on a flat surface, poured or injected into moulds, or 

injected into a length of vinyl tubing to form cylindrical shapes for the stretch sensor. Unlike 

the silicone-tube stretch sensor described in Section 6.1.1 a glycerol-gel sensor can be used 

in its cured form without requiring an external sealing layer. This increases the variety of 

sensor forms that can be fabricated. Lengths of stretch sensor can also be cut directly from 

flat sheets of the cured material. 

Resistance readings obtained from the sensors are highly dependent on their dimensions 

and geometry. This is because the conductivity of the sensor is directly related to the cross-

sectional area of the conductive tracts formed by the embedded ionic gel. Multiple sensors 

should therefore be made with the same dimensions and geometry if they are to maintain 

uniformity in resistivity. However, distribution of the ionic gel within the silicone structure 

may not always be consistent between sensors and readings could still vary considerably. 
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Further investigation into methods of fabrication that improves the uniformity of resistivity 

for this type of sensor material is recommended. 

The glycerol-gel sensors are sensitive to changes in temperature and humidity. A 

Wheatstone bridge can be used to compensate for temperature or humidity changes if these 

environmental conditions are likely to fluctuate. An alternative to using a Wheatstone 

bridge is to measure the temperature and humidity that the stretch sensors are exposed to, 

and then numerically compensate for the stretch sensor readings accordingly. As the 

glycerol-gel sensor material is sensitive to temperature and humidity, it could be used in the 

measurement of these environmental conditions. Temperature levels can be sensed by an 

un-stretched glycerol-gel sensor material if it is kept inside an impermeable seal, while 

unsealed sensor material will react to changes in both temperature and humidity. 

An advantage of using the glycerol-gel stretch sensor for monitoring temperature and 

humidity fluctuations, rather than using standard temperature and humidity sensors, is that 

changes in resistance of the sensor material will occur at the same rate for all the sensors.  

6.2.2. Intragastric pressure, temperature, pH and humidity 

Intragastric pressure is the pressure within the stomach cavity. The stomach expands to 

accommodate incoming food by relaxing the muscles in the fundus region [165]. In doing so 

the stomach tends to maintain a stable intragastric pressure as it fills. However, levels of 

intragastric pressure can vary between the different regions of the stomach and can also be 

affected by various other factors including external pressure being applied to the abdomen, 

respiration, voluntary contraction of the abdominal muscles, and posture [81]. In vivo 

measurements of intragastric pressure can prove useful in indicating dysfunction or 

disturbances from normal stomach biomechanical activity.  



 

197 
 

A basic gastric balloon catheter can be inserted into the in vitro stomach model by using a 3 

mm outer diameter polyvinyl tube with one end terminated by a small rubber balloon. The 

other end of the catheter is attached to the positive input of a digital pressure sensor while 

the negative input of the sensor is left open to the external atmosphere to act as a reference 

pressure. A 30 mm length of polyvinyl tubing, with 3 mm internal diameter, can be used as a 

tube entry point for the catheter. The tube entry point penetrates the fundus region of the 

artificial stomach shell, close to the lower oesophageal sphincter, so that it does not 

interfere with the peristaltic operation of the unit constrictors. The catheter can then be 

inserted into the stomach cavity through the tube entry point with minimal interference to 

the digestive contractions. When not being used, the tube entry point can be plugged or 

closed to prevent contents escaping from the stomach. 

Temperature and pH probes can be inserted into the in vitro stomach cavity in a similar 

manner to the gastric balloon catheter. Although they are not considered essential elements 

for demonstrating the mimicry of biomechanical action of the stomach, they are mentioned 

here for potential use in future in vitro model simulations. Temperature and humidity 

control or monitoring inside of the reactor containment unit, but outside of the artificial 

stomach shell, may also be a viable means for obtaining reliable readings from the glycerol-

gel stretch sensors (Section 6.2.1). If humidity and temperature control can be maintained in 

the physical model, the need for a Wheatstone bridge or numerical compensation for the 

stretch sensor readings would be redundant. 

6.3. Control of the biomimetic gastric tract simulator 

Control of the artificial stomach model is centred on the use of a programmable 

microcontroller unit (MCU) for sending instructions to the motor controllers and for 
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processing the feedback obtained from various sensors. The MCU is provided with timing 

and contraction parameters for the unit constrictors as described in Section 5.1.1. These 

parameters are used for determining the required angular position of the winding motor 

shafts over time so that the unit constrictors contract in an orchestrated pattern that 

simulates the biomechanical activity of the gastric tract. 

Fig. 66 shows a top-level schematic diagram of the connections for the control components 

of the physical in vitro gastric tract model. Customised servo motors (refer Section 6.1.1) 

were selected as the type of motor to be used for the winding motors. Customised servo 

motors were chosen because they require only a single pulse-width modulated (PWM) 

signal to move the winding motor shaft to its required angular position. Each winding motor 

has servo control electronics that align the angular position of the winding motor shaft with 

the PWM signal that it has been sent. The PWM signal the motor receives changes over time 

to match the required angular position of the motor shaft at that specific time. 

The motor controller for the winding motors uses two daisy-chained PWM driver boards or 

dedicated microcontrollers, each capable of providing 12-bit resolution PWM signals to 

control up to 16 individual servo motors. The PWM controller boards communicate with the 

main MCU through the I2C serial communication protocol. The required position of the 

winding motor shafts is calculated by the MCU at each time step of the simulation of the in 

vitro model and converted into 12-bit PWM outputs. The PWM outputs for all winding 

motors are passed to the PWM driver boards via the I2C interface, converted into 

independent PWM signals, and connected to their respective servo motors as the position 

input for the motor shaft. 
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Fig. 66: Top-level schematic overview of electrical components for control of the  physical 
artificial stomach model. 
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The capstan motors and motor for the linear peristaltic pump are also controlled by PWM 

signal. The PWM signal is used to control the speed of the DC motors. The linear peristaltic 

pump has another digital input that determines the direction of rotation of the motor. A 

digital signal from a limit switch placed on the linear peristaltic pump motor shaft is used to 

provide feedback for the simulated oesophagus. This feedback signal is used to indicate 

when a full swallowing action has been completed and the pump motor is to be turned off. 

Analogue voltage feedback signals from the tension sensors are relayed to a multiplexer 

board. The MCU switches through the inputs to the multiplexer board to sequentially pass 

the analogue voltages from the tension sensors on to four analogue-to-digital converters 

(ADC) and recorded. The converted digital values of the tension sensors are used in 

determining whether a particular constrictor has reached its minimum or maximum level of 

contraction for its tendon lines. Readings from the tension sensors can also be useful for 

tracking the force of contraction being applied over time by any unit constrictor. 

The MCU also provides inputs and outputs to monitor and control several environmental 

feedback and regulatory components. These components are to be incorporated into 

prospective versions of the in vitro stomach model and include sensing of the containment 

temperature, regulation of the environment temperature, intra-luminal pressure sensing, 

and control over the release of gastric juices into the stomach. Temperature and pressure 

sensor outputs are treated as analogue inputs to the MCU and converted to digital values 

before being recorded with a time stamp. Temperature regulation involves the control of a 

water heater and pumping system driven by feedback from the temperature sensors. Timed 

actuation of a motor connected to a peristaltic pump provides control over the introduction 
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of gastric juices into the artificial stomach, via tubes inserted through the stomach 

membrane. 

6.4. Virtual feedback 

Information obtained from the various sensors employed on the in vitro physical model can 

provide information for recreating a visual or virtual representation of the in vitro models’ 

deformation. Measurement data obtained by pressure, stretch, tendon displacement, and 

tension force feedback sensors can be used to reconstruct temporal three-dimensional 

virtual reconstructions of the simulated gastric tract. With use of the finite element method 

(FEM) and 3D virtual simulation software, approximations of the intragastric pressure 

distributions, applied forces and deformation of the surfaces of the biomimetic in vitro 

model can be visually mapped and recorded. This not only allows for the biomimetic in vitro 

model to be compared against observed in vivo data on gastric wall activity and force 

distributions but also provide comparison of the actual deformation occurring on the in 

vitro model with the intended, or programmed deformation of the model. 

Measurements obtained by the stretch sensors and tendon displacement feedback of the 

unit constrictors provide information on the expansion and contraction deformations of the 

artificial membrane over different regions of the artificial gastric tract. Tendon tension 

forces indicate the amount of hoop tension that the looped unit constrictors experience and 

can be used for estimating the inward surface pressure applied by contractions. The 

estimated surface pressures from the constrictor contractions can be correlated against 

intragastric pressure measurements taken from different regions of the artificial tract. 

A preliminary investigation was undertaken into how sensor feedback measurements could 

be used for generating a visual representation of the deformation of the artificial tract. The 
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open-source software SOFA (Simulation Open Framework Architecture) was selected as a 

candidate for three-dimensional reconstruction of the artificial tract, due to its specific focus 

on real-time medical simulation and ability to model rigid, viscoelastic, or fluid bodies with 

non-linear FEM algorithms [235-239].  

A 3D mesh model of a cylindrical tube, with 50 mm outer diameter and 5 mm wall 

thickness, was constructed using tetrahedral FEM elements as a basic shape for an artificial 

tract. The looped unit constrictors were modelled using circumferential stiff springs placed 

at equidistant locations over the length of the cylindrical mesh. The circumferential springs 

were provided with differing values of spring tension to elicit a range of contractive actions 

over the FEM mesh (Fig. 67 (a)). Gravity and changes in internal surface pressure were also 

applied to the virtual mesh model to provide visual feedback on how these forces affect the 

deformation of the simulated tract (Fig. 67 (b)). 

A more sophisticated version of the gastric tract virtual simulation was developed and 

involved using more complicated 3D mesh models derived from magnetic resonance 

imaging (MRI) scans of the human abdomen (BodyParts3D, © The Database Center for Life 

Science licensed under CC Attribution-Share Alike 2.1 Japan). The mesh models of the 

abdominal organs included the oesophagus, stomach, duodenum, liver, pancreas, spleen, 

left kidney, transverse colon, and an oval vessel for containment of the organs (Fig. 68). 
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The improved version of the simulation model accounts for collisions of the deforming 

stomach with its surrounding organs. The collisions use physics-based algorithms for 

calculation of the contact responses between the stomach and the surrounding organs. A 

 

Fig. 67: (a) Example 3D FEM reconstruction of a soft-bodied cylindrical tube tract modelled in 
SOFA, with the contraction of looped unit constrictors represented by stiff spring tension forces. 
(b) The same 3D model showing the effects of gravity and an internal surface pressure being 
applied to the FEM mesh. 
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graphics processing unit (GPU) is used to handle most of the physics and graphics 

calculations so that the frame rate of the simulation remains above 25 frames per second, 

which is sufficient for providing the updating of the simulation in real-time.  

 These preliminary results indicate potential for deriving a reconstructed 3D visual model of 

gastric tract deformations from feedback measurements obtained by the physical in vitro 

gastric tract model. This would allow for comparisons to be made between the desired and 

actual deformations of the artificial stomach, which can then be used in adjustment of the 

 

 

Fig. 68: Virtual mesh models of the gastric tract (pink) and surrounding organs (purple) placed in a 
transparent oval containment vessel. 
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operating parameters to achieve different simulation conditions. However, the ability of the 

virtual reconstruction software to accurately represent the actual deformation of the 

physical model remains to be verified, and beyond the scope of this thesis. 

6.5. Summary 

This chapter discussed methods, techniques, and devices that could be used for providing 

feedback and control of the artificial gastric tract simulator. Feedback and control of the 

muscle actuation system includes taking measurements of the displacement of unit 

constrictor tendons and sensing the tension force created in the artificial muscle tendons 

during contraction actions. Measurement of tendon displacement was demonstrated by 

sensing changes in the winding motor shaft positions, and from feedback of the changing 

position of a linear track slider driven by the tendon winding motors. A geared 

potentiometer attached to the shaft of a winding motor shows good potential as an 

appropriate low-cost, customisable means for providing accurate feedback on the 

displacement of the tendons.  

Tension sensors were also developed for providing an estimate of the amount of tension 

force experienced by the tendons of the unit constrictors. This was achieved by obtaining 

feedback of the reactive compression force from the Bowden cables when the unit 

constrictor tendons were pulled through them, either from measurement of the deflection 

of a bending beam load cell or from the amount of compression applied to a piezo-resistive 

polymer film. The compression of a piezo-resistive film suggests a low-cost, easy-to-

implement, lightweight, and compact method for sensing the pressure force being applied 

by the reaction of the Bowden cables. 
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The use of stretch sensors for measuring the amount of stretch occurring over the stomach 

wall was investigated. A novel stretch sensor material, derived from embedding a conductive 

gel in silicone, was developed and adapts the sensing material as an integral part of the 

elastic surface of the stomach shell. However, the sensor material exhibits sensitivity to 

temperature and humidity and would require some form of measurement compensation, or 

environmental control. Further research into the uniformity, accuracy, and suitability of the 

developed stretch sensor is therefore suggested prior to its consideration as a feedback 

mechanism for the in vitro model. 

Virtual simulation of the gastric tract model provides means for visualising the various 

forms of feedback received from the physical model.  Comparisons could then be made 

between the desired and actual outcomes of the deformation patterns actuated on the 

physical model. The ability to approximate gastric shell deformation outputs in a near real-

time, virtual environment provides visual feedback for a user interface and numerical 

modelling of the physical phenomena involved with simulating gastric tract motility. 
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Chapter 7  – Biomimetic gastric tract simulator 

This chapter discusses general integration and configuration of the core components of the 

artificial gastric tract including the membrane (Chapter 3), artificial muscles (Chapter 4), 

implementation of a full actuation system (Chapter 5), and operational feedback and control 

aspects (Chapter 6). The objective is to provide an integrated design for the biomimetic in 

vitro physical gastric tract model that mimics the contractive and expansive actions of the 

membrane and muscle layers found in the biological gastric tract wall. The proposed in vitro 

model demonstrates controllable contraction of the unit constrictors via motor-driven 

tendons and programmable control over deformation patterns applied to the stomach 

reactor membrane. Biomimicry of the smooth muscle contractions, both in form and 

function, provide it with an ability to demonstrate controllable peristaltic motility. 

The various stages involved in the digestion of food suggest that different types and forms of 

control mechanisms may be required to be put in place. In general, the stages of digestive 

activity within the gastric tract include: 

i. mastication of a food bolus 

ii. swallowing of the bolus and transportation of it to the stomach 

iii. accommodation of the food within the stomach body 

iv. breakdown and mixing of the accommodated food with digestive juices in the 

stomach 

v. the passing or emptying of the digested food from the stomach to the duodenum and 

small intestine 
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For an in vitro physical model, each of these processes may make use of different forms of 

control mechanism to actuate the muscle contractions and manipulate them in a manner 

suitable to the type of deformation pattern involved. 

Control of artificial gastric tract muscle contractions can be divided into two types:  

i. multiple contractions controlled by a single mechanical mechanism, and  

ii. independent muscle contraction controllers that respond to feedback mechanisms 

and programmable activity 

Contractions of the oesophagus involve a consistent wave-like contraction pattern along the 

entire length of the oesophageal tract that propels a bolus of food to the stomach. Each 

circumferential muscle along the oesophagus contracts until complete closure of the tract 

lumen occurs; suggesting that there is no change in the amplitude, or maximum contraction 

ratio, of the contractions involved. This means that the oesophageal form of contraction 

action can be mimicked using muscle contractions controlled via a single mechanism i.e., 

driving each of the artificial muscles to a constant contraction ratio or amplitude, and along 

the length of tubular tract in a periodic wave-like manner.  

Contractions of the stomach and proximal duodenum require a more sophisticated 

approach to mimicry of the biological contractile activity. This is because stomach and 

duodenal contractile motility patterns can vary considerably. Motility patterns of the 

biological stomach depend on numerous biomechanical, bioelectrical, and biochemical 

feedback mechanisms that are initiated from various systems including the endocrine, 

gastrointestinal, and nervous systems [3]. Biological feedback mechanisms can also be 

influenced by various factors including the volume of contents within the stomach, the stage 

of digestion, and pH or nutrient levels of the digesta. As these feedback mechanisms are 
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related to the temporal generation of specific contraction patterns, rather than the control 

over biomechanical action, their inclusion in the in vitro model is beyond the scope of this 

thesis. However, their importance in influencing stomach muscle contractile activity means 

that the artificial stomach muscles of the in vitro physical model need to be able to respond 

to these feedback signals with independent variable control over the individual unit 

constrictors.   

Fig. 69 shows a block diagram configuration of the connections between the core in vitro 

gastric tract components, including the control systems and feedback components. The 

tension control unit for the artificial stomach unit constrictors is based on the individual 

tendon control system described in Section 6.3. Feedback of tendon tension is provided via 

tension sensors (Section 6.1.1.2) that are connected in series with the unit constrictor 

Bowden cables (Section 4.4), stretch sensors for measuring membrane stretch over the 

fundus region of the stomach (Section 6.2.1), temperature sensors for regulation of the 

enclosure temperature, and pressure sensors measuring the intragastric pressure inside the 

stomach reactor (Section 6.2.2).  

  



 

211 
 

 

Fig. 69: Block diagram of the proposed in vitro gastric tract control system and feedback 
components. 
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7.1. Components of the oesophagus 

The first stage of digestion involves the mastication, or mechanical disintegration, of food 

particles in the mouth. The processes involved with the mastication stage are beyond the 

scope of this thesis but are necessary for the preparation of a bolus of food prior to its 

transportation to the stomach. The physical or mechanical process of mastication is 

combined with the secretion of saliva; consisting of a salivary amylase that assists in the 

breaking down of carbohydrates, and a lingual lipase for breaking down triglycerides [240]. 

The masticated food also gains additional lubrication from the saliva, which assists in the 

process of swallowing and propelling the bolus of food down the oesophagus and into the 

stomach. 

Swallowing of masticated food in a liquid, semi-solid or slurry form first involves it being 

loaded into a hopper or receptacle with a mechanism for priming the oesophageal tract with 

a bolus-sized amount of food. One possibility is to introduce a motor-driven screw conveyor 

positioned at the base of the hopper. Alternatively, the priming of the food bolus in the 

oesophagus could be carried out using an automated plunger system or similar mechanism 

that delivers a set volume of masticated food. The type of priming system used is irrelevant 

if the amount of food primed into the entry point of the artificial oesophagus can be 

constantly controlled and contained. The output of the priming unit feeds into the 

beginning section of the artificial oesophagus, which is made using the linear peristaltic 

pump device described in Section 5.1.2.  

Adjustment to the feed rate of the priming unit can alter the volume of food material that is 

pushed into the artificial oesophagus before it is pumped into the stomach. However, the 

internal diameter of the artificial oesophageal tract is the dominant factor that determines 
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the limit to the volume of food that can be transported during a swallowing action. The 

expandable braid used in the linear peristaltic pump has a minimum contracted diameter of 

10 mm and a maximum expanded diameter of 25 mm, while the inner silicone tube has an 

outside diameter of 20 mm and a thickness of 3 mm. Increasing either the maximum 

expanded diameter of the braided tube, or the length of tract that is relaxed during 

peristalsis can increase the volume of food that can be transported during a single 

swallowing action.  

Modifications could also be made to the priming unit so that a small amount of air is 

introduced with the food bolus during each simulated swallow. This type of alteration may 

enhance the biomimetic characteristics of the in vitro gastric tract simulator. However, this 

could result in a significant volume of air accumulating within the artificial stomach reactor 

over time unless an outlet mechanism for venting the trapped air is installed. In a biological 

system, air inside the stomach is released when the diaphragm presses down on the fundus 

region and the trapped air is then forced back up the relaxed oesophagus, resulting in a 

belching action [241]. 

Once the tract is primed with a bolus of food, the constrictive action of the oesophagus 

propels the food bolus down the tract. In this manner the oesophagus behaves like a 

biological pump and flexible conduit for the transport of food to the stomach. Control over 

constriction of the artificial oesophagus is carried out using a rotating disc mechanism 

(Section 5.1.1). Uncontrolled drop-through of the material down the oesophageal tract can 

occur if the tract is fully opened and the material is fluid and of low viscosity. To avoid this, 

the artificial oesophagus should always have a section of tract that remains in a contracted 

state, closing off the silicone tubing and preventing drop-through from occurring. The 
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peristaltic movement of the contracting constrictors propels the bolus of food forward with 

controlled velocity down the entire length of the artificial oesophagus (Fig. 70).  

The contraction pattern applied to the artificial tract needs to maintain closure of the tubing 

at its base region when a swallowing action is not occurring. This mimics the closure of the 

lower oesophageal, or cardiac, sphincter of the gastric tract. Closure of the cardiac sphincter 

is required to retain food contents within the stomach during digestion and prevent chyme 

and gastric juices from travelling back up the oesophagus. The stomach contents can be 

forced back up the oesophagus if the sphincter is not kept completely closed due to pressure 

caused by the stomach contractions. Only during a swallowing action should the sphincter 

 

Fig. 70: Basic diagrammatic example of peristaltic formation and propulsion of a bolus of food down 
the artificial oesophagus to the stomach. 
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be opened to allow passage of the food bolus towards the stomach.  

A capstan mechanism (Section 5.3.2) can be added to the rotating disc mechanism to assist 

in reducing the torque required from the motor when tensioning the unit constrictor 

tendons. Introducing a capstan mechanism to the rotating disc mechanism reduces the load 

being placed on the rotating disc motor, allowing for improved control over the rotational 

velocity of the discs. The tension required to contract the unit constrictor tendons on the 

artificial oesophagus can vary depending on the properties of the food material being passed 

down its tract. Solid or semi-solid food materials and highly viscous fluids require larger 

tension forces to completely close the constrictors and artificial tract than do low viscosity 

liquids. The creation of larger tension forces requires more torque being generated from the 

rotating disc motor, which results in slowing the motor down and therefore also reducing 

the speed of the simulated swallowing action. Wrapping the unit constrictor tendons 

around a capstan spindle, which is rotated by a high-torque motor, will help to maintain 

constant propulsion velocity of the food bolus. 

An in vivo study of bolus velocity during oesophageal transit to the stomach by Nguyen et al. 

[242] suggests that bolus velocities can range between 4 and 15 cm/s in the oesophagus and 

that body posture can also impact the speed of the swallowing action i.e., whether the body 

is upright or supine [242]. A 15 cm length of artificial oesophagus tract, with unit 

constrictors being placed along the entire length of the tract, would require a 360° rotation 

of the discs to be completed within 1 to 4 seconds to maintain a bolus velocity of between 4 

and 15 cm/s. A limit switch, attached to the rotating disc mechanism, is triggered when the 

discs have completed one full revolution and signals to the controller when the peristaltic 
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contractions of the unit constrictors have traversed the entire length of the oesophageal 

tract.  

7.2. Components of the stomach and proximal duodenum 

Components of the stomach and proximal duodenum include the membrane and muscle 

layers of the tract shell, Bowden cable connections, and various control and feedback 

devices for sensing and measuring tendon tension, membrane stretch, and intragastric 

pressure.  

7.2.1 Layers of the reactor shell 

The biological gastric tract wall is comprised of several layers including mucosal and 

submucosal layers, muscle layers, and an outer serosa or protective layer. An extracellular 

matrix provides elastic structural support between the layers, joining them together. The 

reactor shell of the artificial gastric tract has been developed to mimic some of these layered 

tissue structures of the biological gastric wall. This section outlines a suggested approach to 

configuration of the layers of the wall, or shell, of the artificial in vitro stomach reactor. 

A 1 mm thick reinforced composite membrane layer was made using the method described 

in Section 3.2. The reinforced composite silicone layer mimics the serosa by providing a 

protective outer layer that dictates the overall shape of the stomach. It also plays the role of 

the extracellular matrix of the biological tract wall, acting as an elastic structural support 

between the artificial mucosal and muscle layers.  

The inner mucosal and sub-mucosal layers of the artificial stomach are mimicked by a 3-5 

mm thick layer of soft silicone rubber fabricated as an open-cell sponge structure using the 

dissolvable template method (Section 3.3). The sponge silicone layer is applied to the 

reinforced composite membrane layer by first pre-stressing the membrane layer in the 
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longitudinal and circumferential directions. This approach mimics the appearance of 

mucosal folds on the inner layer of the stomach tract that gradually disappear as the 

stomach membrane is expanded (Section 3.3).  

A layer of artificial muscles is attached directly to the reinforced composite silicone layer. 

The muscle layer consists of coiled nylon fishing line unit constrictors (Section 4.2), hand-

sewn onto the composite silicone surface (Fig. 71), and actuated by pulling the nylon 

‘tendons’ threaded through each of the coils. The artificial muscle layer may need to be 

attached to the reinforced composite layer prior to the addition of the silicone sponge 

mucosal layer. This is because sewing of the constrictors onto the reinforced composite 

 

Fig. 71: Coiled nylon line unit constrictors sewn on an artificial membrane with nylon tendons 
running through them. 
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silicone layer penetrates the silicone, and the resulting holes need to be plugged. Curing a 

thin layer of silicone over the holes seals them and keeps the membrane shell watertight. 

The size, number, orientation, and distribution of the artificial muscle unit constrictors over 

the membrane surface can be altered to suit different simulation requirements. Fifteen unit 

constrictors were attached along the artificial stomach membrane from the mid-corpus 

region down to the pyloric sphincter to simulate basic slow wave peristaltic deformation 

over the stomach. The unit constrictors have a separation of 20 mm between them along the 

line of greater curvature and were spaced evenly apart around the remaining circumference 

of the stomach. This distance of separation between the constrictors allows for smooth 

contraction deformation of the stomach shell surface to occur using a minimal number of 

unit constrictors.  

A further five unit constrictors are attached from the pyloric sphincter down the proximal 

duodenum to provide the duodenum with the ability to contain and move chyme emptied 

from the stomach. Placement of unit constrictors over the fundus region of the stomach in 

an oblique orientation was not considered necessary for this simulation model. This was due 

to this model only being used for the demonstration of peristaltic deformation, and not for 

demonstration of the adjustment of the stomachs’ overall volume. 

7.2.2 Bowden cable connections 

Bowden cables are used as a conduit for running unit constrictor tendons to a tension 

control unit. The tension control unit adjusts tension on the tendon lines which causes the 

unit constrictors to contract or expand. The terminal ends of the Bowden cables connecting 

the unit constrictors attached to the stomach are positioned along the greater curvature of 

the stomach. The layout of the conduit cables is configured so that they track along the 
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same anatomical pathway as that of the greater omentum. The greater omentum is an 

apron-like fold of peritoneal connective tissue that provides connection of nerves and blood 

supply to the stomach [6]. This placement of the Bowden cables is appropriate as the greater 

omentum also acts as a flexible connection point for the stomach with the rest of the 

biological body and influences the degree to which the stomach membrane can freely move 

about and deform. 

Bowden cables coming from the unit constrictors on the stomach membrane connect to 

tension sensors to gauge the amount of tension force being applied to each unit constrictor 

tendon. The setup for the Bowden cable to tension sensor connections is explained in more 

detail in Section 6.1.2. Ideally, the transmission lengths of the Bowden cables between the 

tension control unit and unit constrictors should be kept to a minimum. Bends in the 

Bowden cable between the tension control unit and unit constrictors should also be 

minimised. This is to avoid the addition of tendon-to-Bowden cable contact friction forces 

affecting the accuracy of tension force measurements (see also Section 4.3).  

7.2.3 Control and feedback mechanisms 

Several feedback mechanisms are used for monitoring and adjusting the tension applied to 

the unit constrictor tendons and in turn determining the overall deformation shape of the 

reactor shell. Displacement sensors in the tension control unit (Section 6.1.1) measure the 

absolute length of tendon displacement and subsequently provide for calculation of the 

contraction ratio being applied to each unit constrictor. Other feedback mechanisms 

measure tendon tension, membrane stretch, and intragastric pressure of the artificial 

stomach reactor during the deformation of its shell. These mechanisms serve an integral 

part in maintaining control over the simulated digestive motility patterns. 
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Tendon tension 

Tension sensors provide an estimate of the tension force applied to the tendons of the unit 

constrictors by measuring the reaction force created on the Bowden cables that encase the 

tendons. The tension force readings can be affected by surface friction between the internal 

surface of the Bowden cables and the nylon tendon lines, as well as frictional forces where 

the nylon tendons exit the Bowden cables. Despite the additional friction forces that may be 

involved, the measurements provided by the tension sensors indicate relative change in 

tendon tension as the unit constrictors’ contraction ratios change. This is useful when limits 

to the contraction of the unit constrictors are reached e.g., if the closure of the unit 

constrictor encounters a significant resistance such as a solid object or objects during their 

contraction. The tension sensors also indicate when the tendons have become slack and 

therefore no tension force is present e.g., when the tendons retract to a point where they are 

no longer in contact with the unit constrictors. 

Tension sensor feedback can be used to trigger unit constrictor actions. If contraction of a 

unit constrictor reaches a predefined tension force measurement upper limit, then that 

contraction, or series of contractions, can be halted or reduced to limit the contraction force 

exerted by the artificial muscle. Similarly, if the measured tension force being applied to a 

unit constrictor falls below a specified measurement level, then this can trigger an action to 

contract the tendon until the tendon begins contraction of the unit constrictor again. This 

can apply to situations where the stomach is either empty, or emptying its contents, and the 

stomach shell needs to be contracted to adjust the stomach to the reduced volume of 

contents.  
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The applied tendon tension force that is required to produce a certain pressure from the 

internal surfaces of the unit constrictors can be determined experimentally. Experimental 

methods may include the measurement of compression force required to crush calibrated 

agar gel beads, or the compression of a hollow rubber ball or balloon connected to a 

manometer. Results from these experimental methods can be used to relate the contraction 

of a unit constrictor to the amount of pressure it exerts on the food contents of the stomach. 

Membrane stretch 

Stretch sensors located on the fundus region of the stomach provide measurements of the 

amount of stretch occurring during expansion of the stomach shell. Although estimated 

measurements of shell circumferential deformation can be obtained from the individual unit 

constrictor contraction ratios, they do not necessarily indicate the true state of stretching 

that may be occurring over the entire shell surface. Stretch sensors can be used to determine 

membrane stretch in orientations other than that provided from the layout of the unit 

constrictors, or in areas where no unit constrictors have been placed.  

Feedback from sensing membrane stretch in the fundus region of the stomach can trigger 

the adaptive relaxation or increased tone of the stomach wall, by relaxing or contracting unit 

constrictors and adjusting the stomach volume to better accommodate its contents. 

Combining the measurements of membrane stretch and contraction ratios of the unit 

constrictors also provides useful information for reconstructing three dimensional (3D) 

virtual views of the deformed shape of the stomach. These views can be reconstructed by 

mapping the feedback measurements taken from the physical in vitro stomach model onto a 

3D virtual image reconstruction application (Section 6.3). 
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Intragastric pressure 

Pressure sensors placed at various locations within the stomach shell cavity measure the 

intragastric pressure, relative to a reference pressure, and gauge the differences in pressure 

between different regions of the stomach. These sensors may be used in conjunction with 

the membrane stretch sensors to trigger adaptive relaxation of the stomach or determine 

whether overall stomach volume should be increased or reduced.  

A basic, flexible gastric balloon catheter, inserted into the fundus region of the stomach 

model and close to the lower oesophageal sphincter, can provide feedback on changes in 

intragastric pressure (Section 6.2.2). The location of the sensor within the stomach cavity 

can be altered by extending or retracting the catheter. The use of this form of pressure 

sensor within the in vitro simulation model may be considered optional as they are an 

invasive device and could influence the gastric motility and mechanical action of the 

stomach shell. 

7.3. Reactor housing and environment 

Biomimicry of the gastric tract should include a recreation of the surrounding physical 

environment and conditions within which the biological organs of interest operate. In this 

case the stomach and duodenum lie within the abdominal cavity and are surrounded by 

other organs such as the liver, pancreas, kidney, spleen, and transverse colon. Fig. 72 shows 

a rendered image of the biomimetic gastric tract as it appears when surrounded by the 

organs. The Bowden cables of the in vitro model track along the greater curvature of the 

stomach, as it is an area that is unimpeded by the surrounding organs and allows for the 

cables to flex within the reactor with minimal interference. 
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The stomach, as it appears in Fig. 72, is shown in a distended state representing the typical 

volume of an adult stomach when filled with food. The volume of the stomach is 0.8-1.0 

litres. At this volume only the regions around the greater curvature and fundus appear 

unconstrained by the surrounding organs. What is not shown in Fig. 72 is that the greater 

 

Fig. 72: Rendered CAD image of the biomimetic gastric tract and anatomical locations of the 
surrounding organs.  
(This work includes rendered derivatives of BodyParts3D, © The Database Center for Life Science 
licensed under CC Attribution-Share Alike 2.1 Japan: 
https://dbarchive.biosciencedbc.jp/en/bodyparts3d/lic.html) 
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curvature is constrained by the front of the abdominal cavity, and the upper fundus region 

of the stomach lies beneath the diaphragm. However, it is typically the proximal fundus 

region and region of greater curvature where the stomach is least constrained by 

surrounding surfaces, and where the most expansive deformations of the stomach shell can 

occur. 

Representation of the anatomical shapes of the surrounding organs can be constructed by 

3D printing full-size organ shells in a dissolvable or sacrificial material, then coating the 

shells with a 4-5 mm layer of silicone rubber before dissolving the sacrificial material away. 

The rubber organ shells are filled with water and placed within the transparent container in 

their anatomical positions. The temperature of the rubber organ shells is regulated by 

pumping water through flexible hoses that connect the organ shells to a temperature-

controlled reservoir.  

A basic confinement vessel for the stomach reactor can be created by using a transparent 

oval container to mimic the abdominal walls, and transparent bags filled with water to 

represent the surrounding organs and tissue (Fig. 73). The transparent water-filled bags 

provide support for the reactor, with one bag being placed under its base and another 

covering it from above. The water temperature within the bags is maintained at a constant 

temperature of 37°C to simulate temperature inside the human body. Holes placed in the 

top and base of the container allow for access to the upper oesophageal tract at the top of 

the reactor container, and an exit point for the proximal duodenum at its base. 

The artificial gastric tract can be rotated to mimic the inclination of different body positions. 

Alteration to the orientation of the artificial gastric tract model can be achieved by attaching 
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the containment vessel to a gimbal rig (Fig. 74). This allows for the reactor orientation to be 

changed at any time during the simulations for study of the effects of posture on digestion.  

A change in orientation or inclination alters the gravitational effect on the stomach reactor 

contents, which can result in changing the dynamics of its motile activity. Suspended 

support of the stomach, provided by the water-filled transparent bags, prevents it from 

shifting about the containment vessel when the models’ orientation is altered. However, 

Bowden cables from the containment vessel to the tension control unit may experience 

significant bending from the containment vessel being placed in a certain orientation, 

resulting in fluctuations to the mechanical power required for actuating the unit 

constrictors. 

 

Fig. 73: Partially filled artificial stomach suspended between two plastic bags of water and placed 
inside a transparent container. 
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7.4. Simulator operation 

Core operational aspects of the in vitro biomimetic gastric tract simulator include the 

implementation of a user interface, initialisation of the model for simulation, simulation of 

gastric tract motility, the collection of sample materials, and cleaning and maintenance of 

the unit. 

 

 

Fig. 74: Rendered example of a proposed gimbal support rig for the gastric tract containment unit.  
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7.4.1. User interface  

The in vitro model is controlled via microcontrollers and a computer based graphical user 

interface (GUI). The design of the GUI is an essential part of the in vitro simulator as it 

provides the user with an easy-to-use tool for manipulating the operation of the models’ 

components, and controlling the wide variety of contraction patterns that are possible 

during simulation. The GUI is the main user-control interface for the in vitro simulator and 

passes actuation instructions to the microcontrollers for controlling the tendon tensioning 

systems and unit constrictor contractions. Data collected from various feedback sensors are 

also passed back to the GUI interface from the microcontrollers so that adjustments can be 

made to the actuation of the gastric tract contraction patterns. 

 

Fig. 75: A basic graphical user interface layout demonstrating the operational control over the in 
vitro gastric model. 
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A prototype design for the GUI accepts user input for controlling the models’ operation and 

outputs visual representations of the intended contractions that are to be applied, as well as 

actuation instructions for the microcontrollers (Fig. 75). The user can input a variety of unit 

constrictor contraction pattern details including applied maximum contraction ratios for 

each constrictor, the time delay before starting the next sequential unit constrictor 

actuation, constrictor contraction period, constrictor holding period, constrictor expansion 

period, and the time delay before the start of a new peristaltic wave. Each of these input 

variables are used for calculating the required, or targeted, unit constrictor contraction 

ratios at any specific point in time. The targeted contraction ratios are sent to the specific 

microcontroller that controls the tendon tensioning unit, which then actuates the tendon 

winding motors so that the unit constrictors are contracted or expanded to match these 

contraction ratios. 

The prototype GUI also provides visual representations of the operational state of each of 

the unit constrictors using a moving slider control, with each slider representing the current 

contraction ratio of an individual unit constrictor. The position of the control sliders in the 

GUI indicates the current absolute position of the linear sliders in the tendon actuation unit 

(Section 5.2.2); the slider positions can be considered as a snapshot of the contractive 

activity. A real-time, stacked plot of the changing contraction ratios for each unit constrictor 

over a 60 second period displays the temporal progression of successive constrictor 

contractions. These plots provide visual information on how the successive unit constrictor 

contractions relate to each other, how they propagate into a flowing slow-wave contraction 

pattern along the stomach shell and the frequency of the generated slow-waves over a 

specific period.  
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Two sets of control sliders or plots can be used, one for representing the targeted 

contraction ratios of the unit constrictors over time and the other showing the contraction 

ratio that is taking place. This is because the targeted contraction ratios may be affected by 

information collected from the feedback mechanisms. For example, if the tension measured 

on a unit constrictor tendon reaches a maximum or minimum limit, as set by the user, then 

the amplitude of the contraction can be stopped, reduced, or increased. Some unit 

constrictors may also be placed in a feedback monitoring state during operation so that they 

actuate when a reflexive or adaptive relaxation pattern is required to increase the stomach 

volume. 

7.4.2. Initialising the model  

A general approach for initialising the gastric tract model involves the tract being set to an 

empty state i.e., without any food being present in the system. The pyloric sphincter remains 

open while the stomach unit constrictors contract, one-by-one, starting from the fundus and 

continuing down to the corpus. Opening the pyloric sphincter causes any remaining air or 

contents in the stomach to be expelled while the membranes’ shell contracts. The tendons 

of the unit constrictors are contracted until the tension sensors measure a rise in tension. 

This indicates that all slack has been removed from the tendons and the stomach shell has 

adjusted to adopt a minimum volume. At this point the unit constrictors’ contraction ratio 

can be set to 1 as they have reached a state of minimum contraction. 

7.4.3. Simulation of gastric tract motility 

Various patterns or sequences of contraction are programmed into the tension control units 

via the graphical computer interface (GUI). This includes patterns that simulate swallowing 

of a food bolus, peristalsis and mixing, relaxation of the fundus for accommodation of 
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incoming food, and control of the pyloric sphincter for the emptying of stomach contents. 

During simulation, the amplitude of each individual contraction or expansion within a 

specific motility pattern or sequence can be influenced via the monitoring of various 

feedback sensors.  

Swallowing – the entry of food 

Food material is passed into the stomach reactor by the triggering of a swallowing action. 

Activation of the swallowing mechanism is sent via a signal from the PC interface to the 

microcontroller controlling the rotating disc mechanism. Once a signal is sent, the rotating 

disc mechanism completes one full rotation of its discs, which actuates the full constriction 

pattern of the artificial oesophagus and propels a bolus of food into the stomach. The timing 

and frequency of signals sent to the artificial oesophagus is controlled via input at the user 

interface or GUI. This allows for a specific volume of food material to be transported into 

the stomach at any time specified during the simulation. 

Adaptive or receptive relaxation 

Once a swallowing action begins the tensions on the unit constrictors on the stomach 

membrane are continuously monitored to determine whether relaxation or expansion of the 

constrictors is required. As measured tension from the tendons increases the unit 

constrictors can be gradually relaxed or expanded in length, beginning with those covering 

the fundus region of the stomach and then, if necessary, progressing sequentially down to 

the corpus and the antrum. These adaptive relaxation actions have the potential to occur at 

any point where swallowing activity increases overall volume of food entering the stomach 

cavity, or when pressure measurements indicate that the intragastric pressure in the 

stomach rises above a pre-determined level. In doing so, the artificial stomach simulates 
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gastric expansion, which allows it to better accommodate the volume of food entering the 

stomach and to maintain a stable intraluminal pressure. 

Gastric peristalsis 

Peristaltic motility of the stomach can occur at any stage, but the amplitude and frequency 

of the contractions may vary depending on the physical structure, viscosity, and volume of 

the contents, feedback received from various biomechanical and biochemical mechanisms, 

and the digestive action or stage of migrating motor complex that is taking place. 

Independent control over the unit constrictors provides a versatile mechanism for adapting 

the artificial muscle contractions to suit wide variations in amplitude and frequency. 

Peristalsis is a series of consecutive muscle contractions and expansions that begins in the 

corpus of the stomach and progresses down to the pylorus. A peristaltic slow wave pattern 

can be simulated by designating one unit constrictor in the corpus region to initiate the 

pattern. The constrictor adjacent to the initiating constrictor then begins to contract after a 

specified time delay, and then the next, and so on. In this way a peristaltic wave propagates 

at a constant velocity along the wall of the stomach (Fig. 76).  

For example, if constrictors are placed 20 mm apart and it is desired to generate a slow wave 

at a constant velocity of 20 mm per second along the stomach wall, the time delay between 

each constrictor actuation would be one second. If the total distance over the greater 

curvature from the first to the last unit constrictor is 200 mm, then the peristaltic wave will 

complete its travel in approximately 20 seconds. 
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Fig. 76: A series of time-lapse images demonstrating the artificial stomach undergoing a partial 
peristaltic contraction pattern over the lower corpus region towards the antrum. 
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Although the time delay between unit constrictor contractions may not differ significantly, 

the speed of the contraction for each of the constrictors is more likely to be different. This is 

because the amplitude and applied force of the contractions differs between stomach 

regions and constrictors. The corpus contractions are typically shallow and initiate the 

movement of the stomach contents. As the wave approaches the antrum the contractions 

become deeper and stronger with the strongest contractions occurring nearest to the 

pylorus. Manipulation of the contraction amplitude and force within the antrum region can 

lead to the contractions creating a retro-propulsive, jet-like motion. This retro-propulsive 

motion rapidly forces the stomach contents back towards the corpus region of the stomach, 

mixing and grinding the contents as it does so. 

 Gastric emptying 

Unit constrictors operating the pyloric sphincter perform a different role to those covering 

the body of the stomach. The pyloric sphincter constrictors perform strong tonic 

contractions that cause the section of the wall to act as a valve between the stomach and the 

duodenum. The sphincter prevents larger particles of the stomach contents from passing 

through to the duodenum during peristaltic contractions. Only particles smaller than 0.5-2 

mm diameter are typically able to pass through the sphincter during most of the gastric 

emptying stage. However, the opening of the sphincter may increase significantly during the 

housekeeping stage of the migrating motor complex so that larger indigestible objects may 

be cleared from the stomach. Controlling the contraction ratio of the constrictors involved 

with the sphincter dominates as a control mechanism over the adjustment of the tension 

force being applied. 
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Duodenal motility 

On exiting the stomach and pyloric sphincter the semi-digested contents, or chime, then 

enter the duodenum, a C-shaped intermediary section of the gastric tract that prepares the 

chyme for further digestion by the small intestine. Bile and digestive enzymes are added to 

the chime and bicarbonate and mucus are released to bring the chyme back to a more 

neutral pH level. Hormones released by the presence of fats and acids in the chyme regulate 

the rate of gastric emptying, so chemical responses from the duodenum act as a feedback 

mechanism for the motility of the stomach. Although such chemical feedback mechanisms 

play a significant role in triggering motility patterns of the stomach and duodenum they are 

out of scope of this thesis and have not been included as a part of the in vitro model. 

The proximal duodenum has been included as a component within the biomimetic model of 

the gastric tract to partially regulate the rate of gastric emptying from the stomach reactor. 

As gastric emptying takes place the presence of contents within the duodenum can impede 

the ability of the chyme to pass rapidly through the pyloric sphincter. As contents within the 

duodenal tract build up, they eventually require to be moved on so that the stomach can 

empty. Constrictors placed over the duodenal tract recreate two types of motility pattern, 

peristalsis for moving of the contents further along the tract to the small intestine, and 

segmentation. Segmentation motility patterns do not tend to move the contents along the 

tract but perform a mixing action of the contents in place.  

7.4.3. Sample collection 

Digested material samples can be collected from a removable receptacle located at the 

outlet of the duodenal section of the artificial tract. A small plastic jar is screwed onto the 

base of the containment housing where the duodenum exits the container to capture the 
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sample material, or chyme, emptied by the artificial stomach through the pyloric sphincter 

during gastric emptying of the stomach reactor. Constrictors at the base of the duodenal 

tract initially prevent the chyme from dropping directly into the receptacle. When they are 

expanded, they can regulate the release of the contents of the duodenum into the receptacle 

for sample collection. Periodic release of chyme into the receptacle from the duodenum is 

controlled via the user interface. 

Samples collected from the internal cavity of the stomach present a challenge as providing 

direct access to the contents may rely on dissection of the stomach membrane layers. This 

approach is similar in effect to surgical incisions, where the membrane is unable to 

immediately heal and close itself and its physical and mechanical characteristics may be 

irreversibly altered. This suggests that provision of sealable access points for collecting 

samples of the internal contents should be built into the stomach wall layers. The sealable 

access points are created during the fabrication of the membrane to avoid the membrane 

losing its physical and biomechanical characteristics.  

The method for providing sealable access points to the internal contents of the stomach 

during membrane fabrication was to insert 40 mm lengths of 10 mm diameter cylindrical 

dowel into the rigid stomach template described in Section 3.2. The protruding lengths of 

dowel were placed at locations over the stomach body that were considered relevant for 

obtaining specimen samples during digestion. One was placed in the antrum while another 

was placed between the fundus and corpus regions of the artificial stomach. When the nylon 

elasticated fabric was stretched over the template, the fabric was held against the surface of 

the dowel by tying it at its base. A layer of liquid silicone was then applied to the entire 
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template which, when cured, left a short protrusion of the composite membrane material 

over the dowel. 

The dowel was then removed from the template by cutting open the composite membrane 

at the top of the protrusion and pulling the dowel out. This resulted in a short tubular 

protrusion of the membrane to remain at the access point locations. For gaining access to 

the internal stomach contents the protruding membrane can be expanded by hand and kept 

open by stretching the material around a 40 mm diameter piece of rigid tubing. During 

operation of the simulator, the protrusions of membrane can be kept sealed by wrapping 

rubber bands around their bases. Sealing the protrusions with elastic bands allows the 

remainder of the stomach membrane material to expand and contract as required, but at the 

same time keeping the contents fully enclosed within the stomach. There is also potential 

for this form of access to the stomach internals to be used as entry points for the pumping of 

gastric juices to the stomach, or as insertion points for sensor probes to provide additional 

feedback measurements, such as pH levels. 

7.4.4. Cleaning and maintenance 

Cleaning of the tract components is recommended while the components are left in the 

containment vessel. Flushing of the tract while it is still placed in the containment vessel 

and connected to the actuation systems is easier than having to dismantle the tract 

components from their containment and disconnect the unit constrictor tendons and 

Bowden cables. It also allows for contraction actions to be activated as the reactor is in situ 

to assist in the flushing and removal of remaining digested materials. However, dismantling 

of the full gastric tract system may be required periodically for more thorough inspection, 

maintenance, and cleaning of the artificial membrane. 
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Use of thin, flexible, disposable liners was considered, but this would affect ability to 

introduce gastric juices into the stomach cavity during simulation. This disadvantage can be 

mitigated by design of a temporary, removable liner, which has openings over the liner 

surface at positions where the gastric fluids are pumped into the stomach. The openings 

would need to be able to seal the contents within the stomach during simulation to avoid 

leakage. However, there would still be some difficulty involved in the removal and 

replacement of a temporary liner between simulations. The liner may also move about the 

stomach cavity during deformations, which could affect the motility and mechanical 

breakdown of the food contents. 

7.5. Summary 

This chapter discussed configuration of the core components for the in vitro gastric tract 

simulator including design of the gastric shell layers for the oesophagus and stomach, 

actuation systems for simulating biomechanical motility, housing and containment of the 

gastric tract reactor, and operational aspects related to the model. The biomimetic model 

can be divided into two regions delivering distinct functional activity:  

i. The oesophagus; where food material is entered into the system and the swallowing 

and transport of a bolus of food to the stomach is carried out. 

ii. The stomach and proximal duodenum; where the accommodation of food, gastric 

peristalsis, and gastric emptying of the stomach contents take place. 

The model incorporates two different types of actuation system; a rotating disc mechanism 

for driving oesophageal swallowing actions, and a tendon tensioning unit for providing 

independent control over the stomach and duodenum unit constrictors. Operational aspects 

of the simulations were discussed and included initialisation of the simulation model, a 
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suggested user interface layout, the role of various feedback devices on the model, and a 

framework for simulating various gastric tract motility actions during digestion. Sample 

collection and the cleaning and maintenance of the model were also discussed. 

Layout of the gastric tract containment vessel involves the placement of surrounding organs, 

fabricated to resemble the structures of the liver, transverse colon, pancreas, spleen, and left 

kidney. Placement of Bowden cables along the greater curvature of the stomach minimises 

their contact with these surrounding organs, allowing the cables to flex when contractions 

take place. The surrounding organs are designed to act as water-filled shells that suspend 

the gastric tract and maintain constant temperature for the gastric tract environment. The 

containment vessel is also fitted onto a rotating gimbal rig system, allowing for re-

orientation of the model into various body positions during simulation. 
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Chapter 8  – Conclusions 

An advanced dynamic in vitro physical model of the human gastric tract was developed 

using low-cost, flexible materials and soft robotics to actuate and mimic human gastric tract 

motility in a bio-relevant manner. The physical model consists of an artificial oesophagus 

demonstrating pumping ability through a sequence of peristaltic contractions, and an 

artificial stomach shell with controllable flexible artificial muscles attached to its surface. 

The stomach shell demonstrates expansive and contractive action of the stomach membrane 

and can expand from empty to up to 5 litres in volume. The artificial muscles attached to the 

stomach shell are independently programmable and can provide a wide range of motility 

patterns mimicking those found in the human stomach and proximal region of the 

duodenum. 

This thesis explored the development of a biomimetic gastric tract simulator through the 

investigation of suitable biomimetic materials, methods and techniques, their 

implementation into a physical gastric tract model, and integration of the physical model 

with the requirements of a biomimetic gastric tract simulator. Biomimicry of the 

biomechanical and physical properties of the membrane and muscle layers of the gastric 

tract wall provide a novel and demonstrable approach to simulating the biomechanics of the 

human gastric tract. Flexible artificial muscles, attached to an elastic artificial membrane 

and actuated and controlled through a series of motors and feedback mechanisms, 

demonstrate deformation of the artificial gastric tract wall in a biomimetic and bio-relevant 

manner.  

Several core components were identified as required for the development of an effective 

biomimetic gastric tract simulator. These core components are: (1) an artificial membrane or 
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reactor shell to contain the food material (Chapter 3), (2) artificial muscles to create 

deformation of the surface membrane or shell (Chapter 4), (3) a system of actuation for the 

artificial muscles to produce the contractive and expansive deformation patterns (Chapter 

5), and (4) appropriate feedback and control mechanisms for initiating, maintaining, and 

altering the desired deformation patterns (Chapter 6). Successful integration of these 

components into a single, combined working system is essential in creating an effective 

biomimetic gastric tract simulator, and these requirements were systematically presented in 

Chapter 1. 

The membrane 

An artificial membrane layer made from soft silicone rubber reinforced with elasticated 

nylon fabric (Chapter 3) provides the shell of the stomach reactor. The elastic silicone 

composite membrane material proves to be strong, thin, flexible and watertight. It is readily 

fabricated to a stomach shape by stretching the elastic nylon fabric over a rigid form made 

to anatomical dimensions of the human stomach and sealing it with layers of liquid silicone. 

Tubular forms of the composite material are used to replicate the shells of the oesophagus 

and duodenum.   

A soft, porous, silicone sponge layer is pre-stressed by evenly spreading its uncured form 

directly onto the surface of a composite silicone-nylon fabric membrane that has been 

stretched out. When the stretched composite membrane is relaxed, a layer of surface folds 

appears on the inner surface of the artificial stomach, mimicking the mucosal folds and 

rugae of the biological gastric wall. Constricting a section of the tubular stomach membrane 

shell to complete closure of its lumen causes the artificial mucosal layer to display similar 
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deformation patterns to the surface folding of the biological gastric wall during peristaltic 

wave contractions.  

The artificial membrane shell and mucosal layer that was constructed can expand up to 5 

times its initial volume. It is highly flexible and durable with a thickness of 3-4 mm. Some in 

vitro models use a purely silicone shell of greater thickness, typically 5-7 mm, to prevent the 

membrane from tearing when being manipulated or deformed, while others enclose a thin 

elastic membrane within a rigid structure. The increased thickness or rigid surrounds of 

other models’ membranes reduces their flexibility and expansive capabilities, therefore 

limiting the ability of these models to effectively mimic the adaptive relaxation of the fundus 

region for the accommodation of increasing volumes of food.  

The layered structure of the biomimetic in vitro model presented here uses membrane layers 

formed under various levels of strain, mimicking the different cellular growth rates and pre-

stressed properties of biological stomach layers, and causing the innermost mucosal layer to 

buckle and fold increasingly as the membrane shell is constricted. These fold structures, or 

rugae, formed by the inner mucosal layer of the biological stomach, are overlooked by most 

dynamic in vitro models. Those that have incorporated some form of folds on the gastric 

tract have moulded them directly onto the inner surface of the stomach shell; they are 

therefore set-in-place and are not randomly formed from the different deformation 

characteristics of the multiple layers that make up the tract wall.  

The ability of the artificial membrane to fold in a bio-relevant manner allows it to mimic 

closure of the pyloric sphincter, representing the closure of mucosal folds that occur in the 

biological human stomach (Fig. 19, Section 3.2). No other in vitro model mimics the closure 

of the pyloric sphincter in this way. The closure of the pyloric sphincter at the terminus of 
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an antral peristaltic wave plays an important role as to how gastric sieving of digestive 

contents occurs during gastric emptying. Replicating pyloric sphincter closure in a bio-

relevant manner provides understanding of the biomechanical role in the emptying of 

stomach contents during digestion.  

The muscles 

The biomimetic gastric tract simulator makes use of highly flexible artificial muscles, or unit 

constrictors, to create contraction patterns (Chapter 4). The flexibility of the unit 

constrictors, made from coiled nylon line, means they can bend in and out-of-plane, 

allowing them to follow along with the moving membrane shell that they are attached to as 

they contract and expand, and adjust their shape to form around surrounding objects or 

boundaries that may constrain their movement. This flexibility mimics the movement 

characteristics of the muscle layers of the biological gastric wall. Not only are these artificial 

muscles capable of contraction, by the pulling of a flexible tendon through the coil, but they 

are also capable of extending beyond their initial length as the tendons are given slack. This 

allows them to extend or expand along with the membrane shell when the volume of 

contents in the stomach increases. Other in vitro models that use a flexible membrane for 

the stomach attempt to deform the gastric wall by using artificial muscles that are typically 

fixed in place, detached from the membrane shell or wall, and provide only limited range of 

contractive action. These aspects limit the ability of these models to closely mimic the 

dynamic gastric contractions and deformations of the biological tract.  

The compact size of the nylon coil unit constrictors allows them to be placed side-by-side, 

providing the ability for multiple constrictors to be placed over a specific region of the 

gastric tract wall. This mimics the biological gastric wall where muscle layers are made up of 
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bundles of muscle cells that are interconnected and are aligned along the same orientation. 

The unit constrictors can be constructed with a width of 1-2 millimetres, meaning that they 

can be attached to small stomach shells. This facilitates in the construction of artificial 

stomachs comparable in size to those of children or infants. 

The use of Bowden cables within the biomimetic gastric tract simulator, to transmit the 

pulling and releasing of the unit constrictor tendons, allows the artificial muscles to be 

decoupled from the actuation system. This physically frees the artificial gastric shell from 

requiring any surrounding rigid mechanisms or structures, giving the stomach greater 

ability to deform and move around as it does in the biological system. The surrounding 

structures of the gastric tract can now involve constraining boundaries that more closely 

mimic the shape, form, and flexibility of the biological system such as the surrounding 

organs of the liver, transverse colon, pancreas, spleen, and kidney. Decoupling of the 

actuation system also reduces the overall weight and size of the stomach reactors’ 

containment vessel, allowing it to be able to be moved or rotated into various orientations 

more easily. The ability to alter the orientation of an in vitro gastric tract reactor facilitates 

investigation into the effects of body posture or movement on digestion and food structure 

breakdown.  

Actuation of the muscles 

Few in vitro gastric tract models consider biomimetic transport of food boluses from the 

oesophagus into the stomach, and the layering of food as it enters the stomach cavity. The 

pumping action of the linear peristaltic pump, described in Section 5.1, demonstrates 

mimicry of the swallowing action of the oesophagus and the formation and transportation of 

food material as a bolus into the stomach. The linear peristaltic pump was integrated into 
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the biomimetic in vitro gastric model to provide a controllable and efficient means for 

transporting prepared food materials and slurries into the stomach reactor in a bio-relevant 

manner.  

Actuation of the peristaltic swallowing action of the artificial oesophagus was achieved using 

a novel system of rotating discs used to generate the peristaltic contraction of multiple unit 

constrictors (Section 5.1). The discs are connected by offset pins that create tension on each 

of the constrictor tendons in turn as the discs are rotated by a motor. This method simplifies 

the control system required for actuating the contraction of multiple constrictors over a 

length of artificial flexible oesophageal tubing. The rotation of the discs and tension pins 

causes the contractions to occur at the required timing for creating a peristaltic wave 

formation. The contractive peristaltic wave passes down the length of the artificial 

oesophagus, propelling a single bolus of food to the stomach during one complete rotation 

of the discs. Complete closure of the lower oesophageal sphincter occurs at the end of each 

complete rotation and keeps the food contained within the stomach cavity. The linear 

peristaltic pump mechanism also displays potential use in the pumping of slurry materials.   

The actuation control system used for the unit constrictors placed over the stomach 

membrane requires independent control over each individual constrictor action. This is 

because the stomach is more dynamic and varied in its deformation patterns than the 

oesophagus, and because the volume of the stomach changes over time due to the intake 

and emptying of digesta. As a substantial number of individual unit constrictors are 

attached over the stomach membrane surface of the biomimetic gastric tract simulator, each 

would require a winding motor capable of providing enough torque to actuate the unit 

constrictors and produce the contractive and expansive deformations that occur during 
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digestion. The more torque required, the larger the motor tends to be, and this typically 

translates to more cost for construction of an in vitro system.   

The individual constrictor control system described in Section 5.2 significantly reduces the 

number of large electric motors required for the winding of independent unit constrictor 

tendons by incorporating the use of a capstan mechanism. The motors driving the capstan 

spindles provide the required torque for contracting all the unit constrictors attached to the 

spindles, while smaller individual winding motors are used to control the rate and amount 

of unit constrictor tendon uptake. This method for implementation of the capstan 

mechanism reduces the models’ overall cost while still providing independent control over 

the actuation of multiple unit constrictors. The capstan mechanism also smooths out 

variations in the rotational speed of the winding motors because it transfers the torque 

required for winding and contracting the artificial muscles over to the more powerful 

capstan motors and spindle. This method of using the capstan mechanism for creating 

mechanical advantage shows potential to contribute to the design of other tendon or cable 

driven applications.  

Control and feedback 

Potential for mapping the active deformation of the in vitro model onto a three-dimensional 

(3D) virtual reconstruction of the stomach shell was investigated (Section 6.3). Physics-

based simulation software (SOFA) was used for creating the 3D virtual environment 

representing the in vitro model stomach shell and its containment boundaries. Near real-

time deformation of the virtual stomach mesh model, constructed from the dimensions of 

the physical stomach shell and its surrounding boundary constraints, was simulated using 

the finite element method. Simulated circumferential contraction patterns of the mesh 
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model were carried out at the same locations on the virtual stomach as the positions of the 

unit constrictors on the physical model. Programming of the individual unit constrictor 

contraction timings, amplitudes, and contraction velocities is carried out using a graphical 

user interface. The interface also provides real-time plotting of the contraction ratios as they 

are being applied to each of the unit constrictors throughout the actuation of gastric 

motility patterns. Virtual simulation of the physical in vitro model in this manner presents a 

user-friendly visual means for programming and testing of the deformation patterns that are 

intended to be used on the dynamic in vitro model. 

It was also found that feedback measurements, obtained from the tendon displacement 

sensors, membrane stretch sensors, and tendon tension sensors, could be used to map the 

actual deformation taking place on the physical model of the stomach. The intended 

deformation patterns, pre-programmed into the initial virtual simulation, can then be 

compared against the actual deformation measurements obtained from the stomach shell 

during the operation of the physical model. This comparison can provide useful information 

about how the deformation of the simulated stomach shell reacts to different food materials 

when using a pre-programmed deformation pattern. 

The ability to independently control large numbers of individual unit constrictors over the 

entire stomach membrane provides significant advantage in recreating a variety of 

deformation patterns, and in re-forming or morphing the overall shape of the stomach shell. 

Contractions can be generated over any region of the artificial stomach wall where unit 

constrictors are located, with varying amplitude, force, and velocity. This means that normal 

stomach peristaltic contractions could be simulated; slowly travelling from the corpus 

region down to the pylorus, as well as the simulation of patterns considered to be 
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dysfunctional or abnormal stomach activity, where peristaltic wave activity is disrupted or 

erratic. The general overall shape of the stomach can be altered by controlling the 

constrictions of individual unit constrictors. Thus, the artificial stomach shell could be 

morphed from the typical J-shaped stomach, the form recognised by most dynamic in vitro 

models, to other radiologically defined stomach shapes such as steer-horn, cascade, or 

hourglass [1]. 

With the artificial muscles being decoupled from the muscle actuation system, the entire 

gastric tract model can be placed inside a compact containment unit and mounted onto a 

rotational gimbal rig. The artificial gastric tract is surrounded in its containment unit by 

transparent, soft polymer surfaces. The moulded polymer surfaces serve as the bounding 

organs that surround the gastric tract in the biological system, and act as both a physical 

support for the gastric tract and as a constraint to the expansion or movement of the 

stomach.  

Limitations of the study 

Many of the novel forms of mechanisms, devices, sensors, and materials presented in this 

study have not undergone extensive testing or design analysis. The design or fabrication of 

some of these artefacts may therefore be considered sub-optimal with respect to various 

factors including durability, component lifetime, repeatability, accuracy, precision, power 

consumption, susceptibility to interference, and environmental impact of the materials 

used. These factors can influence the performance of the in vitro simulator. Component 

configurations and software coding of the microcontrollers, user interface, virtual 

simulations, and calculation algorithms used in the proof-of-concept demonstrations of the 

simulator may also be considered sub-optimal. 
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Simulation of biomechanical digestive activity demonstrated by the in vitro biomimetic 

gastric tract simulator has had limited comparison with results from in vivo studies. Part of 

the reason for this is that much of the data from in vivo studies relates to the chemical 

composition, breakdown effects, and gastric emptying rates of ingested food materials, or 

the electrophysiological aspects of deformation patterns. The simulation of food digestion 

within the artificial gastric tract model, with the addition of gastric acids to assist in food 

breakdown, was out of scope for this study. In vivo data is limited regarding studies on the 

biomechanical activity of the gastric tract, particularly 3D imaging and quantification of the 

temporal deformation patterns involved with the stomach wall. 

Despite these limitations, the dynamic in vitro gastric tract simulator presented in this thesis 

provides a novel, low-cost, innovative and advanced approach for studying the effects of 

gastric tract biomechanics on the digestion of food and the breakdown of food structures. 
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Appendix A: Moving and mixing materials with a mechanical intestine 
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Appendix B: Positional feedback of a linear track slider using a low-cost stretch 

sensor 

 

© 2021 IEEE. Reprinted, with permission, from Olson, G., Davies, C., Gupta, G. S., 

Davies, R., & Fullard, L., Positional feedback of a linear track slider using a low-cost 

stretch sensor, paper presented at the 2021 IEEE Sensors Applications Symposium 

(SAS), August 2021. 
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Appendix C: Preliminary investigation into low-cost stretch sensors for stomach 

deformation measurement 

 

© 2020 IEEE. Reprinted, with permission, from Olson, G., Davies, C., Gupta, G. S., 

Davies, R., & Fullard, L., Preliminary investigation into low-cost stretch sensors for 

stomach deformation measurement, 2020 IEEE Sensors Applications Symposium (SAS 

2020) Proceedings, March 2020. 
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Appendix D: Resistance measurements of polydimethylsiloxane (PDMS) stretch-
sensors embedded with a conductive starch gel 
 

 

© 2021 IEEE. Reprinted, with permission, from Olson, G., Davies, C., Gupta, G. S., 

Davies, R., & Fullard, L., Resistance measurements of polydimethylsiloxane (PDMS) 

stretch-sensors embedded with a conductive gel, paper presented at the 2021 IEEE 

International Instrumentation and Measurement Technology Conference (I2MTC), May 
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